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The effect of acoustic excitation amplitude on boundary layer andwake development for a NACA 0025 airfoil was

studied experimentally at lowReynolds numbers. Flow characteristics were investigated with hot-wire anemometry,

surface pressure measurements, and flow visualization. A laminar boundary layer separation occurs on the upper

surface of the airfoil, forming a separated shear layer, for all situations examined. When the flow is excited at the

frequencymatching the frequency of themost amplified disturbance in the separated shear layer, natural shear layer

disturbances lock onto the excitation frequency and transition is promoted. In the case when the separated shear

layer fails to reattach, an increase of the excitation amplitude above aminimum threshold eventually results in shear

layer reattachment. The results suggest that an increase of the excitation amplitude not only advances the location of

reattachment but also delays boundary layer separation, thereby reducing the extent of the separation region. As a

consequence, excitation results in narrowing of the wake and diminishment of the length scales and coherence of the

organized wake structures. However, this effect is eventually limited, and a maximum effective excitation amplitude

can be identified. It is also shown that an increase of the excitation amplitude has a broadly similar effect on flow

patterns to an increase of the chord Reynolds number.

Nomenclature

Cd = airfoil drag coefficient
Cl = airfoil lift coefficient
Cp = pressure coefficient, �p � p0�=�0:5�U2

0�
c = airfoil chord
Evv = normalized energy spectrum of v
fe = excitation frequency
f0 = fundamental frequency of the disturbances
p, p0 = local and freestream static pressure
Rec = Reynolds number, U0c=�
U0 = freestream velocity in x direction
�U = mean streamwise velocity
u, v = x- and y-fluctuating velocity components
u0 = rms value of u
x, y = streamwise and vertical coordinates
� = angle of attack
� = kinematic viscosity of air
� = density of air

I. Introduction

E XPERIMENTAL results suggest that airfoil performance at low
Reynolds numbers (Rec < 500; 000) can be significantly

affected by laminar boundary layer separation [1]. In this range of
Reynolds numbers, a laminar boundary layer often separates even at
low angles of attack, forming a separated shear layer. The rapid
transition to turbulence that occurs in the separated shear layer can
lead to the latter’s reattachment and the formation of a separation
bubble. On the other hand, at lower Reynolds numbers, the separated
shear layer fails to reattach to the airfoil surface and a wide turbulent
wake is formed. In both cases, laminar boundary layer separation
results in a significant degradation of airfoil performance, adversely
affecting airfoil lift and drag.

Several studies have demonstrated that introduction of either
external or internal periodic excitation (e.g., acoustic waves) at an
appropriate frequency and amplitude can improve airfoil perform-
ance that is adversely affected by laminar separation [2–12]. In the
case of external excitation [3–10], acoustic waves are generated by a
remote source, whereas for internal excitation [9–12], periodic
disturbances are introduced directly into the boundary layer: for
example, from a slot in the airfoil surface. For both types of
excitation, it has been shown that the effect depends strongly on the
excitation frequency and amplitude. However, experimental
attempts to predict optimum parameters of the excitation and
explain the process responsible for the control result in a wide range
of sometimes contradictory conclusions [4].

Previous experiments were focused mostly on establishing the
optimum excitation frequency. These studies provide similar
findings for both external and internal excitationwithin two ranges of
the angle of attack. At angles of attack below and in the vicinity of the
stall angle, common formost applications, Nishioka et al. [5], Zaman
and McKinzie [6], and Hsiao et al. [11] suggested that the optimum
effect occurs when the excitation frequency matches the instability
frequency of the separated shear layer. Recently, Yarusevych et al.
[8,9] established a clear correlation between the optimum excitation
frequency and the frequency of the most amplified disturbance in the
unexcited separated shear layer. It was suggested that periodic
excitation at that frequency promotes boundary layer transition,
causing earlier boundary layer reattachment. On the other hand, at
high poststall angles of attack, Hsiao et al. [11] have found that the
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most effective excitation frequency of internal forcing matches the
vortex shedding frequency in the airfoil wake. This is in agreement
with the result reported by Zaman [4], who used external excitation.
Zaman observed that an increase of the excitation amplitude shifts
the optimum effect to lower excitation frequencies that appear to
correlate with the vortex shedding frequencies.

It has been shown that the extent of the effective frequency range
and the effect of excitation strongly depend on the excitation
amplitude [12]. Results obtained by Ahuja and Burrin [10] suggest
that, above a minimum threshold level, an increase of the excitation
amplitude is associated with an increase in the airfoil lift. Previous
investigations also show that, as angle of attack increases, higher
excitation amplitudes are required to produce an appreciable effect
on airfoil characteristics. In such situations, when a high excitation
amplitude is required, wind tunnel resonance has been reported to
influence the results [7]. It should be noted that internal excitation
usually requires a smaller excitation amplitude than does external
excitation. However, the efficiency of flow control with internal
excitation depends strongly on the location and the orientation of the
slot, with the optimum configuration of these two parameters
remaining uncertain [3].

