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Introduction

IRFOIL performance at low Reynolds numbers has been of

interest in a wide range of applications including the design
of unmanned air vehicles and wind turbines. Several investigators
have studied airfoil performancein the low Reynolds numberregion,
for example, Ref. 1. Findings of the investigations show that seri-
ous aerodynamic problems occur below Reynolds number of about
2 x 10%. Specifically, the laminar boundary layer on the upper sur-
face of the airfoil is subjected to an adverse pressure gradient, even
atlow angles of attack. This often results in either laminarboundary-
layer separation and the formation of a large wake or the formation
of a laminar separation bubble on the airfoil surface. Both phenom-
ena have a detrimental effect on airfoil lift and drag. Therefore, it
is of interest to improve airfoil performance by introducing a flow
controlmechanism. One method of doing this is exciting the bound-
ary layer with an acoustic source. Several studies have showed that
excitation applied at a suitable frequency and amplitude reduces
the separation region and improves airfoil characteristics>~* It has
been concluded* that the effect and the effective frequencyrange of
the excitation, that is, the range of frequencies producing improve-
ment of the airfoil characteristics,strongly depend on the excitation
amplitude. However, the various experimental attempts to predict
optimum values of the excitation parameters and to explain the at-
tendant flow control mechanism have resulted in a wide range of
sometimes contradictory conclusions.*
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The present work examines the effect of external acoustic exci-
tation on airfoil performance and wake structure.

Experimental Setup

Experiments were performed in a low-turbulence recirculating
wind tunnel with a 0.9 x 1.22 m test section and a freestream tur-
bulence intensity level less than 0.05%. The performance of a sym-
metrical NACA 0025 airfoil with a chord length ¢ of 0.3 m and a
span of 0.88 m was examined for three chord Reynolds numbers
Re, and three angles of attack «. A 250-W loudspeakermounted on
the test section floor, under the leading edge of the airfoil, provided
the acoustic excitation.

Airfoil wake velocity data were obtained with Dantec constant
temperature anemometers. A normal hot-wire probe and a cross-
wire probe were used separately to traverse vertical planes down-
stream of the airfoil. For accurate detection of vortex-shedding fre-
quencies, the probe position was adjusted with Reynolds number
and angle of attack. Spectral analysis of the freestream velocity
signals established there was no periodicity associated with the
approaching flow. The frequency resolution of the spectral anal-
ysis was 0.6 Hz. Nylon tufts were used to visualize boundary-layer
behavior.

Experimental Results

The experiments were performed for Reynolds numbers Re, of
150 x 10°, 100 x 10%, and 57 x 10* and angles of attack & of 10, 5,
and 0 deg. Boundary-layer separation occurred over a large region
(~50%) on the upper surface of the airfoil at these angles of attack
for Re, =57 x 10° and Re. =100 x 10°, but only over a small re-
gionata = 10 deg for Re. =150 x 10°. Because of boundary-layer
separation, much wider wakes, with substantially higher turbulence
intensities in the core region, were formed at all angles of attack
for Re, =57 x 10° and Re. =100 x 10° compared with those at
similar angles of attack for Re. = 150 x 10°.

It was found that acoustic excitation introduced with sufficient
amplitude and at particular frequencies, which form an effective-
frequency range, reduces or suppresses the separationregion on the
surface of the airfoil. As the amplitude of the excitation decreased,
this range narrowed, with boundary-layer reattachment finally oc-
curring only at some “optimum” excitation frequency. The results
summarized in Table 1 show the same trends as those obtained by
others, that is, an increase of the effective-frequencyrange with an
increase of Reynoldsnumber* and a decrease of the angle of attack 2
The experimental analysis of Zaman and McKinzie* also suggest
that, for @ < 6.5 deg, the Strouhal number (fc/U) divided by the
square root of the Reynolds number, SrC/ReCI/z, ranges from 0.02
to 0.03 for the optimum excitation frequency. The values of this
parameter obtained in the present work are within the suggested
range, except the value at o =5 deg for Re, =57 x 10° (which is
10% greater than the maximum value suggestedin Ref. 4). Note that
only results for acoustic excitation applied at optimum frequencies
are considered in what follows.

Figure 1 shows the effect of acoustic excitation on mean-velocity
wake profiles for Re. =100 x 10 at x /¢ = 2. The observed asym-
metry of the unexcited wake profile at « =0 deg (Fig. 1a)isduetoa
biggerseparationregionon the upper surface of the airfoil compared
to that on the lower surface. This phenomenon might be a result of
high sensitivity of the low Reynolds number flows to the test section
environment and has been noted by others? It is clear from Fig. 1



1600

AIAA JOURNAL, VOL. 41, NO. 8:

TECHNICAL NOTES

Table 1 Effective acoustic excitation frequencies

a=0deg a=5deg o =10deg
Effective-frequency Optimum S}IC > Effective-frequency Optimum S}IC Effective-frequency Optimum %
Re. range, Hz frequency, Hz Rec/ range, Hz frequency, Hz Rec/ range, Hz frequency, Hz Rec/
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Fig. 1 Mean profiles with and without excitation for Re, = 100x 10° at

x/lc=2.

