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The boundary-layer separation and wake structure of a NACA 0025 airfoil and the effect
of external excitations in presence of structural vibrations on airfoil performance were
studied experimentally. Wind tunnel experiments were carried out for three Reynolds
numbers and three angles of attack, involving hot-wire measurements and complementary
surface flow visualization. The results establish that external acoustic excitation at a
particular frequency and appropriate amplitude suppresses or reduces the separation
region and decreases the airfoil wake, i.e., produces an increase of the lift and/or de-
crease of the drag. The acoustic excitation also alters characteristics of the vortical
structures in the wake, decreasing the vortex length scale and coherency. Optimum exci-
tation frequencies were found to correlate with the fundamental frequencies of the natu-
rally amplified disturbances in the separated shear layer. The results suggest that acous-
tic waves play a dominant role in exciting the separated shear layer of the airfoil.
Moreover, low-frequency structural vibrations are found to have a significant effect on
airfoil performance, as they enhance the sound pressure levels within the test section.
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1 Introduction

The performance of airfoils at low Reynolds numbers has been
of interest in connection with a wide range of applications, includ-
ing the operation of aircraft at low speeds and the design of micro
air vehicles, compressor blades, wind turbines, and inboard sec-
tions of helicopter rotors. Several investigators have studied air-
foil performance in the low Reynolds number region (e.g., [1,2]).
Their findings indicate that serious aerodynamic problems occur
below Reynolds number of about 200,000. Specifically, the lami-
nar boundary layer on the upper surface of the airfoil is subjected
to an adverse pressure gradient, even at low angles of attack. This
often results in laminar boundary-layer separation and formation
of a shear layer. At lower Reynolds numbers, the separated shear
layer does not reattach to the airfoil surface, and a large wake is
formed. In contrast, at higher Reynolds numbers, the separated
shear layer may reattach to the airfoil surface, resulting in the
formation of a separation bubble. It should be stressed that, in
both cases, laminar separation has a significant detrimental effect
on airfoil lift and drag. Therefore, it is of interest to improve
airfoil performance by introducing a flow control mechanism to
energize the boundary layer sufficiently to overcome the adverse
pressure gradient and reduce or suppress the separation region.
One method of flow control excites the boundary layer with an
acoustic source. A number of studies have demonstrated that
acoustic excitation applied at an appropriate frequency and ampli-
tude reduces the separation region and improves airfoil character-
istics [3-11]. However, the complex physical mechanism respon-
sible for this is not yet known in detail.

At angles of attack below and in the vicinity of the stall angle,
some experimental results [4—7] suggest that the optimum effect
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occurs when the excitation frequency matches the instability fre-
quency of the separated shear layer. However, at angles of attack
well above the stall angle, Hsiao et al. [7] have found that the
most effective excitation frequency matches the vortex shedding
frequency in the airfoil wake. Thus, the effect of the excitation
and the corresponding control mechanism appear to be different
for different ranges of the angle of attack. Furthermore, it has been
concluded [5-9] that the effect and the effective frequency range
of the excitation (i.e., the range of frequencies producing improve-
ment of the airfoil characteristics) depend strongly on the excita-
tion amplitude.

Zaman [10] has reported significant differences in the optimum
excitation parameters obtained in the various experiments. The
results presented show a disagreement among the experimental
data, with optimum Strouhal numbers varying by as much as an
order of magnitude in some cases. An increase of the external
excitation amplitude was found to result in a shift of the optimum
effect towards the lower Strouhal numbers. Moreover, these
Strouhal numbers were much lower than those predicted by linear
instability theory. Zaman [10] concluded that this is due to non-
linear and viscous effects, especially in the presence of the sepa-
ration bubble. However, no analysis has yet been done to support
such a conclusion.

In most of the previous experimental studies cited above, atten-
tion was concentrated on lift and drag measurements and
boundary-layer behavior. Wake measurements, if any, were done
at a single downstream location, involving only the streamwise
velocity component, and were only briefly related to the improve-
ment of airfoil performance. However, wake structure is also an
important aspect of airfoil performance. Recent experimental re-
sults of Huang and Lin [12]and Huang and Lee [13] suggest that
vortex-shedding development and characteristics are closely re-
lated to boundary-layer behavior and shear-layer instability. In
fact, Yarusevych et al. [14] show that optimum values of the con-
trol parameters may be correlated with airfoil boundary-layer
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Fig. 1 Tunnel test section

and/or wake characteristics. It should be noted that the effect of
airfoil vibrations has not been addressed in any of the cited refer-
ences, even though such vibrations are likely to take place in most
of the experiments involving acoustic excitation. In the light of
this, the focus of the present work is to examine the effect of
external acoustic excitation in the presence of structural vibrations
on the boundary-layer separation and wake structure of a NACA
0025 symmetrical airfoil for various Reynolds numbers and
angles of attack and to relate this effect to the improvement of
airfoil performance.