Despite significant insight produced by several studies into the
active flow control of laminar boundary layer separation, the
attendant flow control mechanism is not fully understood. In
particular, the effect of excitation amplitude on flow transition and
wake characteristics has not been investigated in detail. “Small”
amplitude artificial disturbances are sometimes used to create
controlled conditions in the studies of flow transition in laminar
separation bubbles [13]. However, “high” amplitude forcing has
been shown to alter the development of excited flow instabilities
[14]. It has been speculated by Boiko et al. [15] that an increase of
excitation amplitude can change the transition mechanism.

The limited insight gained in previous studies into the effect of
excitation amplitude can be attributed in part to the uncertainty
associated with the choice of the optimum excitation parameters and
a number of other control factors involved in various control
techniques. In light of this, the current experimental investigation
was undertaken to examine the effect of excitation amplitude on the
flow development in an airfoil boundary layer and wake for external
acoustic excitation. This control method serves to minimize the
number of control parameters involved, with the excitation
frequency and amplitude being the primary control parameters.
Furthermore, with the correlations for the optimum excitation
frequency reported by Yarusevych et al. [8,9], it is possible to isolate
the excitation amplitude as a single control factor.

II. Experimental Description

All experiments were performed in a low-turbulence recirculating
wind tunnel. The 5-m-long octagonal test section of this tunnel has a
spanwise extent of 0.91m and a height of 1.22m. The flow enters the
test section through seven screens and a 9:1 contraction. The
freestream velocity U0 is adjustable from 2.8 to 18 m=s, with a
background turbulence intensity level less than 0.1%. During the
experiments, the freestream velocity was monitored by a pitot tube,
with an uncertainty estimated to be less than 2.5%.

The performance of a symmetrical NACA 0025 aluminum airfoil
with a chord length c of 0.3 m and a span of 0.88mwas examined. A
schematic of the tunnel test section is shown in Fig. 1. The airfoil was
mounted horizontally in the test section 0.4 m downstream of the
contraction. Mean-flow uniformity over at least 50% of the airfoil
span was verified via hot-wire measurements. Sound excitation was
provided by means of two 50 W loudspeakers mounted above and
below the airfoil (Fig. 1), with their downstream position
approximately corresponding to the location of the minimum
surface pressure on the upper surface of the airfoil. Two loudspeakers
were used to produce a uniform acoustic field in the test section. The
speakers were driven through an amplifier by a variable-frequency
wave generator. The loudspeaker setup was designed to minimize
structural vibrations, and it was verified from accelerometer
measurements that, within the frequency range of interest

(fe < 550 Hz), surface vibrations were sufficiently low for their
effect on flow characteristics to be neglected [9]. Thus, at
fe < 550 Hz, flow excitation could be considered to be purely
acoustic. A microphone was employed to quantify sound excitation
on the upper surface of the airfoil. Based on the instrument precision
for a frequency range of 40–1000 Hz, the uncertainty of the
microphone measurements was approximately �0:3 dB. For the
investigated flow control parameters, a reasonably uniform (within
3%) spanwise sound pressure distribution was produced over at least
50% of the central span on the upper surface of the airfoil within the
area corresponding to the transition region for the cases examined.

Velocity data were obtained with constant temperature
anemometers. A normal hot-wire probe and a cross-wire probe
were used. The probes were mounted on a remotely controlled
traversing gear, which allowed probe motion in the vertical (y) and
streamwise (x) directions with a resolution of 0.01mm and 0.25mm,
respectively. All hot-wire measurements were carried out in the
vertical midspan plane of the tunnel, with the origin of the coordinate
system located at the leading edge of the airfoil. Based on the results
of Kawall et al. [16], the maximum hot-wire measurement error was
estimated to be less than 5%. This error can be attributed to the high
turbulent intensities in the separated shear layer and near wake.

For spectral analysis of the velocity signals, sampled at 5000 Hz,
the duration of a sampled signal segment was sufficiently large to
provide a frequency resolution bandwidth of 0.6 Hz, adequate for
resolving narrow peaks in the spectrum. Based on the number of
averages involved in obtaining the velocity spectra, the uncertainty
of the spectral analysis was estimated to be approximately 4.5%. All
presented spectra were normalized by the variance of the sampled
velocity signal, so that the area under each spectral curve is unity. To
allow adequate comparison of the spectra [17], velocity data intended
for spectral analysis were obtained at y=c positions corresponding to
0:5U0 in the separated shear layer (x=c > 1) and to half of the
maximum velocity deficit in the airfoil wake (x=c > 1). Spectral
analysis of the freestream velocity signals established that there was
no significant frequency-centered activity associated with the
approach flow.

