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Abstract
The effect of angles of attack (α) on the fluid–structure coupling of a flexible membrane wing is investigated experimentally 
at Re = 6 ×  104. Membrane deformations and the surrounding flow fields are measured synchronously by two-dimensional 
time-resolved particle image velocimetry (2D-TRPIV). Results show that, for 12 ≤ α ≤ 16°, the vertical velocities over the 
membrane are coupled with the membrane vibration, but the streamwise velocities present lower dominant frequencies, which 
means the susceptibility of the flow in vertical and streamwise directions is different. As a result, the dominant frequencies 
of the instantaneous flows are different from and lower than the membrane, suggesting that the flow and the membrane are 
incompletely coupled. Then, the incomplete fluid–structure coupling mechanism is clearly revealed by the colored virtual 
dye visualization as well as the instantaneous pressure gradients. The periodically alternating adverse and favorable pres-
sure gradients near the leading edge lead to the unsteady flow separation and reattachment, resulting in periodic presence 
and absence of the trailing-edge reverse flow in streamwise direction. Consequently, the intermittent fluid–fluid interaction 
between the leading-edge flow and the trailing-edge reverse flow causes the incomplete fluid–structure coupling.

Graphical abstract

1 Introduction

Due to the unique advantages on stall delay and circum-
stance adaptability, flexible membrane wings have practi-
cal significance for the development of advanced microair 
vehicles (MAVs). When aerodynamic loads are applied, the 

flexible surface can deform adaptively and thereby influence 
the aerodynamic performance of the wing.

Commonly, simplified single-layer flexible membrane 
wings were designed and investigated for fundamental 
research of fluid–structure interaction (FSI). The membrane 
motion could be mainly divided into two states at α > 0° 
with various lift-enhancement regularities: deformed steady 
state (DSS) at pre-stall and dynamic balance state (DBS) at 
around stall and post-stall (Li et al. 2021; He et al. 2022). In 
the DSS region, the membrane wing bent under aerodynamic 
loads and maintained at the mean camber with negligibly 
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small vibration. The increased mean camber could result 
in lift enhancement, which conforms to the basic theory of 
aerodynamics. In the DBS region, the membrane wing began 
to vibrate coherently around the mean camber while interact-
ing with the surrounding flow, presenting various vibration 
modes related to the natural frequencies of the membrane 
(Song et al. 2008; Gordnier 2009; Rojratsirikul et al. 2009, 
2010; He and Wang 2020). Except for the effect of mean 
camber, the unsteady vibration could also increase the lift by 
enhancing momentum mixing and suppressing flow separa-
tion (Rojratsirikul et al. 2009; He et al. 2022).

Generally, the mechanism of the unsteady flow-induced 
vibration is the frequency lock-in phenomenon between 
vortex shedding and membrane vibration. Relevant numer-
ical simulations (Gordnier 2009; Tiomkin et al. 2011; Li 
et al. 2021) and wind tunnel experiments (Song et al. 2008; 
Tregidgo et al. 2013; Bleischwitz et al. 2017; Waldman and 
Breuer 2017; He and Wang 2020) have found the close-
coupling relationship between dynamic vortex shedding 
and membrane response at different operating conditions. 
The vortex shedding frequency in the shear layer or wake 
region was related to the membrane natural frequencies 
and its harmonics and finally selected a certain vibration 
mode and vortex shedding mode (Li et al. 2022). Huang 
et al. (2021) found two kinds of fluid–structure interaction 
with numerical simulation, i.e., the membrane response 
was mainly driven by the natural frequency of structure for 
α = 4° ~ 12° and by the evolution of leading- and trailing-
edge vortices for α = 16° ~ 24°, respectively. Xia et al. (2023) 
further introduced the aerodynamic stiffness effect and the 
added-mass effect into the natural frequency model of the 
membrane. By comparing the corrected natural frequency 
and the vortex shedding one, they found the mode transition 
of the membrane was caused by the transition of fluid–struc-
ture coupling state. Bleischwitz et al. (2017) reported that 
membrane motions were coupled with flow separation at 
either high angle of attack or ground effect environment, 
and they confirmed the ability of flexible membrane wings 
to modify the frequency of vortex shedding by the vibra-
tion eigenfrequency of the membrane. Tiomkin et al. (2011) 
studied the effect of angle of attack on a membrane wing 
in viscous laminar flow and indicated the membrane shape 
corresponded with oscillations at the vortex shedding fre-
quency. In this sense, the membrane and the flow in the 
literature above were completely coupled with identical 
dominant frequencies.