2 Experimental Setup

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 0.91 m and a height of 1.22 m. The flow
enters the test section through seven screens and a 9:1 contraction.
The operating velocity U, is adjustable from 2.8 to 18 m/s, with
a free-stream turbulence intensity level less than 0.1% within the
bandwidth from 0.1 to 2500 Hz. One wall of the test section is
made of plexiglas for operational and visualization purposes. Dur-
ing the experiments, the free stream velocity was monitored by a
pitot-static tube, with precision uncertainty estimated to be less
than 2.5%.

The performance of a symmetrical NACA 0025 aluminum air-
foil with a chord length ¢ of 0.3 m and a span of 0.88 m was
examined for a range of chord Reynolds numbers (Re.) and three
angles of attack (). A schematic diagram of the test sections is
shown in Fig. 1. The airfoil was mounted horizontally in the test
section, 0.4 m downstream of the contraction. A Cartesian coor-
dinate system was used, with x and y defined as shown in Fig. 1
and the origin at the centre of rotation of the airfoil.

Sound excitation was provided by means of a 250 W loud-
speaker mounted on the test section floor, under the leading edge
of the airfoil. The presence of the loudspeaker did not produce any
measurable effect on the airfoil wake within the region of interest.
The loudspeaker was driven through an amplifier by a variable-
frequency wave generator and a foam-rubber pad could be in-
stalled to isolate the speaker from the test section floor. Thus, the
mounting could be adjusted so as to either introduce vibrations to
the structure along with sound waves or minimize the mechanical
vibrations of the structure produced by the loudspeaker. A micro-
phone and an accelerometer were employed to quantify sound
excitation and airfoil surface vibrations, respectively. Based on the
precision of the instruments for a frequency range of
40 to 1000 Hz, the uncertainty of the microphone measurements
is approximately +0.3 dB, and that of the accelerometer data is
less than 3%.

Airfoil wake velocity data were obtained with constant tem-
perature anemometers (Dantec 56C01 main units equipped with

588 / Vol. 128, MAY 2006

56C17 CTA bridges). A Dantec 55P11 normal hot-wire probe and
a Dantec 55P61 cross-wire probe were used separately to traverse
vertical planes downstream of the airfoil. The probes were
mounted on a remote-control traversing gear with a spatial reso-
lution of 0.8 mm. For accurate detection of vortex-shedding fre-
quencies, the probe was positioned in the upper part of the wake
at the y/c locations corresponding to approximately one-half of
the maximum velocity deficit for each Reynolds number and
angle of attack. All hot-wire measurements were carried out in the
vertical midspan plane of the tunnel. Based on the results of
Kawall et al. [15], the maximum hot-wire measurement error was
evaluated to be less than 5% and is attributed to the high turbulent
intensities in the separated shear layer and near wake. Spectral
analysis of the free-stream velocity signals with the model in-
stalled in the test section established that there was no periodicity
associated with the approach flow.

For the spectral analysis of the velocity data sampled at
5000 Hz, the duration of a sampled signal segment was chosen to
be sufficiently large to provide a frequency resolution bandwidth
of 0.61 Hz, adequate for resolving narrow peaks in the spectrum.
Based on the number of averages involved in obtaining the veloc-
ity spectra, the uncertainty of the spectral analysis was evaluated
to be approximately 4.5%.

To qualitatively visualize boundary-layer behavior, two rows of
nylon tufts were installed on the airfoil surface 0.2 m away from
the midspan. Each row contained ten 2-cm-long tufts equally
spaced from the leading to the trailing edge. The rows were sepa-
rated by 2 cm in the spanwise direction and offset in the cordwise
direction to increase spatial resolution.

3 Experimental Results

3.1 Flow Without Excitation. The results presented are for
Reynolds numbers (Re.) of 150X 103, 100X 103, and 57 X 103
and angles of attack (@) of 10, 5, and 0 deg. All three values of
Re, are within the low Reynolds number region, i.e., Re. <200
X 10%[1,2].

The surface flow visualization, which provided a qualitative
picture of the boundary-layer behavior, showed that boundary-
layer separation took place over a substantial portion of the upper
surface of the airfoil at all three angles of attack for Re.=57
X 103 and Re,=100X 103, with no boundary-layer reattachment.
The separation occurred over approximately the aft 40% of the
chord at a=0 deg, increasing to 50% at a=5 deg, and reaching
60% at @=10 deg for these two Reynolds numbers. However, for
Re,=150X 10, no clear evidence of boundary layer separation
was found at =0 deg and a=5 deg, and only a small separation
region was detected at the trailing edge, over the aft 10% of the
chord, at @=10 deg. It should be noted that detailed boundary-
layer measurements reported in [16] suggest that for this Reynolds
number, the boundary layer separates on the upper surface of the
airfoil and reattaches downstream to form a separation bubble
over approximately 25% of the cord at all three angles of attack
examined.

