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We present experiments demonstrating that a small flag attached to the surface of 

an airfoil near the leading-edge exhibits self-excited oscillations when the airfoil is 

set at a post-stall angle of attack. The limit cycle oscillations of the flag between 

the airfoil surface and the freestream have a dominant frequency and promote 

reattachment of the flow, producing remarkable increase in the maximum lift 

coefficient and stall angle. Leading-edge vortex shedding and formation of a 

separation bubble are observed when the flag tip reaches around the maximum 

displacement. The instantaneous flow and the range of oscillation frequency have 

strong similarities to those of the active flow control methods for separation, yet 

this is a passive flow control method that relies on unsteady effects. The flag 

oscillations occur mostly in the first structural mode, while the higher modes reveal 

the three-dimensionality of the flag displacement field. The oscillation frequencies 

of the flag are in the same range of vortex shedding frequency of the baseline airfoil, 

suggesting that the wake resonance mechanism may be behind the observations of 

the enhanced lift at the post-stall angles of attack. There is virtually no effect of the 

compliant flag on the mean lift at small angles of attack. 

 
 

 

I. INTRODUCTION 

The flapping of flags has always been an intriguing example of fluid-structure interactions [1]. 

Various flag configurations in uniform freestream as well as near other surfaces and bodies 

have found engineering applications, not only in panel flutter vibrations [2], but also in energy 

harvesting [3], and enhanced heat transfer in channel flows [4]. In this Letter, we demonstrate 

that such limit cycle oscillations can occur for a flag attached to the airfoil surface after the 

onset of flow separation near the leading-edge. In turn, this modifies the flow separation and 

produces a leading-edge vortex, resulting in increased mean lift.  



2 
 

 

Active flow control methods that rely on periodic excitation to delay airfoil stall have received 

considerable attention [5]. The excitation of the shear-layer instabilities is certainly an obvious 

option in some applications. As far as the role of wake is concerned, it may be that Wu et al. 

[6] were the first to emphasize the importance of exciting the flow at the subharmonic and 

higher harmonics of natural vortex shedding. Their simulations showed that periodic blowing–

suction near the leading-edge promotes strong leading-edge vortices, however, resonance with 

vortex shedding or its harmonics is essential for increased lift. For a different type of flow 

excitation in the form of small-amplitude plunging oscillations of an airfoil [7], it was shown 

that the subharmonic resonance is as effective as the one at the fundamental frequency of 

natural vortex shedding in producing high lift. In this Letter, we present the evidence of 

coupling of wake instabilities with the flag oscillations. 

 

The idea of improving the aerodynamic performance at low Reynolds numbers by exploiting 

the flexibility of the wing structures is not new [8]. Known examples of increased mean lift or 

decreased mean drag include delta wings and unswept membrane wings for which the whole 

structure is flexible. Self-excited vibrations of the wing surface promoting the reattachment of 

the flow over delta wings may have been facilitated by the leading-edge sweep [9]. For 

membrane wings, most of the increased lift is due to the increase of the mean camber due to 

the mean deformation [10], however, there is evidence that membrane vibrations lead to 

smaller wakes and decreased drag [11] in the post-stall regime. This Letter presents the first 

ever example of a small flag exhibiting self-excited oscillations and producing high lift for an 

airfoil that is much larger than the flag.  

 

 

II. METHODS 

The experiments were performed in the low-speed, closed-loop open-jet wind tunnel with a 

circular working section of 0.76 m in diameter. The wind tunnel has a maximum operating 

speed of 30 m/s and a freestream turbulence intensity of 0.2% at the maximum operating speed. 

An airfoil with the NACA0012 profile, which runs the whole span of the test section between 

the two endplates, was mounted vertically to an aluminium binocular strain gauge force balance. 

