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Abstract The boundary layer separation on a NACA
0025 airfoil was studied experimentally via hot-wire
anemometry and surface pressure measurements. The
results provide added insight into periodic boundary
layer control, suggesting that matching the excitation
frequency with the most amplified disturbance in the
separated shear layer is optimal for improving airfoil
performance.

1 Introduction

Laminar boundary layer separation often takes place on
the upper surface of an airfoil operating at low Reynolds
numbers, e.g. Mueller and DeLaurier (2003). Transition
to turbulence occurs in an unstable separated shear layer
and can result in boundary layer reattachment and the
formation of a laminar separation bubble. It should be
noted that laminar boundary layer separation signifi-
cantly affects airfoil performance, reducing lift and
increasing drag. The behaviour of the separated shear

layer and the extent of the separation region are major
factors determining the severity of this effect.

It is possible to improve airfoil performance by
means of periodic excitation. Previous work by Zaman
(1992) and Yarusevych et al. (2003) show that optimum
values of the control parameters may be correlated with
the airfoil boundary layer and/or wake characteristics.
However, various experimental attempts to predict
optimum values of excitation parameters, summarised
by Zaman (1992), have resulted in contradictory con-
clusions.

The main objective of the present work is to gain
insight into the flow control mechanism responsible for
improved airfoil performance by periodic excitation.

2 Experimental description

The performance of a symmetrical NACA 0025 airfoil
with a chord length (c) of 0.3 m was examined for two
Reynolds numbers (Rec) based on chord length, 10 · 104

and 15 · 104, and three angles of attack (a), 0�, 5� and
10�. All experiments were conducted in a recirculating
wind tunnel with a 0.91 · 1.22-m cross-section and a
free-stream turbulence intensity level of less than 0.1%.

Flow velocity data were acquired with hot-wire ane-
mometry. The maximum hot-wire measurement error
was evaluated to be less than 5%. The surface pressure
measurements were performed using 65 pressure orifices,
with an uncertainty of less than 2%.

3 Results

Detailed surface pressure measurements, not presented
here, suggest that laminar boundary layer separation
occurs on the upper surface of the airfoil for
Rec=15 · 104 and Rec=10 · 104 at the angles of attack
examined. For Rec=15 · 104, the boundary layer
reattaches to the airfoil surface, forming a separation
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bubble; however, for Rec=10 · 104, it fails to reattach
and a wider wake is formed.

To gain additional insight into the boundary layer
transition process, the spectra of the velocity data ob-
tained in the separated shear layer were examined. The
velocity data at each streamwise location (x/c) were ac-
quired at a vertical position that corresponds to the
maximum RMS velocity value. The duration of a sam-
pled signal segment was chosen to be sufficiently large to

provide a frequency resolution bandwidth of 0.61 Hz.
The uncertainty of the spectral analysis was approxi-
mately 5%. The presented spectra are normalised by the
variance of the streamwise velocity component, so the
area under each curve is unity.

Figure 1 depicts the spectra of the streamwise veloc-
ity (Euu) for Rec=15 · 104 at a=5�. Downstream of the
separation point at x/c=0.44, a band of unstable Fou-
rier components, sometimes referred to as a wave
packet, occurs in an otherwise flat spectrum from
360 Hz to about 500 Hz (Fig. 1a). Further downstream,
at x/c=0.53, disturbances in this frequency band are

Fig. 1 Euu spectra for Rec=15·104, a=5�

Fig. 2a–d Euu spectra
and effective frequency ranges:
a) x/c=0.53, b) x/c=0.44,
c) x/c=0.37, d) x/c=0.31
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substantially amplified and the band itself broadens,
remaining centred at a fundamental frequency (f0) of
about 420 Hz (Fig. 1b); in addition, harmonics are
generated. Rapid transition follows, with a ‘‘classical’’
turbulent spectrum occurring at x/c=0.72 (Fig. 1c). A
similar transition mechanism was observed for
Rec=10 · 104, with the amplified disturbances centred
at lower fundamental frequencies.

Yarusevych et al. (2003) used external acoustic exci-
tation to improve the performance of a NACA 0025
airfoil in the same experimental facility. The results
established that excitation in a certain range of fre-
quencies was efficacious, for a fixed amplitude, with
excitation at some optimum frequency being the most
efficient.

Figure 2 shows the spectra of the boundary layer
velocity data for Rec=10 · 104 at a=0�, 5� and 10� and
for Rec=15 · 104 at a=10�, with margins of effective
frequency ranges from Yarusevych et al. (2003) marked
by dashed lines. For Rec=10 · 104 at a=0� and 5�
(Fig. 2a, b), the effective frequency range includes bands
of naturally amplified disturbances centred at the fun-
damental frequency, f0, and its first subharmonic, f0/2.
As the angle of attack increases to a=10�, the effective
frequency range narrows and, for both Rec=10 · 104

and Rec=15 · 104 (Fig. 2c, d), it contains only the band
of amplified disturbances centred at the fundamental
frequency. These results suggest that, at small angles of
attack, excitations improve airfoil performance when
applied at frequencies close to the fundamental fre-
quency of the naturally amplified disturbances in the
separated shear layer and its first subharmonic; whereas,
with an increase of the angle of attack, only excitation at
frequencies in the band around the fundamental fre-
quency are efficacious. However, for all the cases
examined, the optimum excitation frequency approxi-
mately matches the fundamental frequency of the
amplified disturbances. The only significant deviation of
the optimum frequency from the fundamental fre-
quency, about 20%, is found for Rec=10 · 104 at a=0�.
In other instances, the maximum deviation does not
exceed 5%. It can, therefore, be concluded that match-
ing the excitation frequency with the frequency of the
most amplified disturbance in the separated shear layer

is the best method of improving airfoil performance at a
given excitation amplitude, Reynolds number and angle
of attack.

It is important to be able to predict optimum fre-
quencies for the design of various flow control systems
that employ periodic excitation. In this study, initial
spatial growth of the disturbances in the separated shear
layer was almost exponential, similar to the results of
Lang et al. (2004). Therefore, linear stability theory may
be used to model the initial stage of transition and to
predict optimum excitation parameters.

4 Conclusions

Laminar boundary layer separation occurs on the upper
surface of the NACA 0025 airfoil for Rec=15 · 104 and
Rec=10 · 104 and at angles of attack of a=0�, 5� and
10�. The results establish that the optimum excitation
frequency for acoustic boundary layer control matches
that of the most amplified disturbance in the separated
shear layer for a given Reynolds number and angle of
attack. Exciting the boundary layer at that frequency
promotes the transition, bringing about earlier bound-
ary layer reattachment. Analysis also indicates that lin-
ear stability theory may be used to predict optimum
excitation parameters.
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