As a result of extensive boundary-layer separation for the two
lower Reynolds numbers, wide wakes are formed behind the air-
foil. Figure 2 depicts typical mean wake velocity profiles, i.e.,

plots of (Uy—U)/U, versus y/c, for all the three Reynolds num-
bers investigated at @=10 deg. It is evident that the mean profiles
for Re,=57 X 10° and Re, =100 X 10° differ significantly from the
mean profile for Re =150 103. Specifically, the maximum ve-
locity deficit of 0.24U, for Re,=57 X 103 decreases to 0.21U,, as
the Reynolds number increases to Re,=100X 10°. As the Rey-
nolds number reaches 150X 103, the wake narrows significantly
with the maximum velocity deficit decreasing to 0.17U,. More-
over, for Re,.=150 X 103, the location of the minimum velocity in
the wake follows the incline of the trailing edge, similar to wakes
of symmetrical airfoils at high Reynolds numbers. In contrast, for
the two lower Reynolds numbers examined, the vertical location
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Fig. 2 Mean-velocity profiles, x/c=1, «=10°

of the minimum velocity in the wake is shifted upwards. This is
attributable to boundary-layer separation on the upper surface of
the airfoil, which governs wake formation and structure.

To gain insight into the airfoil wake structure, spectra of the
wake velocity data are considered. Each of these spectra is nor-
malized by the variance of the corresponding velocity component,
so that the area under each spectrum is unity.

Figure 3 depicts spectra of the streamwise velocity component
(E,,) at x/c=2 for all Reynolds numbers and angles of attack
examined. Frequency is scaled with global parameters to form a
Strouhal number, St;=fd/ U, where d is the vertical length of the
airfoil projection on a cross-stream plane. For the case of Re,
=57%10%, a spectral peak centered at approximately St,=0.21
(8 Hz) at all three angles of attack is clear evidence of the exis-
tence of frequency-centered activity in the airfoil wake (Fig. 3(a)),
attributable to vortex shedding. As the Strouhal numbers pertain-
ing to the spectral peaks do not vary with angle of attack and
compare well with the values reported for a circular cylinder
(St;~0.2), vortex shedding for this Reynolds number appears to
be similar to that of a bluff body.

The spectral results for Re,=100X 10 (Fig. 3(b)) reveal a de-
gree of dependency of the vortex-shedding characteristics on
angle of attack. At a=0 deg, a broad peak with a maximum at
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Fig. 4 E,, spectra for Re,=150X10%, x/c=3

St;=0.29 (20 Hz) is evident. As the angle of attack increases to
5 deg, a sharp peak centered at approximately St,=0.29 (20 Hz)
occurs. Finally, at a=10 deg, the vortex shedding appears to be
similar to that in the wake of a circular cylinder, with the domi-
nant spectral peak centered at St;=0.22 (15 Hz). This indicates an
increase in the length scale of the vortices, estimated as the ratio
of free-stream velocity and the vortex-shedding frequency (U,/f).

A detailed wake survey carried out by means of a normal hot-
wire sensor did not reveal any evidence of frequency-centered
activity in the airfoil wake for Re.=150X 103 at any angle of
attack, with no distinct peaks revealed in the corresponding E,,
spectra (Fig. 3(c)). This, however, does not rule out the existence
of coherent structures; i.e., some sort of organized turbulent mo-
tion within the wake. As shown later for the two lower Reynolds
numbers, the spectra of the vertical velocity component (E,,) are
more sensitive to frequency-centered activity in wakes than spec-
tra of the streamwise velocity component (E,,). Therefore, in an
effort to determine whether some type of frequency-centered ac-
tivity exists in the airfoil wake for Re.=150X 103, E,, spectra
were measured at x/c=3. These spectra, presented in Fig. 4, dis-
play broad peaks, centered at approximately St;=0.66 (68 Hz) at
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(b) Re,=100x10°
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E,, spectra, x/c=2
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Fig. 5 Test section resonance characteristics: (a) sound pressure and (b) airfoil surface acceleration

all three angles of attack, revealing the presence of weak
frequency-centered activity in the airfoil wake. It can be inferred
that the coherence and length scale of the corresponding coherent
structures are much lower than those of shed vortices detected for
the two lower Reynolds numbers.

