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Delay of Stall with Self-Vibrating Mini-Flag 
Attached to an Airfoil 

Junchen Tan1, Zhijin Wang2 and Ismet Gursul3 
Department of Mechanical Engineering, University of Bath, Bath, BA2 7AY, United Kingdom 

Experiments were carried out in a wind tunnel to study the effects of a small flag attached 
to the surface of an airfoil. It was found that the flag exhibited quasi-periodic oscillations 
between the airfoil surface and the freestream at post-stall angles of attack of the clean airfoil 
when it was attached near the leading-edge. Digital image correlation (DIC) measurements of 
deformation field and particle image velocimetry (PIV) measurements of velocity field 
indicated that the limit cycle oscillations of compliant latex flags produced leading-edge 
vortices when the flag tip reached its maximum displacement, thus forming a separation 
bubble, and promoting flow reattachment to the airfoil surface. As a result, the stall angle 
could be delayed significantly, and the lift coefficient could be increased remarkably, e.g., up 
to 73% increase in the mean lift coefficient of the clean airfoil in the post-stall regime was 
observed in the present investigation. Proper orthogonal decomposition analyses of the flag 
deformation field showed that the dominant mode of flag oscillations occurred mostly in the 
first beam mode, whereas the higher modes in spanwise direction revealed the three-
dimensionality of the flag deformation field. Flags reinforced with plastic shims, which have 
larger bending rigidity, however, can improve the two-dimensionality of the flag displacement 
fields, thus improving the lift enhancement and stall-delay even further. The oscillation 
frequencies of the flags suggest coupling with wake instabilities and wake resonance at the 
post-stall angles of attack. This is a passive flow control method that relies on unsteady effects 
and requires no external power. 

I. Introduction 
Stall of wings and blades is highly undesirable in flights of either conventional aircraft or micro air vehicles. Delay of 
stall in various engineering applications, from wind turbines to aircraft wings and helicopter blades, is beneficial and 
crucial. Active flow control methods, such as blowing, suction [1], and periodic blowing (synthetic jets) [2], require 
external power and may prove to be not economically viable. Passive methods are more favorable as they do not 
require external power input. This paper reports on the investigation of the effectiveness of a novel passive method, 
involving a self-vibrating mini flag, on stall delay. Specifically, a flag is attached to the leading-edge of a stalled 
airfoil. The self-excited vibrations of the flag surface can provide the required excitation of the separated flow and 
could cause the separated flow to reattach. 

The flapping of flags is one of the interesting examples of fluid-structure interactions that has drawn considerable 
attention in the literature [3, 4]. Various flag configurations have been used extensively in multiple engineering 
applications not only in uniform freestream but also near other surfaces and bodies, such as in panel flutter vibrations 
[5], energy harvesting [6], and for enhanced heat transfer in channel flows [7]. The present study demonstrates that a 
flag attached to the airfoil surface could exhibit limit-cycle oscillations after the onset of flow separation near the 
leading-edge. In turn, the separated flow could be modified by the formation of a leading-edge vortex, which enables 
the lift enhancement and stall delay of the airfoil. 

Using periodic excitation-driven active flow control methods to delay airfoil stall has been given considerable 
attention in the past decades [8]. The excitation of the shear-layer instability is a preferred solution in many engineering 
applications. Wu et al. [9] seems to be the first to reveal the significance of flow being excited at the subharmonic and 
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higher harmonics of the natural vortex shedding when an airfoil is set at a post-stall angle of attack. Their simulations 
suggested that leading-edge vortices are promoted when periodic blow and suction are applied near the leading-edge, 
and that the increased lift is due to the resonance with vortex shedding at fundamental frequency or its harmonics. 
Small amplitude plunging oscillations of an airfoil [10], as an alternative form of flow excitation, have been proven 
to be effective in producing high lift at both the fundamental frequency of natural vortex shedding and its subharmonic. 
This paper will present experimental findings of whether there is coupling of flag oscillations with initial shear layer 
instabilities or wake instabilities.  

Exploiting the flexibility of the wing structure as a tool to improve the aerodynamic performance at low Reynolds 
number has been discussed previously [11]. Delta wings and unswept membrane wings, whose entire structure is 
flexible, are examples of increased mean lift or decreased drag. The leading-edge sweep may encourage the self-
excited vibrations of the wing surface to promote the flow over the delta wing to reattach [12]. For membrane wings, 
the mean deformation that increases the mean camber is responsible for most of the increased lift [13]. A similar 
experiment on a two-dimensional membrane airfoil provided evidence that the wake is smaller and drag is decreased 
in the post-stall regime due to the membrane vibrations [14]. Most recently, Tan et al. reported that the limit cycle 
oscillations of a flag attached to the surface of an airfoil near the leading-edge can produce remarkable increase in the 
maximum lift coefficient and stall angle [15]. This paper presents a complete set of evidence that a small flag exhibits 
self-excited vibrations and generates high lift for an airfoil that is much larger than the flag itself. 