The airfoil was equipped with 65 pressure orifices, which were
positioned at the midspan symmetrically on the upper and lower
surfaces. Surface pressure measurements were conducted via a
pressure transducer and a Scanivalve module, with an associated
uncertainty of less than 2%.

The effect of acoustic excitation on airfoil performance was
assessed based on the lift and drag coefficients. The lift coefficientCl
was determined by integrating the mean surface pressure
distribution, whereas the drag coefficient Cd was calculated based
on the momentum integral, using wake velocity profiles obtained at
x=c� 2. The uncertainty for the lift coefficient was estimated to be
less than 4% and that for the drag coefficient less than 7%.

To visualize airfoil boundary layer development and wake
formation, a smoke-wire technique was employed. A smoke wire
installed 15 cm upstream of the leading edgewas coatedwith smoke-
generator fluid. The fluid was evaporated by inductively heating the

Fig. 1 Test section.
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wire, producing clear streaklines in the flow. A thin 0.076-mm-diam
wire (304 stainless steel) was chosen to provide adequate smoke
density, while avoiding the introduction of measurable disturbances
into the flow field, with the corresponding Reynolds numbers being
less than 40 for all situations examined. The flow was illuminated
with a remotely triggered speedlight, and the images were acquired
with a Nikon D70s digital camera.

III. Results

A. Unexcited Flow Characteristics

The airfoil was tested for a range of chord Reynolds numbers Rec
and several angles of attack �. To illustrate boundary layer and wake
development in the unexcited flow, flow visualization results for
Rec � 100 � 103 and Rec � 150 � 103 at �� 5 deg are shown in
Fig. 2. For Rec � 100 � 103 (Fig. 2a), the boundary layer separates
on the upper surface of the airfoil, forming a separated shear layer
that fails to reattach. This leads to the formation of a wide wake, with
large-scale vortical structures developing in the near-wake region.
As the Reynolds number is increased to Rec � 150 � 103 (Fig. 2b),
boundary layer behavior and wake development change
dramatically. The separated shear layer reattaches and a separation
bubble forms on the upper surface of the airfoil, resulting in a
narrower wake for this Reynolds number compared to the wake for
Rec � 100 � 103. In addition, vortical structures that form in the
wake region are associated with smaller length scales and are less
coherent than those observed for the lower Reynolds number.

One distinctive characteristic of boundary layer separation is the
region of nearly constant static pressure downstream of the
separation point [1]. If the separated shear layer fails to reattach, the
constant-pressure region extends to the trailing edge of the airfoil. On
the other hand, a sudden increase in pressure following the constant-
pressure region serves to indicate transition in the separated shear
layer, which leads to boundary layer reattachment and the formation
of a separation bubble. As shown by Tani [18], the location of the
reattachment point can be estimated as the position where the
pressure reaches the value found in the absence of boundary layer
separation. This value can be approximated by means of an inviscid
flow solution. Therefore, the presence and the extent of the
separation region can be assessed from a surface pressure
distribution.

The effect of Reynolds number on the airfoil boundary layer
behavior is depicted in Fig. 3, which shows distributions of the
surface pressure coefficient Cp for a range of Reynolds numbers at
�� 5 deg. The estimated positions of separation, transition, and
reattachment on the upper surface of the airfoil are marked by S, T,
and R, respectively. It should be noted that transition occurs over an
extended region, rather than being localized at a transition “point”;
thus, the identified locations approximately mark the onset of the
nonlinear stage of transition [13]. For Rec � 200 � 103, a short
separation bubble is formed on the upper surface between x=c�

0:45 and 0.62 (Fig. 3a). A separation bubble also develops on the
lower surface of the airfoil, extending from approximately x=c� 0:6
to 0.75. As the Reynolds number decreases to 150 � 103 (Fig. 3b),
the separation bubble on the upper surface of the airfoil broadens
slightly, located between x=c� 0:4 and 0.66, resulting in a
diminishment of the suction peak. Further decrease of the Reynolds
number brings about significant changes in the boundary layer
development and characteristics. For Rec � 143 � 103 (Fig. 3c), the
boundary layer on the upper surface separates at approximately
x=c� 0:35 and fails to reattach, despite evidence of transition,
marked by a mild pressure recovery past x=c� 0:55. The attendant
abrupt increase in the size of the separation region is associated with
bubble bursting and results in a significant reduction of the suction
peak on the upper surface. It was determined via time-resolved
surface pressure measurements (not presented here) that this
inherently unstable process takes place over a short range of
Reynolds numbers and is accompanied by intermittent flow
reattachment. Eventually, for Rec � 100 � 103 (Fig. 3d), the
boundary layer on the upper surface separates at x=c� 0:3, forming
a wake.