A distinct Reynolds number dependency of the wake structure
characteristics can be detected from a comparison of Figs. 3 and
4. The vortex-shedding frequency steadily increases and length
scale decreases as Reynolds number increases. Vortices become
more diffuse and shedding less periodic, as peaks in the corre-
sponding E,, spectra become broader and less defined with an
increase of Reynolds number. Finally, the formation of the sepa-
ration bubble on the airfoil surface for Re,=150X 103 results in
the formation of much weaker coherent structures in the airfoil
wake than the vortices observed for the two lower Reynolds num-
bers. Huang and Lin [12] and Huang and Lee [13] found a similar
tendency in experiments with a NACA 0012 airfoil and reported
the existence of a similar “transitional” regime of vortex shedding.

3.2 Excitation Parameters. Two types of excitation were
considered: (i) “pure” acoustic excitation, with the loudspeaker
isolated from the tunnel working section, and (ii) acoustic excita-
tion with mechanical vibrations superimposed on the airfoil via
the loudspeaker.

Since the effect of acoustic excitation depends on both excita-
tion frequency and amplitude, wind tunnel resonance characteris-
tics were examined at Uy=0. A microphone, positioned 40 mm
above the upper surface at x/c=0 in the midspan of the airfoil,
was used to measure sound pressure. Airfoil vibrations were
monitored with an accelerometer mounted on the airfoil surface
directly under the microphone. Sound pressure (SP) and vertical
airfoil acceleration (a) were acquired with constant input voltage
to the speaker and varying excitation frequency (Fig. 5). The re-
sults in Fig. 5(a) show substantial modulations in sound pressure
at frequencies from approximately 280 to 700 Hz for both types
of excitation examined. Distinct peaks located within this fre-
quency range are associated with cross-resonances within the test
section. A significant amplification of vibrations occurs at fre-
quencies above 500 Hz (Fig. 5(b)), where acoustic resonance fre-
quencies match natural frequencies of the model. Both sound
pressure and acceleration variations are less substantial at frequen-
cies below 280 Hz.

Results in Fig. 5(b) suggest that the amplitude of airfoil surface

590 / Vol. 128, MAY 2006

vibrations for the case of acoustic excitation with structural vibra-
tions is at least double that for the case of pure acoustic excitation
in the range of 40 to 280 Hz. However, the results show no sub-
stantial difference in acceleration for the two types of excitation at
frequencies above 280 Hz, where acoustic resonances take place.
This is because vibrations at low frequency are less attenuated in
the test section than those at higher frequencies. As a result,
acoustic excitation with superimposed mechanical vibrations pro-
duces higher sound pressures at frequencies below about 100 Hz
(Fig. 5(a)) and there is no substantial difference in sound pres-
sures at higher frequencies.

To study the effect of acoustic excitation on airfoil perfor-
mance, it is important to select an adequate parameter to quantify
excitation amplitude. However, the choice of such a parameter is
very problematic, as shown by Zaman et al. [5]. For example,
their results question the suitability of sound pressure level or
velocity fluctuations within the test section, as both are strongly
affected not only by the resonances but also by the choice of the
reference location, influence of the flow, and other factors. Fol-
lowing the approach taken in [4,8,9], the effect of excitation fre-
quency in the present study was investigated with a constant volt-
age supplied to the speaker, as it enables assessment of the effect
of structural vibrations.

The effect of external acoustic excitation on the separated
boundary layer was first examined by means of flow visualization.
The flow was excited at different frequencies with constant-
amplitude voltage supplied to the speaker, in the presence of me-
chanical vibrations. For each of the cases examined, a range of
frequencies (an effective-frequency range) was found to effect
suppression of the separation region. As the amplitude of the ex-
citation decreased, this range narrowed with boundary-layer reat-
tachment finally occurring only at some “optimum’ excitation fre-
quency. Chang et al. [6] reported similar dependency of the
effective-frequency range on the amplitude of the acoustic excita-
tion. Moreover, a significant hysteresis in the suppression of the
separation region by excitation was observed. Once reattachment
occurred, the excitation frequency could be changed slightly from
the optimum value or the excitation amplitude could be substan-
tially lowered, with the boundary layer remaining fully attached.

The results summarized in Table 1 suggest that the optimum
excitation frequency increases as Reynolds number or angle of
attack increases. The effective-frequency range increases with an
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Table 1
ence of mechanical vibrations

Effective-frequency ranges and optimum frequencies of acoustic excitation in pres-

a=0 deg a=5 deg a=10 deg
Effect. Effect. Effect.
freq. freq. freq.
range Optimum range Optimum range Optimum
Re, (Hz) freq. Sty (Hz) freq. Sty (Hz) freq. Sty
57X 103 40-88 65 1.71 70-80 75 1.97 75-85 80 2.07
100x 103 45-205 117 1.70  75-220 162 235 115-230 169 2.42

increase of Reynolds number, in agreement with [11], or a de-
crease of the angle of attack, similar to the trend reported in [7].
Note that all results in the table were obtained with a constant
power input of 24 W to the speaker. Lack of correlation between
the optimum excitation frequencies in Table 1 and acoustic reso-
nance frequencies (Fig. 5(a)) suggest that excitation effect is not
due to acoustic resonances in the test section. It should be noted,
however, that the effective-frequency range results for Re.=150
% 10 might be influenced by the acoustic resonances that occur
between 400 and 500 Hz.