II. Experimental Methods 

A. Experimental Setup 
The experiments were performed in a low-speed, closed-circuit open-jet wind tunnel with a circular nozzle of 0.76 

m in diameter located at the University of Bath. The maximum operating speed of the wind tunnel is 30 m/s, and the 
freestream turbulence intensity is 0.2% at the maximum operating speed. An airfoil with the NACA0012 profile was 
mounted vertically to an aluminum binocular strain gauge force balance beneath the lower endplate. The airfoil has a 
chord length of c = 100 mm and a span of b = 400 mm that runs the whole span of the test section between two 
endplates (Fig. 1). A small gap of around 2 mm was left between the airfoil and the endplates. 

A mini flag was attached to the airfoil surface with its fixed end located at various chordwise locations xf to 
investigate its effectiveness in stall delay. Both compliant latex flags and plastic reinforced flags were tested (Fig. 2). 
Compliant latex flags of various length ratios L/c were made from a black latex natural rubber sheet with a thickness 
of hm = 0.2 mm, a Young’s modulus of E = 1.78 MPa (measured in our laboratory for strain ratios less than 1%), and 
a density of ρm = 940 kg/m3 (also measured in our laboratory). Plastic reinforced flags were based on the compliant 
latex flag, while plastic shims of different thicknesses were glued to the trailing portion of the flag to enhance its two-
dimensionality. The uncovered portion of the membrane worked effectively as a hinge to allow free flapping motion 
of the flag. The plastic shims have a density of ρp = 1250, 1440, and 1470 kg/m3 (also measured in our laboratory), 
and their thicknesses are hp = 0.19, 0.10, and 0.05 mm, respectively. Various combinations of plastic shims allow us 
to test a range of two key nondimensional parameters: the structure-to-fluid mass ratio μ from 4.49 to 34.1, and the 
bending rigidity KB from 0.58 to 28.6. The μ and KB are defined as [16] 

𝜇 = , and 𝐾 = , 

for a two-dimensional flag of length L, mass-per-length ρsh, and bending rigidity EI, in a fluid flow of density ρf and 
flow speed U∞. A high KB value denotes a stiffer flag or lower flow speed, whereas a low KB value suggests a more 
flexible flag or higher flow speed [17]. Note that an extra length of 10 mm of the latex sheet was glued to the airfoil 
surface as indicated in the Fig. 2, and the flag was free to vibrate starting from the fixed end at xf. 

B. Force Measurements 
The force measurements were carried out over a range of angles of attack, α, from 0° to 30° with 2° increments. 

The freestream velocity was fixed at U∞ = 15 m/s corresponding to a Reynolds number of Re = 100,000 based on the 
chord length. The voltage signal from the force balance was amplified by an AD624 instrumentation amplifier and a 
NI6009 DAQ was used to log data to a computer at a sampling frequency of 1 kHz. Force measurements were recorded 
over 10 s, which is sufficiently long.  

C. Particle Image Velocimetry Measurements 
Particle image velocimetry (PIV) measurements were undertaken using a TSI 2D-PIV system. A schematic 

diagram of the experimental setup of PIV measurements is shown in Fig. 1(a). A NewWave Solo 120-15 Hz double-
pulse laser with a maximum energy of 120 mJ/pulse was used to illuminate the streamwise plane at the midspan of 
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the airfoil. A TSI 9307-6 multi-jet atomizer was used to produce oil droplets to seed the flow. The atomizer worked 
best using olive oil and the mean size of the oil droplets was 1 μm. Flow fields were captured by a PowerView 8MP 
camera with a Nikon AF Nikkor 50 mm f/1.8D lens above the tunnel test section. A TSI LaserPulse 610063 
synchronizer was used to synchronize the laser pulses and the camera. For each measurement, 2,000 instantaneous 
flow fields were captured at a rate of 1 Hz. The commercial software TSI Insight4G and a Hart cross-correlation 
algorithm were used to analysis the images captured. The interrogation window was 32×32 pixels, producing velocity 
vectors with an effective grid size of around 1% of the chord length. The proper orthogonal decomposition (POD) 
analysis of the flow fields was performed using the OPENPIV POD TOOLBOX [18]. The uncertainty for velocity 
measurements was estimated within 2% of the freestream velocity. 