Fig. 2 E,, spectra with and without excitation for Re, =100X 10° at
x/c=3: - - - -, unexcited flow and —, excited.
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Table2 Normalized airfoil drag coefficients

Ca/Cly
Re. o =0deg a=5deg a=10deg
57 x 10° 0.6155 0.8534 0.9389
100 x 10 0.7054 0.3870 0.2475
150 103 — — 0.7596

“Drag coefficient without excitation/drag coefficient with excitation.

that acoustic excitation significantly narrows the wake at all three
angles of attack. Notice that once the separationon both sides of the
airfoil has been suppressed at @ = 0 deg (Fig. 1a), the mean profile
is symmetric as expected. In addition, the wake shifts down, follow-
ing the incline of the trailingedge at « =5 and o = 10 deg (Figs. 1b
and 1c), similar to airfoil wakes at high Reynolds numbers when the
Kutta condition is satisfied.

A quantitative analysis of the effect of acoustic excitation
on airfoil performance is based on the drag coefficient results
(Table 2), obtained by integration of the mean-wake profiles. The
most significant reduction of the drag coefficient is achieved for
Re.=100x 10%, with the drag coefficient reduced by 75% at
o =10 deg. It is also obvious that a greater decrease of the drag co-
efficient is achieved for Re, = 100 x 10° than for Re, =57 x 103,
exceptfor Re, =57 x 10° at @ =0 deg. Indeed, separation regions,
comparable in size for these two Reynolds numbers at correspond-
ing angles of attack, were only reduced for Re, =57 x 10°, whereas
they were suppressed for Re, = 100 x 10* with the same power in-
put. It can be concludedthathigheramplitudeexcitationsare needed
to influence the airfoil performance at lower Reynolds numbers.
Note that decrease of the drag coefficient for Re, =100 x 10° be-
comes more pronounced as the angle of attack increases (Table 2).
This trend is due to suppression of the separation region, which in-
creases as angle of attack increases. The improvement of the airfoil
performance for Re. =150 x 10? is less significant than it is for
the Re. = 100 x 10%. Nevertheless, a separationregion on the upper
surface of the airfoil was suppressed by acoustic excitation, and a
249 decrease of the drag coefficient resulted.

To assess the effect of acoustic excitation on coherent structures
in the airfoil wake, transverse velocity component spectra E,, are
presented. Figure 2 shows the E,, spectra for Re. =100 x 10° at
x/c=3.The peaksin the spectraassociated with the unexcited flow
are clear evidence of vortex sheddingin the airfoil wake at all angles
of attack. Peaks correspondingto 0-, 5-, and 10-deg angles of attack
centred at 20, 20, and 14 Hz are strongly attenuated, broadened and
shifted to 30, 40, and 40 Hz, respectively, suggesting that vortex
coherency and length scale are decreased by acoustic excitation. It
can also be inferred from comparison of the results in Fig. 2 and
Table 1 that the optimum excitation frequency does not match the
vortex-shedding frequency but is an order of magnitude greater. It
is speculated that the optimum frequencies found in this investiga-
tionmatch the separatedshear layerinstability frequencies,agreeing
with the results of Refs. 2 and 4. Note that the effect of the acous-
tic excitation on the vortex shedding for this Reynolds number is
similar to the effect on the drag coefficient (Table 2) because a more
significant diminishment of the peaks in the spectra is achieved for
higher angles of attack.

Conclusions

External acoustic excitation at particular frequencies and suitable
amplitudes can substantially reduce or suppress the separation re-
gion of an airfoil so that an increase in lift and/or a decrease in drag
result. The effect of the excitation strongly depends on the excita-
tion 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. It is
speculated that the optimum frequencies found in this investigation
match separated shear-layer instability frequencies, in agreement
with Refs. 2 and 4. The results also suggest that higher amplitude
excitations are needed to influence the airfoil performance at lower
Reynolds numbers.

The acoustic excitation alters wake structure, decreasing the vor-
tex length scale and the coherency of the vortices. Also, the magni-
tude of the acousticexcitationeffecton the wake structure correlates
with the extent of the improvement in the airfoil performance.
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I. Introduction

HEN using a “perfect” computer model of a structure to op-

timize its dynamic (vibration) performance, the results rely

on the exactness of the model and can in practice be very sensitive
to small changes in design variables. This is especially the case in
the mid- and high-frequency regions where modal overlap occurs.
To assess this, the multidimensional gradient of the search space
at the current design point can be approximated, or changes in the
performance of the structure caused by “local” variations in design
variables can be calculated. Both of these normally carry a high
computational expense, especially for high-dimensional problems.
Here the optimization of a structure using genetic algorithms
(GA)! is described, for which the robustness of the structure’s per-
formanceis also considered. One type of GA used efficient methods
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