Transition that occurs in the separated shear layer plays an
important role in flow development, as it can lead to boundary layer
reattachment and the formation of a separation bubble [1]. It has been
shown [17] that a similar transitionmechanism is present in the cases
of boundary layer separation without reattachment and when a
separation bubble forms on the airfoil surface. Specifically,
disturbances within a band of frequencies, centered at a fundamental
frequency f0, are amplified in the separated shear layer. This is
depicted in Fig. 4, which shows spectra (Evv) of the vertical
fluctuating velocity component v for Rec � 100 � 103 and Rec �
150 � 103 at �� 5 deg. The spectral results reveal clear peaks
centered at the fundamental frequency and its harmonics. For
Rec � 100 � 103, a band of unstable Fourier components occurs
centered at a fundamental frequency f0 � 165 Hz. The spectral
results pertaining to Rec � 150 � 103 indicate that the peak is
centered at a higher value of f0 � 455 Hz. The initial growth of the
disturbances is followed by the generation and growth of a
subharmonic of the fundamental frequency, leading to a laminar-to-
turbulent transition. More details on airfoil boundary layer and
turbulent wake development for the present range of Reynolds
numbers can be found in [17].

B. Control Parameters

Adetailed investigation of the effect of acoustic excitation on flow
characteristics was conducted for the two distinctly different
boundary layer regimes, namely, 1) boundary layer separation
without reattachment (i.e., when the boundary layer separates, and
the resulting separated shear layer fails to reattach, forming a wake)
and 2) separation bubble formation, that occur when Rec � 100 �
103 and Rec � 150 � 103 at �� 5 deg.

Fig. 2 Flow visualization at �� 5 deg for a) Rec � 100 � 103 and b) Rec � 150 � 103.
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Wind tunnel resonance characteristics were examined at U0 � 0.
A microphone, positioned 40 mm above the upper airfoil surface, at
x=c� 0:5 and in the midspan of the airfoil, was used to measure
sound pressure. This downstream position approximately
corresponds to the location of the transition region for the cases

examined. The measurements were conducted for various excitation
frequencies and constant voltage input to the loudspeakers. The
variation of sound pressure level (SPL) with excitation frequency is
shown in Fig. 5. The analysis of resonance frequencies in the test
section suggests that, within the investigated frequency range, the
distinct peaks in Fig. 5 are associated with tangential and oblique
modes. In particular, dominant peaks occurring at about 405 and
610 Hz are attributed to cross resonances within the test section.

Based on the results reported by Yarusevych et al. [8,9], the
optimum frequency for flow control with periodic excitation should
match the frequency of the most amplified disturbances in the

Fig. 3 Reynolds number effect on surface pressure distribution at �� 5 deg. S, T, and Rmark separation, transition, and reattachment, respectively.
When the separated shear layer does not reattach, only the location of separation is shown.

Fig. 4 Spectra of the vertical velocity component Evv pertaining to the

separated shear layer at �� 5 deg. Measurements were conducted at

x=c� 0:44 and y=c� 0:032 for Rec � 100 � 103, and at x=c� 0:53 and

y=c� 0:016 for Rec � 150 � 103. The y=c positions correspond to 0:5U0.

The amplitude of the spectrum for Rec � 100 � 103 is increased by three

orders of magnitude.

Fig. 5 Test section resonance characteristics.
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separated shear layer. As the separated shear layer develops
downstream, amplification of the disturbances within the frequency
band centered at the fundamental frequency leads to boundary layer
transition. Thus, exciting the boundary layer at the fundamental
frequency promotes transition and can result in boundary layer
reattachment, thereby improving airfoil performance. For the
investigated flow characteristics, fundamental frequencies were
determined via spectral analysis of velocity signals obtained in the
unexcited separated shear layer (Fig. 4). It should be noted that the
identified fundamental frequencies in Fig. 4 do not match the
dominant resonance frequencies in Fig. 5.

The effect of acoustic excitation applied at a sufficiently large
amplitude (SPL > 100 dB) and at the excitation frequency fe
matching the fundamental frequency is illustrated by the flow
visualization results presented in Figs. 6 and 7, which pertain to
Rec � 100 � 103 and Rec � 150 � 103, respectively, at �� 5 deg.
For the case of boundary separation without reattachment, that is, for
Rec � 100 � 103 (Fig. 6), acoustic excitation effects boundary layer
reattachment and a separation bubble forms on the upper surface.
Evidently, this results in a dramatic reduction of the airfoil wake.
Specifically, wake vortices are suppressed by the periodic excitation
and are replaced by smaller coherent structures. In contrast, the flow
control produces a less significant effect for Rec � 150 � 103

(Fig. 7). In this case, a separation bubble is present in the unexcited
flow, and the bubble can only be reduced in size marginally by
acoustic excitation, which would not lead to dramatic changes in
flow characteristics.