The optimum excitation parameters obtained in the present
study are in good agreement with those reported by Zaman and
McKinzie [11] at low angles of attack (a<6.5 deg). However,
Strouhal numbers based on the optimum excitation frequency vary
with Reynolds number and angle of attack (Table 1) and do not
match corresponding values obtained for the vortex shedding fre-
quency, being approximately an order of magnitude higher.

In order to gain insight into the control mechanism, spectra of
the boundary layer velocity data were examined. Data were ac-
quired in the unexcited flow at several x/c locations within the
transition region in the separated shear layer at y/c positions that

correspond to 0.5U/U,,. Figure 6 depicts spectra of the streamwise
velocity for Re,=100 X 10 and Re,=150% 10° at a=10 deg ob-
tained downstream of the separation. For Re,=100X 10° (Fig.
6(a)), a flat laminar flow spectrum is observed shortly past the
separation point. As a separated shear layer develops downstream,
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a band of unstable Fourier components, sometimes referred to as a
wave packet, occurs centered at St;=2.44, based on the funda-
mental frequency of the disturbances f,=170 Hz. Further down-
stream, disturbances in this frequency band are substantially am-
plified and the band itself broadens, remaining centered at St;
=2.44; in addition, harmonics are generated. Rapid transition fol-
lows and a “classical” turbulent velocity spectrum is finally ob-
served. A similar transition process is observed for Re.=150
X 103 (Fig. 6(b)), with the band of naturally amplified distur-
bances observed at St;=3.89 (f,=410 Hz).

To investigate a possible correlation between the acoustic exci-
tation frequencies presented in Table 1 and those of the naturally
amplified disturbances in the separated shear layer, the margins of
the corresponding effective-frequency ranges are shown by
dashed lines in Fig. 6. For both Reynolds numbers, the effective-
frequency range contains the frequencies of naturally amplified
disturbances in the separated shear layer. Similar results were ob-
tained for all the cases examined, suggesting that excitations at
frequencies within the band around the fundamental frequency are
effective. Moreover, the Strouhal numbers based on the funda-
mental frequencies correlate well with the corresponding values of
St, based on the optimum excitation frequency (Table 1). For all
the cases examined, the maximum deviation of the optimum fre-
quency from the fundamental frequency did not exceed 10%, with
the exception of Re,=10X 10* at a=0 deg, where they differ by
20%. It should be noted that these discrepancies are likely due to
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Fig. 6 Separated shear layer spectra, =10 deg; vertical dashed lines indicate the margins of the effective frequency ranges

Journal of Fluids Engineering

MAY 2006, Vol. 128 / 591

Downloaded 25 Aug 2009 to 142.150.190.39. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



08 ] unexcited 08 unexcited 08 unexcited
063 sound 06 sound 063 sound
sound&vibration sound&vibration sound&vibration
043 04 043
0.2 02 023
9 ] v v ]
=~ ] =~ ) 3
> 00 > 00 > 003
0.23 02 0.2
0.43 0.4 0.4
063 rrrre Frrrerre e e SN 06 0.6 d e rrer—————
00 0.1 02 0.3 0.4 0.5 00 0.1 0.2 0.3 04 0.5 00 0.1 02 03 04 05
(U, -0)/U, (G, -U)/U, (U, - 1)/ U,
(a) a= (b) a=5° (c) a=1r

Fig. 7 Effect of excitation on mean profiles for Re.=57X 103, x/c=2

the combination of several factors, such as experimental uncer-
tainties, rather than resulting from acoustic resonance alone.
Therefore, it is concluded that matching the excitation frequency
with the frequency of the most amplified disturbance in the sepa-
rated shear layer is the optimum method of improving airfoil per-
formance at a given Reynolds number and angle of attack. How-
ever, acoustic resonances should be taken into account, as they
may influence the results if they are present within the frequency
range of interest.

3.3 Excitation Effect. The effect of the two types of excita-
tion on the airfoil performance and wake characteristics is consid-
ered below. Note that only results pertaining to excitation applied
at the optimum frequencies (Table 1) and a constant power input
of 24 W are considered henceforth.