There is a small gap (2 mm) between the airfoil and the endplates. The airfoil had a span of 

400 mm and a chord length of c = 100 mm. The experiments were carried out over angles of 
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attack, α from 0° to 30°, freestream velocity of U∞ = 5 and 15 m/s which correspond to 

Reynolds numbers, based on the chord length, of Re = 33,000 and 100,000 respectively. The 

signal from the force balance is amplified by an AD624 instrumentation amplifier and logged 

to a computer via NI6009 DAQ at a sampling frequency of 1 kHz. Force measurements were 

recorded over 10 s. A membrane flag of length L = 0.20c made from black latex natural rubber 

sheet with a thickness of h = 0.2 mm, Young’s Modulus of E = 1.78 MPa (measured by us for 

strain ratios less than 1%), and a density of ρm = 940 kg/m3 (also measured by us), was glued 

to the airfoil surface. 

 

Particle Image Velocimetry measurements were carried out with a TSI 2D-PIV system. The 

desired plane was illuminated using a NewWave Solo 120-15 Hz double-pulse laser with a 

maximum energy of 120 mJ/pulse. The laser light sheet was placed parallel to the freestream 

to illuminate a plane at the midspan of the airfoil. A high-speed TSI PowerView 8MP camera 

placed normal to the flow was used to capture the flow. The laser pulse and camera were 

synchronized with a TSI LaserPulse 610036 synchronizer. The air flow was seeded with olive 

oil droplets, 1 μm in diameter, produced by a TSI 9307-6 atomizer. For each run, 2,000 

instantaneous flow fields were captured at a rate of 1 Hz. The commercial software TSI 

Insight4G and Hart cross-correlation algorithm were used to analyze the captured images. An 

interrogation widow size of 32×32 pixels was used, resulting in an effective grid size of around 

1% of the chord length. The Proper Orthogonal Decomposition (POD) analysis of flow fields 

was carried out using the OpenPIV POD Toolbox [12]. 

 

The Digital Image Correlation (DIC) method was used to measure the flag deformation, which 

is based on capturing consecutive images of the speckling patterns on the surface and applying 

a correlation method to measure the surface displacement. This method has been previously 

used in our laboratory for membrane wings [13]. Two calibrated and synchronized Photron 

FASTCAM SA3 cameras with Nikon AF NIKKOR24 24-85 mm 1:2.8-4 D lens were mounted 

normal to the flag, looking from different viewing angles to capture the flag displacement. A 

cold LED light source was used to illuminate the flag and minimize heat distortion. The 

cameras captured images at a rate of 500 frames per second, corresponding to an exposure time 

of 0.002 s, producing a sequence of more than 2,700 instantaneous deformation fields around 

5.5 s. The commercial software VIC3D8 was used for the analysis of the images obtained. The 

resulting effective grid size was around 8% of the flag length (or 1.6% of the chord length of 

the airfoil). 
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Figure 1: Mean velocity magnitude (top) and the first vorticity mode of POD analysis (bottom) 
for a) baseline case, Re = 100,000; b) with flag, Re = 100,000; c) with flag, Re = 33,000; α = 
20°. 

 

III. RESULTS 

In this Letter, we only present the case of normalized flag length of L/c = 0.2 with the fixed-

end at the leading-edge of the airfoil (a portion of the flag is glued to the lower surface of the 

airfoil). Figure 1 shows, for an angle of attack of α = 20°, the comparison of time-averaged 

velocity field superimposed on the streamline pattern (top row) and the first dominant POD 

mode of vorticity (bottom row) for (a) the baseline airfoil at Re = 100,000, (b) with the flag at 

Re = 100,000, and (c) at Re = 33,000. In Figure 1, the oscillations of the flag obtained from the 

deformation measurements are shown by plotting the instantaneous flag shape at different 

times. The tip of the flag exhibits excursions into the freestream, while the minimum tip 

displacement remains closer to the airfoil surface. The self-excited flag vibrations and the flag 

tip velocity can be considered as excitation to the separated shear layer at the post-stall angle 

of attack. This provides a passive method to excite the separated flow, which is known to be at 

the essence of active flow control methods that rely on periodic forcing.  