C. Effect of Excitation Amplitude

With the optimum excitation frequencies having been established,
the effect of the single remaining control parameter on airfoil

performance (the excitation amplitude) was studied. The excitation
amplitude was quantified by sound pressure measurements
conducted at the reference location above the upper surface of the
airfoil in the absence of incoming flow (Fig. 5). The background
noise level in the tunnel test section was measured to be
approximately 70.4 dB and 72.6 dB for Rec � 100 � 103 and
Rec � 150 � 103, respectively. The total sound pressure level
obtained by adding the background noise level to the SPL produced
solely by acoustic excitation was used to characterize the excitation
amplitude. Also, it was verified that the acoustic streaming effect was
negligible in the present investigation.

Figure 8 shows distributions of the surface pressure coefficientCp
obtained at various excitation amplitudes for Rec � 100 � 103 at
�� 5 deg. Without flow control, a constant-pressure region on the
upper surface of the airfoil, which indicates the extent of the
separation region, stretches over the aft 70% percent of the chord
(Fig. 8a). The initial increase of the excitation amplitude results in an
intermittent boundary layer reattachment, with substantial surface
pressure fluctuations observed during the experiments (not shown).
Eventually, a reattachment is obtained at an SPL of 80.1 dB, and a
laminar separation bubble is formed in the midchord region
(Figs. 8b). Further increase of the excitation amplitude results in a
minor reduction of the separation bubble on the upper surface of the
airfoil and also effects reattachment of the separated shear layer on
the lower surface close to the trailing edge (Figs. 8c and 8d). Results
for Rec � 150 � 103 at �� 5 deg, presented in Fig. 9, indicate that
the extent of the separation bubble on the upper surface of the airfoil
is gradually reduced with an increase of excitation amplitude.
Specifically, as excitation amplitude increases, boundary layer
separation occurs farther downstream, the constant-pressure region
shrinks and is followed by a more rapid pressure recovery, and the
reattachment location advances upstream. It is interesting to note that

Fig. 6 Effect of acoustic excitation for Rec � 100 � 103 at �� 5 deg.

Fig. 7 Effect of acoustic excitation for Rec � 150 � 103 at �� 5 deg.
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acoustic excitation at high amplitudes results in boundary layer
reattachment on the lower surface of the airfoil for Rec � 100 � 103

(Fig. 8) but does not substantially affect the separation bubble on the
lower surface for Rec � 150 � 103 (Fig. 9). The limited effect
observed for Rec � 150 � 103 is attributed to a substantial
discrepancy between the excitation frequency and the fundamental
frequency of the disturbances developing in the separated shear layer
on the lower surface of the airfoil [19].

A comparison of the surface pressure distributions presented for
the two Reynolds numbers reveals the similarity between the
respective surface pressure distributions obtained at higher
amplitude levels, for example, as seen from the comparison of
Figs. 8d and 9d.Also, surface pressure distributions obtained at high-
amplitude excitations resemble those observed in unexcited flows at
higher Reynolds numbers (Fig. 3). To investigate this further, several
pressure distributions pertaining to the upper surface are presented in
Fig. 10. Figure 10a depicts the effect of Reynolds number, whereas
Fig. 10b illustrates the effect of excitation amplitude for
Rec � 100 � 103. Evidently, similar trends are observed in
Figs. 10a and 10b. Specifically, an increase of either the Reynolds
number or excitation amplitude delays boundary layer separation
and eventually leads to boundary layer reattachment. Also, when a
separation bubble forms on the airfoil surface, a more pronounced
pressure recovery occurs in the aft portion of the bubble for both
cases, indicating a more rapid transition and a shorter distance to
reattachment [1,18].

A quantitative analysis of the effect of excitation amplitude on
airfoil characteristics is based on the results presented in Fig. 11,
which shows the variation of the airfoil lift and drag coefficients with
sound pressure level for Rec � 100 � 103 and Rec � 150 � 103 at
�� 5 deg. The first point in each data set corresponds to the
unexcited flow, with the sound pressure level equal to the