D. Digital Image Correlation Measurements 
Flag deformation was measured by means of digital image correlation (DIC) method, which is based on capturing 

consecutive images of the speckling patterns on the flag surface and applying a correlation method to produce the 
surface displacement. This method has been previously used for membrane wings [19]. Two Photron FASTCAM SA3 
high-speed cameras with a Nikon AF Nikkor 24-85 mm 1:2.8-4 D lens were mounted normal to the flag (Fig. 1(b)) 
and looking from a different viewing angle. A schematic diagram of the DIC arrangement is shown in Fig. 1(b). LED 
flood light pad was used to illuminate the flag and minimize heat distortion. Both cameras were synchronized and 
captured images at a rate of 500 or 1,000 frames per second according to initial estimation of flag vibration frequencies, 
corresponding to an exposure time of 0.002 s or 0.001 s, respectively. For each measurement, over 2,700 (limited by 
the built-in camera memory) instantaneous deformation fields were recorded. The captured images were processed by 
the commercial software VIC3D8, and a custom-developed MATLAB code was used to calculate the mean and the 
fluctuations of the flag surface displacement fields, as well as the POD modes of the deformations. The effective grid 
size was around 1.6% of the chord length of the airfoil. 

III. Compliant Latex Flags 
The power spectral density of the surface displacement fluctuations for compliant latex flags with their fixed end 

at the airfoil leading-edge (xf = 0) at a post-stall angle of attack of α = 20° are presented in Fig. 3 as a function of 
frequency f, the spanwise distance z/c (z/c = 0 is set at mid-span), and the modified Strouhal number Stmod that is 
defined as: 

𝑆𝑡 = . 

Figure 3 shows that the dominant frequencies of the limit cycle flag oscillations are 67 Hz and 56 Hz for L/c = 0.1 
and 0.2, respectively. The dominant modified Strouhal numbers are around Stmod ≈ 0.15 for the L/c = 0.1 flag, and 
around Stmod ≈ 0.13 for the L/c = 0.2 flag (Fig. 3(b)). Furthermore, Stmod of the longer (L/c = 0.2) flag exhibits a narrow 
band along the whole span of the airfoil, and a broad band with less uniformity in the spanwise direction of the shorter 
(L/c = 0.1) flag. Note that the natural vortex shedding frequencies for rigid airfoils and wings are approximately in the 
range of Stmod  0.17 – 0.19 [19]. It is likely that the flag vibrations have modified the vortex shedding frequency of 
the airfoil (the wake instability) and there might be some coupling between the two. Previous studies on membrane 
wings suggested that membrane vibrations occur at natural frequencies that are close to the harmonics of the wake 
instability [19]. However, subharmonic of the dominant frequency represented by a secondary peak of the L/c = 0.2 
flag measured earlier at a lower Reynolds number (Re = 33,000) [15] cannot be observed at the current Reynolds 
number. 

Figure 4 shows the variation of the time-averaged lift coefficient CL as a function of angle of attack α of the airfoil 
with flags of various lengths attached to the leading-edge (xf/c = 0), as well as the baseline case. It can be observed 
that the compliant flags have virtually no effect on the mean lift at small angles of attack for L/c < 0.5. At the post-
stall angles of attack of the baseline case, however, Fig. 4 exhibits significant lift enhancement and stall delay for all 
cases except L/c = 0.05 (the shortest flag tested). The maximum lift coefficients achieved for some cases, such as L/c 
= 0.1 and 0.25, are extraordinary. For example, the maximum lift coefficient CL,max ≈1.29 was achieved with L/c = 0.1 
flag at α = 20°, which is 34% larger than that of the baseline case or equivalent to a 73% lift enhancement at the same 
angle of attack. 

The time-averaged velocity fields superimposed on the streamline patterns for the baseline airfoil at α = 20°, with 
L/c = 0.1 flag, and with L/c = 0.2 flag are shown in Fig. 5. The vibrations of the flag obtained from the deformation 
measurements are also shown in Fig. 5 by plotting the instantaneous flag shape at different times, which shows that 
the tip of the flag exhibits upward movements into the freestream, whereas the minimum tip displacement remains 
closer to the airfoil surface. The separated shear layer at this post-stall angle of attack is excited by the flag vibrations 
hence the flag tip velocity, prompting the formation of separation bubble in the time-averaged sense, resulting in 
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highly curved mean streamlines over the airfoil that results in the substantial increase in the mean lift observed in Fig. 
4. 

The proper orthogonal decomposition (POD) method is a classical modal analysis tool used in fluid mechanics for 
reduced-order modelling of coherent structures, and it decomposes fluctuating flow field as [20, 21]: 