Figure 7 shows (Uy—U)/ U, profiles with and without acoustic
excitations for Re.=57 X 10® at x/c=2. Acoustic excitation with
superimposed mechanical vibrations significantly narrows the
wake. Moreover, at =5 deg and a=10 deg, the wake is shifted
down following the incline of the trailing edge. For example, at
a=10 deg (Fig. 7(c)), the maximum wake deficit is decreased by
the excitation from 0.24U to 0.2U, and its position is shifted
from y/c=0.1 to y/c=-0.2. Pure acoustic excitation is much less
effective in narrowing the wake for this Reynolds number. Com-
parison of the profiles in Fig. 5 suggests that this type of excita-
tion affects mainly the lower part of the wake. The wake is more
affected at a=0 deg; i.e., it is diminished in size on both the upper
and lower parts (Fig. 7(a)). At a=5 deg (Fig. 7(b)), this effect is

only seen on the lower half of the flow with the upper half unaf-
fected; at a=10 deg (Fig. 7(c)), the effect is slight. Comparison of
the mean profiles for Re,=100X 10 at x/c=2 in Fig. 8 reveals
significant narrowing of the wake at all three angles of attack for
both types of excitation studied. In addition, the wake shifts down
following the incline of the trailing edge at a=5 deg and «
=10 deg (Figs. 8(b) and 8(c)), as in the case of the excitation with
superimposed vibrations for Re,=57 X 10°. There is no significant
difference in the effect from the two types of the excitation on the
profiles in Fig. 8. Similar results were obtained for Re.=150
X 10° at =10 deg and x/c=2. However, the extent of the effect
was significantly smaller for this Reynolds number due to the
suppression of a smaller separation region.

A quantitative analysis of the effect of acoustic excitation on
airfoil performance is based on the drag coefficient results pre-
sented in Table 2. Sound pressure levels (SPLs) and normalized
surface accelerations (a/g) measured at the reference locations are
also presented in the table. To facilitate data analysis, SPL and
al g values shown for the two lower Reynolds numbers are aver-
ages based on measurements at the corresponding optimum fre-
quencies. The drag coefficients are obtained by integration of the
mean-wake profiles, as described in [17], with an uncertainty es-
timated to be less than 5%. Note that the presence of the minor
decrease of the freestream velocity at the lower part of the tunnel,
which is less than 3% of U, was accounted for in calculating the
drag coefficients. Moreover, results presented in Table 2 represent
the relative reduction of airfoil drag coefficients (C,) with respect
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Fig. 8 Effect of excitation on mean profiles for Re,=100X10%, x/c=2
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Table 2 Normalized airfoil drag coefficients with excitation at optimum frequencies

a=0 deg a=5 deg a=10 deg
a b
Re W um ate ave  CeCu Cw=Ca Cw=Cau  Cw=Cw  Cw=Cau  Ca=Cu
‘ CdO CdO CdO CdO CdO CdO
57X 10° 86 93 0.06 0.45 0.38 0.52 0.15 0.51 0.06 0.64
100X 10° 86 87 0.19 0.35 0.30 0.44 0.61 0.61 0.75 0.75
150 % 10°? 110 109 0.19 0.17 0.24 0.24

“Acoustic excitation only.
PAcoustic excitation with mechanical vibrations.

to the corresponding values of the drag coefficients calculated for
the unexcited flow (C), thus minimizing the effect of experimen-
tal uncertainty.

Clearly, the drag coefficients are lowered by either of the two
types of excitation for all the cases examined. Note that acoustic
excitation in the presence of structural vibrations produces higher
sound pressure levels and more pronounced surface vibrations.
There is a substantial difference between the effects of the two
excitation methods for Re,.=57 X 103, with the acoustic excitation
in the presence of structure vibrations being more effective. For
instance, at a=10 deg, acoustic excitation of the flow with me-
chanical vibrations results in a decrease of the drag coefficient by
64%, whereas pure acoustic excitation results in a decrease of
only 6% (Table 2).

In contrast, for Re,=100 X 103, the results suggest that there is
little difference between the effects of two types of excitation on
the airfoil performance. This correlates with insignificant depen-
dency of the sound pressure level on the excitation type in this
case. The most significant reduction of the drag coefficient is
achieved for this Reynolds number, as the drag coefficient is re-
duced by 75% by both types of excitation at «=10 deg. Note that
higher vertical accelerations that occur in the case of acoustic
excitation with structural vibrations do not have a measurable ef-
fect on drag coefficient.