background noise level. Note that, in agreement with the flow
visualization results and the surface pressure measurements, the lift
coefficient in the unexcited flow is negative for Rec � 100 � 103.
Such behaviormay occur on relatively thick profiles at lowReynolds
numbers and was reported for several symmetrical airfoils [20,21].
Results presented in Fig. 11a suggest that the excitation amplitude
has a significant effect on the airfoil lift coefficient. Based on the
experimental observations, it was concluded that excitation applied
below a certain SPL did not result in any improvement in the airfoil
lift, in agreement with the findings of Ahuja and Burrin [10]. It was
determined that this minimum effective amplitude approximately
corresponds to the background noise level in the test section. For
Rec � 100 � 103, a dramatic increase of the lift coefficient is
observed when the acoustic excitation results in boundary layer
reattachment and the formation of a separation bubble at
SPL� 80 dB. Further increase of the sound pressure level results
in a moderate increase of the lift coefficient in Fig. 11a. Finally, once
boundary layer reattachment is effected, an increase of the excitation
amplitude above an SPL of 90 dB produces only a minor increase in
the lift coefficient. ForRec � 150 � 103, an increase of the excitation
amplitude above the background noise level results in a moderate
increase of the lift coefficient, as acoustic excitation reduces the size
of the separation bubble on the upper surface. For both Reynolds
numbers, no hysteresis was observed in the lift coefficient with an
increase or a decrease of the excitation amplitude. The variation of
the airfoil drag coefficient with excitation amplitude (Fig. 11b)
displays similar trends to those observed for the lift coefficient.
However, in this case, no substantial decrease in the drag coefficient
is observed forRec � 100 � 103 at an SPL value below 75 dB, as the
excitation does not significantly alter the separation region. As the
excitation amplitude is increased above 75 dB for this Reynolds
number, the drag is reduced dramatically, with the increase of SPL

Fig. 8 Effect of excitation amplitude on surface pressure distributions for Rec � 100 � 103, �� 5 deg. S, T, and R mark separation, transition, and

reattachment, respectively. When the separated shear layer does not reattach, only the location of separation is shown.
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above 85 dB producing a more gradual reduction of the drag
coefficient. Note that, at high-amplitude excitations (SPL > 90 dB),
comparable lift and drag coefficients are obtained for both Reynolds
numbers examined.

The results presented in Fig. 11 indicate that the positive effect
produced by the increase of the excitation amplitude on the airfoil lift
and drag is eventually checked. From a practical point of view, it is
important to consider the power required to produce excitation at
high amplitudes. For the present experimental setup, an increase of
SPL above 80 dB is associated with an exponential increase of the
electric power required to implement the control. A comparison of
the lift coefficient and the associated power input (Fig. 12) shows that

an increase of the excitation amplitude above a certain SPL may be
inefficient, as the potential improvement of the airfoil performance
does not justify the required power input. Thus, it is reasonable to
identify amaximum efficient excitation amplitude. The precise value
of this amplitude can be determined based on the specific design
objectives imposed on a given activeflowcontrolmethod. Therefore,
two threshold levels for excitation amplitude are identified: 1) a
minimum excitation amplitude required to improve airfoil
performance that depends on the background noise level, and 2) a
maximum excitation amplitude that represents an efficient limit for
the amplitude increase, with further amplitude increase producing
only a moderate effect.

Fig. 9 Effect of excitation amplitude on surface pressure distributions for Rec � 100 � 103, �� 5 deg. S, T, and R mark separation, transition, and
reattachment, respectively.

Fig. 10 Upper surface pressure distributions at �� 5 deg; a) effect of Reynolds number and b) effect of excitation amplitude for Rec � 100 � 103.

Dashed lines mark the estimated locations of separation.
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It is instructive to consider the effect of the excitation amplitude
on both boundary layer and wake characteristics. Figure 13 depicts
the effect of excitation amplitude on mean and rms velocity profiles
in the separated region for Rec � 100 � 103 at �� 5 deg. The
mean velocity profiles shown in Fig. 13a suggest that the increase of
the excitation amplitude results in a decrease of the vertical extent of
the separation region. From the rms profiles presented in Fig. 13b, it

is evident that the intermittent boundary layer reattachment
produced at an SPL of 80.1 dB is associated with an increase in
turbulence intensities at this streamwise location. But once the
steady boundary layer reattachment is effected (SPL� 94:3 dB),
an increase of excitation amplitude results in a diminishment of
turbulence intensities. For Rec � 150 � 103 at �� 5 deg (Fig. 14),
an increase of the excitation amplitude also results in a
diminishment of the separation region height and the maximum
turbulence intensity. For this Reynolds number, rms profiles
develop three distinct maxima at high excitation amplitudes, similar
to the findings of Haggmark et al. [22] for an unexcited separation
bubble on a flat plate in an adverse pressure gradient. Because the
amplification of the disturbances occurs in the separated shear layer,
the fact that an increase of excitation amplitude results in a decrease
of turbulence intensities at a given downstream location implies that
the separation location has been shifted downstream. This
implication is in agreement with the surface pressure measurements
(Figs. 8–10). It can therefore be concluded that, once reattachment
is effected, further increase of the excitation amplitude not only
results in earlier reattachment but also delays boundary layer
separation, that is, the separation bubble shrinks. This phenomenon
is attributable to the influence of the transition process in the aft
portion of the separation bubble on the upstream laminar boundary
layer, which allows the attached laminar boundary layer to
withstand the adverse pressure gradient longer. A similar “feedback
mechanism” is discussed by Dovgal et al. [13], who reported that a
reattaching flow can influence the upstream part of the separation
bubble.