𝑢(�⃗�, 𝑡) = 𝑈(�⃗�) + 𝑢 (�⃗�, 𝑡) = 𝑈(�⃗�) + 𝑎 (𝑡)Φ⃗ (�⃗�), 

where U and u’ are the mean and fluctuating velocity components; 𝛷  and an are the POD modes and the 
corresponding time-dependent coefficients, and M is the number of snapshots. In the present investigation, POD 
analysis was performed on the captured PIV data. The first dominant POD modes of vorticity, as well as the mode 
energy as a function of mode number for the three cases presented in Fig. 5 are shown in Fig. 6. For the baseline case, 
the mean flow is seen to separate near the leading-edge and its corresponding dominant POD mode (with 11% of the 
total energy) implies the oscillation of the maximum instantaneous vorticity across the separated shear layer, hence 
termed as a “flapping mode.” When there is a compliant flag attached to the airfoil leading-edge, large separation 
bubbles with similar scales as the chord length are observed above the airfoil and flow reattachment near the trailing 
edge are also presented (Figs. 5(b)&(c)). However, the center of the closed streamlines representing a separation 
bubble for the shorter flag is closer to the trailing edge whereas that produced by the longer flag is closer to the leading-
edge instead. It is expected that mean streamlines with high curvatures over the airfoil will increase the mean lift. 
Although both cases with a leading-edge flag form separation bubble and allow flow reattachment, their first vorticity 
POD modes suggest different mechanisms. With the longer flag of L/c = 0.2, the dominant POD mode reveals the 
vortex shedding from the flag and convection downstream (Fig. 6(c)). The wavelength of the vortical structures can 
be estimated from the POD mode as the streamwise distance between two coherent vortices, which is roughly equal 
to the half wavelength. It is obtained for the L/c = 0.2 case as λ/c ≈ 0.82. The shorter flag case is more similar to the 
“flapping mode” of the baseline case, although the positive vorticity is close to the airfoil surface (Fig. 6(b)). The first 
POD mode with shorter flag is also more energetic, i.e., with 21% of the total energy versus 19% for the longer flag 
case. 

The typical instantaneous vorticity and velocity magnitude contours at α = 20° with compliant flags of L/c = 0.1 
and 0.2 are shown in Fig. 7 which illustrates the formation of the leading-edge vortex when the flag reaches nearly 
maximum displacement. The formation of the leading-edge vortex is similar to those observed in the dynamic stall 
process [22]. The instantaneous velocity fields also suggest the mechanism of the limit cycle oscillations. It can be 
observed from the instantaneous velocity magnitude contours of the flow fields that the flow above the flag, as well 
as the negative base pressure behind the flag, provide the restoring force for the flag to move down to the airfoil 
surface. The flag itself is self-excited, and the flow lifts up the flag when it is close to the airfoil surface. The phase 
plots of tip velocity versus tip location (not shown here), reveal that the flag moves up slowly, but moves down 
quickly. It is also shown by the streamlines that the vortex from the previous vibration cycle convects downstream 
and is above the trailing edge at these instants. 

In the present investigation, POD analysis was also performed on the measured flag displacement fluctuations. 
The relative energy of the POD modes, the first three most energetic modes (added up to 53% of the total energy with 
L/c = 0.1 flag, and 76% of the total energy case with L/c = 0.2 flag), the root-mean-square (RMS) displacements of 
the flag vibrations, and the variation of two-point cross-correlation coefficients of the flag displacement fluctuations 
are shown in Fig. 8 at the post-stall angle of attack of α = 20. As expected, the relative energy of the first dominant 
mode of the L/c = 0.2 flag is roughly twice of that of the L/c = 0.1 flag. The first three POD modes shown in Fig. 8(b) 
for the L/c = 0.1 flag and in Fig. 8(c) for the L/c = 0.2 flag exhibit similar patterns, and they indicate the first dominant 
POD modes for both flags are the “first beam mode” though that of the longer flag appears more uniform along the 
span. The higher POD modes are the spanwise modes of the first beam mode. The two-point cross-correlation 
coefficients for both cases decay fast in the spanwise direction to around zero at a distance of one chord length from 
the midspan (Fig. 8(d)), indicating the spanwise length scale of the flag vibrations to be on the order of 1c. 

Figure 9 shows the mean lift coefficient enhancement as a function of the compliant flag length L/c at α = 20° in 
comparison with the baseline case (without flag) which has CL ≈ 0.75 at the same α. Negligible lift enhancement can 
be observed with the shortest (L/c = 0.05) flag. Large lift enhancement can be observed for L/c > 0.075 and CL 
reaches a maximum of around 0.55 with the L/c = 0.1 flag. The CL starts decreasing when L/c > 0.25. Variations of 
the flag vibration frequency, the modified Strouhal number Stmod, and the Strouhal number based on the flag length 

𝑆𝑡 =  as a function of the flag length L/c are presented in Fig. 10. The flag vibration frequency f and the Stmod 

appear to be decreasing with increasing flag length (Figs. 10(a)&(b)). Also, Stmod for all cases decreases from around 
0.16 to 0.09 while the flag length (hence, the mass ratio of the flag) is increased from 0.05c to 0.375c. On the other 
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hand, the StL is roughly proportional to the flag length and continuously increases from 0.024 to 0.1 when the L/c is 
increased from 0.05c to 0.375c (Fig. 10(c)). 