 

For the baseline case, the mean flow is seen to separate near the leading-edge and the dominant 

POD mode (with 11% of the total energy) of the vorticity reveals no signs of small vortical 

substructures which would be expected for the Kelvin-Helmholtz instability. As the 
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instantaneous flow is the sum of the mean flow plus the POD modes (multiplied by time-

dependent coefficients), the dominant POD mode represents oscillations of the location of the 

maximum instantaneous vorticity across the separated shear layer, hence termed as a “flapping” 

mode. In contrast, when the flag is attached to the leading-edge, large separation bubbles on 

the airfoil are observed for both Reynolds numbers. While the flow reattachment is near the 

trailing-edge for both cases, the center of the closed streamlines is even closer to the leading-

edge for the low Reynolds number case. It may be expected that highly curved mean 

streamlines over the airfoil will increase the mean lift. Interestingly, there are similarities of 

the mean flow to those over an airfoil in the wake of an upstream body [14], where the 

excitation of the separated flow is due to the Karman vortex street. In the case of flapping flag, 

the dominant POD modes reveal the vortex shedding from the flag and convecting downstream. 

The lower Reynolds number case appears to have a spatially more coherent first mode (with 

16% of the total energy versus 18% for the higher Reynolds number). The wavelength of 

vortical structures can be estimated from the POD modes, as the streamwise distance between 

two coherent vortices is roughly equal to the half wavelength. We obtain, for the Re = 100,000 

case, λ/c ≈ 0.82, and for the Re = 33,000 case, λ/c ≈ 0.78. 

 

Figure 2: Mean lift coefficient as a function of angle of attack. 

 

The variation of the time-averaged lift coefficient CL versus angle of attack α for the airfoil 

with the flag attached to the leading-edge at Re = 100,000 as well as the baseline case are 

presented in Figure 2. The baseline case agrees well with another study [15] at a similar 
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Reynolds number for pre-stall angles of attack. There is virtually no effect of the compliant 

flag on the mean lift at small angles of attack. However, for angles of attack larger than the 

stall angle, there is an increase in the mean lift. The stall angle is significantly delayed and the 

maximum lift coefficient is remarkable. The single data point for the lower Reynolds number 

confirms that increased lift is also achieved in this case. The maximum lift coefficient with the 

flag at Re = 100,000 is CL,max ≈ 1.25, which is 29% higher than that of the baseline case. At α 

= 20°, a 67% lift enhancement is achieved compared to the clean airfoil. At this angle of attack 

the root-mean-square (rms) value of the lift coefficient is 0.06 for the baseline airfoil, and 0.19 

for the airfoil with the flag. The pitching moment and drag were not measured, however we 

argue that substantial drag reduction is expected based on the time-averaged flow shown in 

Figure 1. 

 

 

Figure 3: Instantaneous vorticity (top) and velocity (bottom) magnitude contours with flag for 
Re = 100,000 and α = 20°. From left to right the flag is moving away from the airfoil surface. 

 

In Figure 3, three representative instantaneous vorticity (top) and velocity magnitude (bottom) 

fields for Re = 100,000 and α = 20° are presented. These three instants are selected to illustrate 

the essential features of the flag oscillation cycle. In part (a) the flag is close to the airfoil 

surface, in part (b) it is near the middle, and in part (c) it is near the maximum tip displacement. 

In Figure 3(a), a leading-edge vortex is not yet developed. The large vortex above the mid-

chord of the airfoil has been shed from the previous cycle, causing the flow to reattach near the 
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trailing-edge. In Figure 3(b), the flag starts to move away from the airfoil surface, while a small 

vortex also starts to develop as vorticity sheds from the flag. The vortex from the previous 

cycle convects further downstream and reaches near the trailing-edge. In Figure 3(c), a newly 

formed leading-edge vortex forms as the flag reaches the maximum tip displacement. The 

reattachment to the surface produces a closed separation bubble. The formation of the leading-

edge vortex is similar to those observed in the dynamic stall process [16]. The instantaneous 

velocity fields also suggest the mechanism of the limit cycle oscillations. When the flag is near 

the airfoil surface, the flow lifts up the flag. When the flag reaches around the maximum 

displacement, the flow above the flag as well as the negative base pressure behind the flag 

provide the restoring force to return it near the airfoil surface again. The phase plots of tip 

velocity versus tip location (not shown here), reveal that the flag moves up slowly, but moves 

down quickly. 