Fig. 11 Variation of a) airfoil lift coefficient Cl and b) airfoil drag coefficient Cd with excitation amplitude at �� 5 deg.

Fig. 12 Variation of airfoil lift coefficient with the electric power input

at �� 5 deg.

Fig. 13 Effect of excitation amplitude on a) mean and b) rms boundary layer profiles for Rec � 100 � 103, �� 5 deg, and x=c� 0:47.
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To understand the effect of the excitation amplitude on the
transition process in the boundary layer, spectra of the vertical
fluctuating velocity component were obtained. These are shown in
Fig. 15, with all spectra acquired within the transition region
(x=c� 0:59). For clarity, the amplitude of each successive spectrum
is stepped by two orders of magnitude. As was discussed previously,
in the unexcited flow, a transition process in the separated shear layer
starts with the natural linear growth of the disturbances around the
fundamental frequency. In the case of Rec � 100 � 103 at
�� 5 deg, two peaks centered at f0 � 165 Hz and 0:5f0 are
evident in the spectrum (Fig. 15a). The generation of a subharmonic
(cf. Figs. 4 and 15a) is associated with nonlinear effects that lead to a
rapid breakdown to turbulence [17]. With the application of the flow
control and an initial increase of the excitation amplitude to 80.1 dB,
a narrower and better defined peak at the fundamental frequency is
observed in the corresponding spectrum compared to that in the
unexcited flow spectrum; also, the subharmonic peak is diminished.
The implication here is that growing shear layer disturbanceswithin a
band of frequencies around the fundamental frequency f0 lock onto
the excitation frequency (fe � f0), producing more coherent shear

layer fluctuations. Further increase of the excitation amplitude leads
to the development of several peaks at higher harmonics and a
subharmonic peak is not observed at and beyond SPL� 94:3. For
Rec � 150 � 103 at �� 5 deg (Fig. 15b), a similar effect is
observed but more distinct peaks are produced at harmonics of the
excitation frequency. The appearance of stronger harmonics at
higher excitation amplitudes is attributed to the presence of more
coherent amplified disturbances in the separated shear layer, as
evidenced by strong peaks centered at the fundamental frequency in
the corresponding spectra.

It is evident from the changes in the velocity spectra (Fig. 15) that
the transition process is altered by high-amplitude excitation. The
analysis of the boundary layer measurements reveals the following
control mechanism. When acoustic excitation is applied at the
optimum frequency and sufficient amplitude, natural shear layer
disturbances lock onto the excitation frequency. The excitation
promotes the growth of the disturbances and the transition occurs
closer to the separation point compared to an unexcited flow. In the
case when boundary layer separation occurs without reattachment,
an increase of the excitation amplitude eventually effects a separation

Fig. 14 Effect of excitation amplitude on a) mean and b) rms boundary layer profiles for Rec � 150 � 103, �� 5 deg, and x=c� 0:5.

Fig. 15 Effect of excitation amplitude on boundary layer velocity spectra for a) Rec � 100 � 103 and b) Rec � 150 � 103 at �� 5 deg, x=c� 0:59.
Measurementswere conducted at y=cpositions corresponding to 0:5U0. The amplitude of each successive spectrum is steppedby twoorders ofmagnitude.
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bubble formation. Once a separation bubble is present on the airfoil
surface, an increase of excitation amplitude results in gradual
reduction of the separation bubble. Moreover, by influencing
boundary layer transition via the feedback mechanism discussed
earlier, excitation modifies the laminar portion of the separated shear
layer and delays the boundary layer separation. As a result, an overall
diminishment of the separation region is produced, leading to an
improvement of airfoil performance.

The effect of excitation amplitude on the wake structure is now
considered. Figures 16 and 17 depict mean and rms wake velocity
profiles at various excitation levels at �� 5 deg for Rec � 100 �
103 and Rec � 150 � 103, respectively. The results suggest that the
increase of the excitation amplitude is associatedwith the decrease of
both the wake width and turbulence intensities. For Rec�
100 � 103, this effect diminishes at SPL> 84:7 dB (Fig. 16), once
boundary layer reattachment is produced. Moreover, for this
Reynolds number, the position of themaximumvelocity deficit shifts
downward and double-peak rms profiles, common to a near-wake
region, appear at higher excitation levels. As in the case of the
boundary layer measurements, wake profiles obtained for Rec �
100 � 103 (Fig. 16) at higher excitation levels are comparable to
those obtained for Rec � 150 � 103 (Fig. 17).