Figure 11 illustrates the variation of flag vibration (peak-to-peak) amplitude A at the tip, Strouhal number based 

on flag vibration amplitude 𝑆𝑡 =  (represents the ratio of the vertical velocity of the flag tip to the freestream 

velocity), and spanwise correlation length scale Lcorr/c as a function of L/c. The Lcorr/c is defined as = ∫ 𝐶 d , 

where C is the two-point cross-correlation coefficient, and z/c is the spanwise distance. The flag amplitude shown in 
Fig. 11(a) exhibits a nearly linear relationship with L/c. The Strouhal number StA also increases with L/c. (Fig. 11(b)). 
Figure 11(c) shows that the correlation length Lcorr/c initially increases and reaches the maximum spanwise correlation 
length scale at around L/c = 0.2, after which the correlation length decreases, suggesting the three-dimensional nature 
of the flag vibrations. 

The effects of the chordwise location of the flag fixed end have also been investigated in the present study by 
means of force measurements. Figure 12 presents the variations of mean lift coefficient of the airfoil with compliant 
latex flag that has the fixed end at various chordwise locations. It can be observed that, with L/c = 0.1 compliant flag 
and prior to stall angle of attack of the clean airfoil, no noticeable lift enhancement is observed for all xf values tested. 
Similar observations can also be made for the cases with L/c = 0.25 flag. At post-stall angles of attack of the airfoil 
with either L/c = 0.1 flag or the L/c = 0.25 flag, lift enhancement and stall-delay can be observed for all xf values 
tested. Nevertheless, the lift enhancement with xf/c = 0 appears more significant than those with the flag fixed end 
being located at downstream locations, e.g., at xf/c = 0.1 and 0.25. 

IV. Plastic Reinforced Flags 
The time-averaged lift coefficient as a function of angle of attack of the airfoil with plastic reinforced flags at xf = 

0 is shown in Fig. 13, along with the baseline case and the case with L/c = 0.2 compliant flag for comparison. Note 
that the plastic reinforced flags are more rigid and do not follow the airfoil surface (see Fig. 2(b)) even for pre-stall 
angles of attack. As a result, the plastic reinforced flags exhibit slight lift reduction at pre-stall angles of attack of the 
clean airfoil. At post-stall angles of attacks of the clean airfoil, lift enhancement and stall-delay can be observed on 
the airfoil with plastic reinforced flags of all mass ratios tested; although the two plastic reinforced flags with small 
mass ratios of μ = 4.5 and 10.0 produce slightly lower maximum mean lift coefficient compared to the compliant latex 
flag with the same length of L/c = 0.2. The largest CL,max of 1.51 is achieved for the μ = 24.6 flag. The variation of CL 
for the μ = 29.6 flag is similar to that of the μ = 24.6 flag. Figure 13 shows that with these two flags, the stall is delayed 
beyond α = 30°, which is the largest angle of attack tested. The variations of CL with plastic reinforced flags of μ = 
15.0, 19.5, and 22.3 have similar trend and the maximum lift coefficients are comparable. However, it appears the 
stall angle of attack increases with μ, e.g., the stall angles of attack are α = 24°, 26°, and 28°, corresponding to μ = 
15.0, 19.5, and 22.3, respectively. The flag with the largest μ of 34.1 results in less lift enhancement and stall-delay, 
suggesting the existence of optimized μ within the range tested. 

The time-averaged velocity magnitudes over the airfoil at α = 20° with plastic reinforced flags of μ = 10.0 and 24.6 
are shown in Fig. 14 together with that of the compliant latex flag of the same length for comparison. Note that the 
lift enhancements at α = 20° are ΔCL ≈ 0.49, 0.46, and 0.55, corresponding to the compliant latex flag, the plastic 
reinforced flags of μ = 10.0 and 24.6, respectively. The instantaneous flag shapes from deformation measurements are 
superimposed to the flow fields in Fig. 14, as well as the mean streamline patterns. Closed streamlines representing 
separation bubbles and flow reattachment near the trailing edge are clearly seen for cases with the plastic reinforced 
flags (Figs. 14(b)&(c)); and the separation bubbles are larger than that with the compliant latex flag (Fig. 14(a)). 
Furthermore, it appears that the μ = 10.0 reinforced flag results in the largest separation bubble. The center of the 
closed streamlines for the μ = 10.0 reinforced flag case is similar to the μ = 24.6 reinforced flag case, and both are 
closer to the airfoil trailing edge and further away from the airfoil surface compared to the compliant latex flag case. 
Nevertheless, the mechanisms for plastic reinforced flags to produce lift enhancement and stall-delay are the same as 
for the compliant latex flags, e.g., excitation of the separated shear layer by the flag vibrations. 