 

Figures 4(a) and 4(b) show the power spectral density of the flag displacement at a location 

near the flag tip (x/L = 0.89) and at the mid-span (z/c = 0) for Re = 100,000 and Re = 33,000 as 

a function of frequency for the same angle of attack of α = 20°. The dominant frequencies (f = 

56 Hz and f = 28 Hz) of the limit cycle oscillations are different by a factor of two, while the 

Reynolds numbers (hence, the freestream velocities) are different by a factor of three. Figures 

4(c) and 4(d) show the corresponding power spectral density as a function of the modified 

Strouhal number based on the projection distance of the airfoil, fcsinα/U∞, and the spanwise 

distance. The dominant modified Strouhal number is around fcsinα/U∞  0.13 for Re = 100,000. 

We note that the natural vortex shedding frequency for rigid airfoils and wings approximately 

correspond to fcsinα/U∞ = 0.17 to 0.19 [13]. For the lower Reynolds number of Re = 33,000, 

the dominant Strouhal number is around fcsinα/U∞  0.19. We suggest that there is some 

coupling between the oscillations of the flag and the natural vortex shedding from the airfoil 

(the wake instability). Previous work on membrane wings also suggest that membrane 

vibrations occur at the natural frequencies close to the harmonics of the wake instability [13]. 

In Figure 4(d), secondary peaks at around the subharmonic of 0.19 appear with some spatial 

nonuniformity, although the dominant frequency is fairly uniform in the spanwise direction. 

This lower frequency may be due to the subharmonic resonance of the wake. The vortex lock-

in with the subharmonic and higher harmonics in periodically excited wakes, discussed earlier 

[6, 7], as well as the transient response of a plunging airfoil [17], are consistent with the 

subharmonic resonance. 
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Figure 4: Power spectra of flag displacements at x/L = 0.89 and z/c = 0 as a function of 
frequency for a) Re = 100,000; b) Re = 33,000. Power spectra of flag displacements at x/L = 
0.89 as a function of modified Strouhal number and spanwise distance for c) Re = 100,000; d) 
Re = 33,000.  

 

Figure 5 presents the results of POD analysis of the flag displacement for the Re = 100,000 

case. The relative energy of the POD modes is presented in Figure 5(a). The first four most 

energetic modes add up to 82% of the total energy (45%, 20%, 11% and 6%, respectively). The 

first four modes shown in Figure 5(b) indicate that the first dominant POD mode is the “first 

beam mode” and the higher POD modes are the spanwise modes of the first beam mode. The 

two-point cross-correlation coefficients (not shown here) decay in the spanwise direction to 

around 0.2 at a distance of one chord  length from the mid-span, indicating a spanwise length 

scale of the flag oscillations to be on the order of one chord-length. For the lower Reynolds 

number case, the spanwise length scale of the flag oscillations is slightly larger. 
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Figure 5: POD analysis of flag displacement for Re = 100,000 and α = 20°: a) relative energy 
as a function of mode number; b) dominant modes of flag deformation pattern. 

 

IV. SUMMARY AND OUTLOOK  

We have shown that a streamwise oriented, small flag attached to an airfoil can flap with large-

amplitude quasi-periodic oscillations in a region near the leading-edge and bounded by the 

airfoil surface and the freestream. The flag can be considered as a flow control actuator that 

can be used in separated flows, yet no external power is required for such actuators. We have 

shown that the flag oscillations produce leading-edge vortices and closed separation bubbles 

with reattachment on the airfoil surface. Remarkable mean lift increase has been observed in 

the post-stall regime. We find evidence that the flag oscillations may be coupled with the wake 

instability. Potential applications can be extended beyond the airfoil flows to others involving 

flow separation in other geometries, including bluff body flows. The observations of how the 

rigid [18] and flexible [19] plates attached to a bluff body interact with the separated flow have 

similarities to our observations. In particular, the resonance between the von Karman vortex 

street and the flexible plate is noteworthy.  
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Future work will include further investigations on which governing parameters control the 

coupling of the flag with wake instabilities, how the flag can be tuned by proper design, whether 

the three-dimensionality of the flag oscillations can be improved, and how this concept can be 

applied to three-dimensional geometries. 
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