The results demonstrate that pure acoustic excitation is more
efficacious for Re,=100X 10% than for Re,=57 X 10, despite
equivalent sound pressure levels in the test section for both Rey-
nolds numbers. This implies that higher amplitude excitations are
needed to influence the airfoil performance at lower Reynolds
numbers. In addition for the two lower Reynolds numbers, the
drag coefficient decrease, with the exception of the result for
Re,=57x10% at a=0 deg, becomes more pronounced as the
angle of attack increases (Table 2). This trend is due to the sup-

pression of the separation region, which increases as angle of
attack increases. Ahuja and Burrin [9] reported a similar trend
with respect to the effect of acoustic excitation on the lift
coefficient.

The improvement of the airfoil performance for Re.=150
X 103 is less significant than it is for the two lower Reynolds
numbers. Nevertheless, a 24% decrease of the drag coefficient is
achieved for both types of excitation. As in the case of Re,
=100 X 103, both types of excitation produce equivalent sound
pressure levels.

The results discussed above suggest that improvement of the
airfoil performance is due to the amplification of the natural dis-
turbances in the separated shear layer by periodic excitation ap-
plied at the fundamental frequency of these disturbances, which
leads to boundary-layer transition and subsequent reattachment.
Based on the comparative analysis of the velocity fluctuations
introduced into the separated shear layer as a result of the airfoil
surface vibrations and those due to acoustic excitation, it is con-
cluded that acoustic waves have a dominant role in exciting the
flow. However, structural vibrations need to be taken into account
if acoustic excitation is utilized, as they can result in a higher
sound pressure levels within the test section. This is especially
important for flow control at lower Reynolds numbers, where
higher excitation amplitudes and relatively low frequencies are
required to influence airfoil performance.

To assess the effect of acoustic excitation on coherent structures
in the airfoil wake, v-component velocity spectra are considered.
It should be noted that peaks centered at the excitation frequencies
and their harmonics appear in the E,, spectra for the excited flow.

Typical E,, spectra for Re.=57 X 10® at x/c=3 are shown in
Fig. 9. The sharp peak at St;=0.21 (8 Hz) in the unexcited flow at
0 deg angle of attack (Fig. 9(a)) is attenuated by the pure acoustic
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0.01 0.10 Std 10.00 0.01 0.10 Std 1.00 10.00 0.01 0.10 Std 1.00 10.00
(a) a=(r (b) a=5° (c) a=10r

Fig. 9 Effect of excitation on E,, spectra for Re,=57%X10%, x/c=3
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Fig. 10 Effect of excitation on E,, spectra for Re,=100X 10, x/c=3

excitation and is shifted to St;=0.37 (14 Hz). An increase of the
angle of attack to 5 deg (Fig. 9(b)) results in a slight attenuation
of the peak, and it shifts to St;=0.26 (10 Hz) from St;=0.21
(8 Hz). A further increase of the angle of attack to 10 deg results
in the spectrum being only slightly altered by the acoustic excita-
tion, with the peak shifted to St;=0.22 (8.5 Hz) (Fig. 9(c)). These
observations suggest that excitation at optimum frequencies
causes a decrease of the vortex length scale and coherence. The
weakening of this effect with an increase of angle of attack is in
good agreement with the results of Hsiao et al. [7]. As for the
mean-wake velocity profiles, the effect of acoustic excitation with
mechanical vibrations differs significantly from the effect of pure
acoustic excitation for this Reynolds number (Fig. 9). The corre-
sponding spectra, which are shown as long dashed curves, display
diminished peaks centered at St;=0.43 (16.5 Hz), St;=0.41
(15.5 Hz), and St;=0.39 (15 Hz) at 0, 5, and 10 deg angles of
attack, respectively. The angle-of-attack effect is substantially re-
duced in this case, as the energy and the frequency of the peaks do
not change significantly with an increase of a.

Figure 10 shows E,, spectra for Re.=100X 103 at x/c=3. The
peaks in the spectra associated with the unexcited flow are attenu-
ated, broadened, and shifted to higher Strouhal numbers by either
of the two types of the excitation studied. Note that the extent of
these effects is much greater for this case than for the Re.=57
X 103 case. The peaks corresponding to 0, 5, and 10 deg angles of
attack that are centered at St;=0.29 (20 Hz), St;=0.29 (20 Hz),
and St;=0.22 (15 Hz) are strongly attenuated and shifted to Sty
=0.44 (30 Hz), St;=0.58 (40 Hz), and St;=0.57 (40 Hz), respec-
tively. These peaks resemble those obtained in the unexcited flow
for Re, =150 10° (Fig. 4). Hence, due to the suppression of the
separation region, the vortices shed in the airfoil wake when there
is no excitation are replaced by coherent structures of substan-
tially smaller length scale and coherence. As in the case of the
mean velocity profiles, spectra for both types of excitation show
significant overlap in Fig. 10 at corresponding angles of attack.
This suggests that there is no substantial difference in the effect of
these two types of excitation on the wake structure. The effect of
the acoustic excitation on the vortex shedding for this Reynolds
number is similar to the effect on the drag coefficient, as a more
significant diminishment of the peaks in the spectra is achieved
for higher angles of attack.