The most energetic POD modes of vorticity patterns with compliant flag of L/c = 0.2 (and μ = 7.67), with plastic 
reinforced flag of μ = 10.0 and μ = 24.6 of the same length at α = 20°, together with the relative energy as a function 
of mode number, are presented in Fig. 15. It appears that the relative energy of the first mode increases with flag mass 
ratio, e.g., 18%, 24%, and 30%, corresponding to μ = 7.67, 10.0, and 24.6, respectively. Leading-edge vortices can be 
identified from the vorticity mode for both cases with plastic reinforced flags. The wavelength of the vortical structure 
for μ = 10.0 flag case was estimated to be around λ/c ≈ 0.90. The present PIV measurements did not capture the 
wavelength for μ = 24.6 flag case as it is larger than the current PIV camera’s field of view. Figure 16 presents the 
instantaneous vorticity and velocity magnitude contours with compliant latex flag of L/c = 0.2, plastic reinforced flags 
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of μ = 10.0 and 24.6 at α = 20°. These instantaneous flow fields are selected as when the flag tip reaches the maximum 
displacement, and it shows the formation of leading-edge vortices. The mechanisms of the self-excited limit cycle flag 
oscillations have been described in Section III. The flow reattachment produces closed streamline patterns (hence a 
closed separation bubble). As mentioned previously, the formation of the leading-edge vortex has similarities to those 
observed in the dynamic stall process [22]. The sizes of the separation bubble are affected by the flag mass ratio; flags 
with larger mass ratios tend to produce larger separation bubbles. 

Figure 17 presents the power spectral density of the flag displacement fluctuations as a function of frequency, 
modified Strouhal number Stmod, and the spanwise distance z/c for the compliant latex flag of L/c = 0.2, the plastic 
reinforced flags of the same length and μ = 10.0 and 24.6 at a post stall angle of attack α = 20° of the clean airfoil. It 
can be observed that the dominant frequencies of the limit cycle oscillations are 74 Hz for the μ = 10.0 flag and 39 Hz 
for the μ = 24.6 flag. The frequency spectra of each case show a sharp peak, and no secondary peak is observed. The 
dominant modified Strouhal number of the μ = 10.0 flag is around Stmod ≈ 0.18, and Stmod ≈ 0.09 for the μ = 24.6 flag. 
The power density contours show that, comparing to the compliant latex flag, the plastic reinforced flags improve the 
spanwise two dimensionality of the flag vibrations significantly. The Stmod of the μ = 10.0 flag is within the range of 
the natural shedding frequency for rigid airfoils/wings, i.e., Stmod = 0.17 – 0.19, suggesting that the flag vibrations and 
the natural vortex shedding from the airfoil may have some coupling. Therefore, for the flag with larger μ (= 24.6), 
the observed smaller dominant frequency is possibly due to the subharmonic of fundamental wake frequency. The 
vortex lock-in with the subharmonic and higher harmonics in periodically excited wakes has been investigated 
previously [9, 10]. It is also observed during the transient response of a plunging airfoil [23]. 

Figure 18 presents the results of POD analysis of the plastic reinforced flag displacement fluctuations for the μ = 
10.0 case and the μ = 24.6 case. The relative energies of the POD modes are presented in Fig. 18(a). Both flags have 
a very high first mode energy level (88% for μ = 10.0, and 94% for μ = 24.6). The two-point cross-correlation 
coefficient as a function of the spanwise distance shown in Fig. 18(d) indicates that the two-dimensionality is increased 
significantly compared to the case of the compliant flag (Fig. 8(d)). Also, the spanwise cross-correlation coefficients 
of the plastic reinforced flags do not decay below 0.8 within one chord length. The root-mean-square (RMS) of flag 
displacement fluctuations shows that the μ = 10.0 flag has a slightly larger amplitude compared to the μ = 24.6 flag. 
The first three modes of the flag vibrations are shown in Figs. 18(b)&(c) that indicate both the μ = 10.0 flag and the μ 
= 24.6 flag exhibit the “first beam mode.” The higher POD modes are the spanwise modes of the first beam mode. 
The changes in the mean lift coefficient as a function of mass ratio μ of the plastic reinforced flag at α = 20° are shown 
in Fig. 19. The changes in lift coefficient are obtained by comparing to the CL ≈ 0.75 of the clean airfoil at the post 
stall angle of attack of α = 20°. Figure 19 indicates that large lift enhancement can be achieved regardless of the flag 
mass ratio. It seems, however, an optimal mass ratio exists at around μ = 15.0 and a mean lift enhancement of ΔCL ≈ 
0.6 can be achieved, corresponding to a 40% increase compared to the CL,max of the clean airfoil or an 80% increase 
compared to the clean airfoil at the same post-stall angle of attack. 