Wake velocity spectra presented in Fig. 18 show the effect of
excitation amplitude on the coherent structures forming in the airfoil
wake. Again, the amplitude of each successive spectrum is stepped
by two orders of magnitude. For Rec � 100 � 103 (Fig. 18a), a peak
in the unexcited flow spectrum centered at approximately 20 Hz is
attributable to wake vortex shedding. The increase of the excitation
amplitude above the background noise level results in broadening of
this peak and the peak itself is shifted to higher frequencies. This
indicates that vortices in the airfoil wake are being replaced by

organized structures of smaller length scale and coherence, in
agreement with the flow visualization results. For Rec � 150 � 103

(Fig. 18b), a much broader peak in the unexcited flow spectrum than
that observed for the lower Reynolds number is shifted from
approximately 68 Hz to higher frequencies with an increase of the
excitation amplitude. Note that the peak in the spectrum for Rec �
100 � 103 at SPL� 94:3 dB is centered at approximately the same
frequency and has a similar energy distribution as that in the
unexcited flow spectrum for Rec � 150 � 103.

From the foregoing comparison of the results, it is evident that
there is a broad similarity between the effects produced on the flow
characteristics by the increase of the excitation amplitude and the
increase of the chordReynolds number. In particular, the comparison
of the flow visualization results for Rec � 100 � 103 with acoustic
excitation (Fig. 6b) and for Rec � 150 � 103 in the unexcited flow
(Fig. 7a) at �� 5 deg shows a notable similarity of the flow patterns
in the corresponding images. Also, similar trends are evident in the
pressure distributions (Fig. 10) produced as a result of either applying
acoustic excitation or increasing theReynolds number. Finally, these
observations are supported by the corresponding wake velocity
profiles (cf. Figs. 16 and 17) and wake velocity spectra (cf. Figs. 18a
and 18b). A more detailed analysis of the observed similarity
between the two effects calls for an in-depth study involving various
types of airfoils.

IV. Conclusions

This study focuses on the effect of excitation amplitude on
boundary layer and turbulent wake development for a NACA 0025
airfoil at low Reynolds numbers. To minimize the number of control
parameters involved, the flow was excited by external acoustic

Fig. 16 Effect of excitation amplitude on a) mean and b) rms wake profiles for Rec � 100 � 103, �� 5 deg, and x=c� 2.

Fig. 17 Effect of excitation amplitude on a) mean and b) rms wake profiles for Rec � 150 � 103, �� 5 deg, x=c� 2.
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excitation, for which the excitation frequency and amplitude are the
main control parameters. Detailed results are presented for Rec �
100 � 103 andRec � 150 � 103 at �� 5 deg, as they represent two
distinctly different flow regimes. A laminar boundary layer
separation on the upper surface occurs for both Reynolds numbers
without excitation. In the case of Rec � 100 � 103, the boundary
layer fails to reattach and a wide turbulent wake forms, whereas for
Rec � 150 � 103, the boundary layer reattaches to the airfoil surface
and forms a separation bubble, with an attendant narrow turbulent
wake.

By applying acoustic excitation at the excitation frequency
matching the frequency of the most amplified disturbance in the
separated shear layer, new insight was gained into the effect of the
excitation amplitude onflowcharacteristics. Two threshold levels for
excitation amplitude were identified. An excitation above a
minimum amplitude, which is linked to the background noise level,
is required to influence airfoil performance. The analysis of the
results reveals that acoustic excitation applied at the optimum
frequency and sufficient amplitude promotes flow transition by
enhancing the growth and coherence of natural disturbances in the
separated shear layer. In the case when boundary layer separation
occurs without reattachment, an increase of the excitation amplitude
above theminimum threshold eventually leads to a separation bubble
formation. By enhancing flow transition, excitation alsomodifies the
laminar portion of the separated shear layer and delays the boundary
layer separation. Thus, an overall diminishment of the separation
region and narrowing of the airfoil wake are produced for both
Reynolds numbers examined, bringing about an increase in the lift
and decrease in the drag. However, once a separation bubble is
formed on the airfoil surface, the positive effect produced by an
increase of the excitation amplitude gradually diminishes for both
Reynolds numbers and a maximum efficient amplitude can be
identified for a given application.

The results show that, by altering boundary layer characteristics,
acoustic excitation significantly affects airfoil wake development.
An increase of the excitation amplitude is associated with a
narrowing of the wake and diminishment of both the length scales
and coherence of the organized structures for the Reynolds numbers
examined.

For the cases investigated, an increase of the excitation amplitude
is found to have a broadly similar effect onflow characteristics to that

produced by an increase of the chord Reynolds number. Apart from
its physical significance, this similarity can be used in the design and
application of separation flow control with periodic excitation to
estimate the effect on airfoil performance.
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