The results for Re,=150X 10 at x/c=3 and 10 deg angle of
attack are presented in Fig. 11. As for Re,=100 X 103, the broad
peak centered at St;=0.66 (68 Hz) in the spectrum pertaining to
the unexcited flow is attenuated by both types of the excitation
and is shifted to St;=0.76 (80 Hz).

From the comparison of the spectral results and the drag coef-
ficient results discussed previously, it is concluded that the mag-
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nitude of the acoustic excitation effect on the vortex shedding in
the airfoil wake correlates with the improvement in the airfoil
performance. Evidently, comparison of spectral results obtained
with and without excitation can provide an assessment of the ef-
fect of acoustic excitation on airfoil performance.

4 Conclusions

Performance of a NACA 0025 airfoil at low Reynolds numbers
was studied experimentally by means of hot-wire velocity mea-
surements and complementary surface flow visualization.

Boundary-layer separation occurs on the upper surface of the
NACA 0025 airfoil for all Reynolds numbers and angles of attack
examined. For Re.=150X 10%, the separated boundary layer reat-
taches to the airfoil surface, forming a laminar separation bubble.
However, for Re,=57 X 10° and Re,=100X 10°, the separated
shear layer fails to reattach to the airfoil surface, leading to the
formation of much wider wakes compared to the case for Re,
=150 % 10°.

Coherent structures were detected in the airfoil wake for all
Reynolds numbers and angles of attack examined. The character-
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Fig. 11 Effect of excitation on E,, spectrum for Re.=150
X10% at @=10°, x/c=3
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istics of these structures depend strongly on boundary-layer be-
havior and Reynolds number. Specifically, for the two lower Rey-
nolds numbers examined, vortex shedding occurs in the airfoil
wake at all angles of attack, with the associated Strouhal number
comparable to that for vortex shedding in the wake of a circular
cylinder. The vortex-shedding frequency increases and the charac-
teristic length scale and coherency decrease as Reynolds number
increases. Finally, the change in the boundary-layer behavior for
Re, =150 103, results in vortex shedding being replaced by the
occurrence of much weaker coherent structures of substantially
smaller length scale.

External acoustic excitation at particular frequencies and appro-
priate amplitudes with and without mechanical vibrations can sub-
stantially reduce or suppress the separation region so that a de-
crease in drag results. The effect of the excitation depends
strongly on the excitation frequency and amplitude. In particular,
the effective frequency range decreases with a decrease of the
excitation amplitude. For a constant amplitude excitation, this
range narrows with a decrease of the Reynolds number or increase
of the angle of attack. The best effect is achieved at an optimum
frequency, which increases as Reynolds number or angle of attack
increases.

The results provide a definitive correlation between the opti-
mum excitation frequencies and frequencies of naturally amplified
disturbances in the separated shear layer. It is concluded that
matching the excitation frequency with the frequency of the most
amplified disturbance in the separated shear layer is the optimum
method of improving airfoil performance at a given Reynolds
number and angle of attack. The excitation promotes transition in
the separated shear layer, effecting its reattachment, thus decreas-
ing the size of the separation region.

It is concluded that acoustic waves play a dominant role in
exciting the separated shear layer. However, low-frequency struc-
tural vibrations are found to have a significant effect on airfoil
performance for Re,=57 X 103, as they result in a higher sound
pressure levels within the test section, and should be considered in
future experiments involving acoustic excitations.

Acoustic excitation alters the vortex-shedding characteristics,
decreasing the vortex length scale and the coherency of the vortex
structure. Due to the suppression of the separation region, periodic
vortex shedding in the airfoil wake is replaced by the occurrence
of weak coherent structures. Moreover, the magnitude of the ex-
citation effect on the wake structure correlates with the extent of
the improvement in the airfoil performance, i.e., an increase in the
lift and/or a decrease in the drag.
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Nomenclature
a = airfoil surface acceleration
C, = airfoil drag coefficient

Journal of Fluids Engineering

airfoil chord
vertical length of airfoil projection on cross-
stream plane
w normalized energy spectrum of u
v = normalized energy spectrum of v
f = frequency
fo = fundamental frequency of the disturbances
g = acceleration due to gravity
Re, = Reynolds number, Uyc/v
sound pressure
SPL = sound pressure level
St;, = Strouhal number, fd/ U,
= free-stream velocity in the x direction

o
Il

U
Il

o
(]

Uo

U = mean streamwise velocity

,u = x and y fluctuating velocity components
streamwise and vertical coordinates

a = angle of attack

v = kinematic viscosity of air
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