The variations of vibration frequency, modified Strouhal number Stmod, and Strouhal number StL as a function of 
mass ratio μ of plastic reinforced flags of L/c = 0.2 at α = 20 are presented in Fig. 20. All these three parameters tend 
to decrease with increasing mass ratio. The Stmod for all measured cases varies from around 0.19 to 0.08, and the StL 
decreases from 0.11 to 0.04, while the mass ratio increases from around μ = 5 to 35. Figure 21 illustrates the variation 
of vibration amplitude at the flag free end, Strouhal number StA, and spanwise correlation length scale Lcorr/c as a 
function of the flag mass ratio μ at α = 20. It is seen that the vibration amplitude is independent of flag mass ratio, 
while the Strouhal number based on flag amplitude, StA, decreases with increasing μ. The correlation length scale 
indicates that the flag vibration is well correlated in the spanwise direction, suggesting that the flow separation from 
the flag is of a two-dimensional nature. 

Figure 22 summarizes the experiments conducted in the present investigation by plotting the contours of the 
changes in the mean lift coefficient as a function of flag bending rigidity KB and mass ration μ, as well as a function 

of modified Strouhal number Stmod, and . Here  represents the natural frequency of the flag, hence 

 can be interpreted as the ratio of the excitation frequency (wake instability) to the natural frequency of the 

flag. The circle symbols represent the compliant latex flag cases, and the diamond symbols represent the plastic 
reinforced flag cases. At α = 20°, the plastic reinforced flags tend to produce more lift in general. Figure 22(b) 
illustrates that the majority of the high-lift cases are for small values of the ratio of the excitation frequency to the flag 
natural frequency. Nevertheless, for all cases, the dominant modified Strouhal numbers for all flag configurations fall 
within a band of Stmod = 0.1 to 0.2. Note that Fig. 22(b) has fewer data points than Fig. 22(a). This is because the 
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frequencies were extracted from the DIC measurements of the flag displacements, and only limited cases were 
measured.  

V. Conclusions 
The effects of the self-excited vibrations of mini-flags attached to an airfoil surface on stall-delay and lift 

enhancement were experimentally investigated. Both compliant latex flags and plastic reinforced flags of various 
bending rigidities and structure-to-fluid mass ratios were tested in the present investigation by means of force 
measurements of the airfoil, PIV measurements of the flow field, and DIC measurements of the flag 
deformation/vibrations. It was found that a mini flag (with the length much smaller than the airfoil chord length) 
attached to the leading-edge of an airfoil exhibits self-excited quasi-periodic large amplitude flapping motion, which 
is bounded by the airfoil surface and the freestream. The flag may be deemed as a flow control actuator that can 
produce excitation to the separated flow, yet the presence of external power is not needed for such actuators. 

The present results indicate that the flag oscillations will promote closed streamline patterns representing 
separation bubbles on the airfoil suction surface, which are caused by the leading-edge vortices formed downstream 
of the flag when the flag tip reaches around its maximum displacement. As a result, remarkable mean lift 
enhancements were observed for compliant latex flags of various lengths in the post-stall regime of the clean airfoil. 
The largest mean lift coefficient of CL,max ≈ 1.29 was achieved presently at a post-stall angle of attack α = 20° of the 
clean airfoil with a complaint latex flag of L/c = 0.1 being attached at the airfoil leading-edge. This is equivalent to a 
34% increase in the maximum lift coefficient or a 73% increase in the mean lift coefficient of the clean airfoil at the 
same angle of attack and a stall-delay of 8°. 

DIC measurements indicated that the self-excited oscillations of both compliant latex flags and plastic reinforced 
flags occur mostly in the first bending mode in the chordwise direction, and higher modes are the spanwise modes of 
the first beam mode. However, the two-dimensionality of the flag displacement fields, and hence the flow fields, can 
be improved by the plastic reinforced flags that have larger bending rigidities. As a result, the aforementioned lift 
enhancement and stall-delay could be improved further by using plastic reinforced flags. The present experiments also 
provide evidence of the coupling between the limit cycle flag oscillations and the natural vortex shedding, as the flag 
oscillation frequencies are in the same range of the natural vortex shedding frequency of the clean airfoil, suggesting 
wake resonance at harmonic and subharmonics may be behind the observed lift enhancement. 
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Fig. 1: Schematic of the experimental setup of (a) Particle Image Velocimetry (PIV) measurements, and (b) 
Digital Image Correlation (DIC) measurements. 

 

 

 

 

 
Fig. 2: Schematic of the airfoil-flag assembly for (a) compliant latex flag, and (b) plastic reinforced flag. 
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Fig. 3: Power spectra density of compliant latex flag displacement at x/L = 0.9 and z/c = 0 as a function of 
frequency f (top) and power spectra density of the flag displacement at x/L = 0.9 as a function of modified 
Strouhal number Stmod and spanwise distance z/c (bottom) for (a) L/c = 0.1, and (b) L/c = 0.2. α = 20 and xf = 0. 

 
Fig. 4: Mean lift coefficient CL as a function of angle of attack α of the airfoil with compliant latex flag at xf/c = 
0.  
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Fig. 5: Time-averaged velocity magnitude for (a) baseline case; (b) with compliant latex flag of L/c = 0.1; (c) 
with compliant latex flag of L/c = 0.2. α = 20. 

 
 
 

 

 

 
Fig. 6: The first vorticity modes of POD analysis for (a) baseline case; (b) with compliant latex flag of L/c = 0.1; 
(c) with compliant latex flag of L/c = 0.2; (d) Relative energy as a function of mode number. α = 20. 
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Fig. 7: Instantaneous vorticity (top) and velocity magnitude (bottom) contours at α = 20 for (a) with compliant 
latex flag of L/c = 0.1; (b) with compliant latex flag of L/c = 0.2. 
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Fig. 8: POD analysis of flag displacement: (a) relative energy; contours of RMS of flag displacement 
fluctuations and the first three dominant modes of flag deformation patterns for (b) with compliant latex flag 
of L/c = 0.1 and (c) with compliant latex flag of L/c = 0.2; (d) Variation of two-point cross-correlation coefficients 
of the flag displacement fluctuations at x/L = 0.9. α = 20 and xf = 0. 
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Fig. 9: Changes in mean lift coefficient as a function of flag length in comparison with the baseline case. α = 20 
and xf = 0. 

 
Fig. 10: Variations of (a) vibration frequency f, (b) modified Strouhal number Stmod, and (c) Strouhal number 
StL as a function of L/c of compliant latex flag at α = 20 and xf = 0. 

 
Fig. 11: Variations of (a) flag vibration amplitude A, (b) Strouhal number StA, and (c) spanwise correlation 
length Lcorr/c as a function of L/c of compliant latex flag at α = 20 and xf = 0. 
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Fig. 12: Variation of mean lift coefficient as a function of angle of attack α of the airfoil with compliant latex 
flag that has the fixed end xf at various chordwise locations: (a) L/c = 0.1; (b) L/c = 0.25. 

 

 

 

 
Fig. 13: Mean lift coefficient CL as a function of angle of attack α of the airfoil with plastic reinforced flag of 
various mass ratios μ. xf = 0. 
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Fig. 14: Mean velocity magnitude for (a) with compliant latex flag of L/c = 0.2; (b) with plastic reinforced flag 
of μ = 10.0; (c) with plastic reinforced flag of μ = 24.6. α = 20°. 

 

 

 

 

 

 
Fig. 15: Vorticity contours of the first POD mode for (a) with compliant latex flag of L/c = 0.2; (b) with plastic 
reinforced flag of μ = 10.0; (c) with plastic reinforced flag of μ = 24.6; (d) relative energy as a function of mode 
number. α = 20°, L/c = 0.2. 
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Fig. 16: Instantaneous vorticity (top) and velocity magnitude (bottom) contours for (a) with compliant latex 
flag; (b) with plastic reinforced flag of μ = 10.0; (c) with plastic reinforced flag of μ = 24.6. α = 20°, L/c = 0.2. 

 

 
 

 
Fig. 17: Power spectra density of flag displacement fluctuations at x/L = 0.9 and z/c = 0 as a function of frequency 
f (top) and power spectra density of flag displacement fluctuations at x/L = 0.9 as a function of modified 
Strouhal number Stmod and z/c (bottom) for (a) with compliant latex flag; (b) with plastic reinforced flag of μ = 
10.0; (c) with plastic reinforced flag of μ = 24.6. L/c = 0.2, α = 20 and xf = 0. 
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Fig. 18: POD analysis of flag displacement: (a) relative energy; contours of RMS of flag displacement 
fluctuations and the first three dominant modes of flag deformation pattern for (b) with plastic reinforced flag 
of μ = 10.0 and (c) with plastic reinforced flag of μ = 24.6; (d) variations of two-point cross-correlation 
coefficient of the flag displacement fluctuations at x/L = 0.9. α = 20, L/c = 0.2, xf = 0.  

 
Fig. 19: Changes in mean lift coefficient as a function of plastic reinforced flag mass ratio μ in comparison with 
the baseline case. α = 20°. 
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Fig. 20: Variations of (a) flag vibration frequency f, (b) modified Strouhal number Stmod, and (c) Strouhal 
number StL as a function of mass ratio μ of plastic reinforced flags of L/c = 0.2 at α = 20. 

 
Fig. 21: Variations of (a) vibration amplitude A, (b) Strouhal number StA, and (c) spanwise correlation length 
Lcorr/c as a function of mass ratio μ of plastic reinforced flags of L/c = 0.2 at α = 20. 

 
Fig. 22: Contours of changes in the mean lift coefficient as a function of flag bending rigidity KB, mass ratio μ, 

modified Strouhal number Stmod, and 
𝒇𝑳

𝑼

𝝁

𝑲𝑩
 at Re = 100,000 and α = 20°. 