However, in addition to the complete fluid–structure cou-
pling, we have found that the flow over the membrane wing 
had a lower dominant frequency than the membrane-fluid 
lock-in frequency, which was interpreted as the result of 
fluid–fluid interaction between the flows from leading edge 
(LE) and trailing edge (TE) (He and Wang 2020). This phe-
nomenon was also reported by the subsequent experiment 

of Rodríguez-López et al. (2021). However, only the effect 
of Reynolds number was investigated in our previous study. 
The influences of other important parameters need to be fur-
ther explored. Accordingly, the current study focuses on the 
effect of angles of attack on this incomplete coupling phe-
nomenon, aiming to find out more comprehensive charac-
teristics of the fluid–structure interaction of membrane wing 
as well as the fluid–fluid interaction between flows from LE 
and TE. In this paper, the flow fields and membrane defor-
mations were captured simultaneously by time-resolved par-
ticle image velocimetry (TRPIV). Re = 6 ×  104 was selected 
based on the results of He and Wang (2020). The full text is 
divided into the following parts: introduction, experimental 
methods, membrane kinematics, fluid–structure interaction 
and conclusions.

2  Experimental methods

The present experiment was carried out in the low-speed, 
open-loop and closed-jet D6 wind tunnel at the Beijing 
University of Aeronautics and Astronautics (BUAA). 
The test section of the wind tunnel has a cross section of 
430 mm (width) × 500 mm (height) with the free stream tur-
bulent intensity Tu of about 0.3% at the current operating 
conditions.

2.1  Model design

The current model was a simplified LE- and TE-supported 
membrane wing, whose structure is illustrated in Fig. 1. 
A sheet of membrane was wrapped around 3-mm round 
steel LE and TE to form a complete membrane wing. To 
minimize the leading-edge separation, the membrane was 
able to freely rotate about the LE and TE at a given α. The 
membrane was made of a highly transparent thermoplastic 
polyurethanes (TPU) sheet with a thickness of tm = 0.2 mm, 

Fig. 1  Membrane wing model
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Young’s modulus of E = 31.2 MPa and density of ρm = 1.1 g/
cm3. The angle of attack is also shown in Fig. 1.

The coordinate system of the flow fields (x–y plane) is 
defined in Fig. 1. The x–y plane is a wing-normal plane with 
the x-axis parallel to the free stream. As illustrated in Fig. 1, 
the origin O of x–y plane is located at the LE when α = 0°. 
The membrane instantaneous locations are then translated to 
ensure the nondimensional coordinates of the TE to be (1, 0) 
at any α. In addition, another coordinate system for analyses 
of membrane kinematics (xtran–ytran plane) is also defined in 
Fig. 1. It is obtained by rotation of x–y plane, and the new 
origin is located at the LE at any α.

The experimental setup is shown in Fig. 2. The membrane 
wing model was horizontally mounted in the test section 
through the LE and TE supports and two circular endplates. 
Both the LE and TE stretched across the whole span between 
the endplates with their ends fixed to the endplates. There 
was a narrow spanwise gap (~ 5 mm) between the membrane 
and the endplates. The endplates could eliminate the bound-
ary layer effect by installing the model outside the bound-
ary layer of the wind tunnel walls. The wing had a span of 
380 mm and chord length of c = 120 mm, so the aspect ratio 
was 3.17 and larger than 3.0, which could ensure the quasi-
2D of the flow at the mid-span of the wing (Mizoguchi and 
Itoh 2013; Bleischwitz et al. 2015). The free stream velocity 
U∞ was 7.5 m/s, so the Reynolds number based on c was 
6 ×  104. To investigate the effect of angles of attack on the 
membrane wing, the membrane deformations and the flow 
fields were measured at α = 8°, 12°, 14°, 16° and 20°, which 
covered the range from pre-stall to post-stall according to 
He et al. (2022). The angles of attack could be adjusted by 
the holes on the endplate. The blockage ratio of the wing 
model was around 7.2% at α = 20°, and the additional block-
age ratio of the endplates was around 1.3%. Therefore, the 
total blockage ratio was approximately 8.5%.

2.2  Measurements

As displayed in Fig. 2, the 2D-TRPIV was conducted in x–y 
plane at the mid-span of the wing model. Glycerol–water 
mixture droplets with a mean diameter of about 1 μm were 
generated and seeded by an AG 1500 W fog machine as 
the tracer particles. The desired plane was illuminated 
by a Beamtech Vlite-Hi-527–30 high-speed dual-pulsed 
laser with a minimum energy of 30 mJ/pulse at 1 kHz 
frame rate. The laser pulse duration at the full-width-half-
maximum (FWHM) location was less than 200 ns. The 
thickness of the laser sheet was approximately 1.5 mm. 
The laser sheet was able to illuminate both the upper and 
lower sides of the wing because of the high transparency 
of the membrane. Therefore, the global flow field around 
the wing as well as the instantaneous membrane deforma-
tions could be captured. A Photron Fastcam SA2/86 K-M3 
high-speed CMOS camera was placed normal to the x–y 
plane to capture image pairs. The laser and the camera 
were synchronized by a MicroVec Micropulse-725 syn-
chronizer. The uncertainty of the synchronizer was less 
than 0.25 ns, which was high enough for accurately syn-
chronous control. The sampling frequency of PIV image 
pairs was set to 1 kHz, and 1.9 ×  104 image pairs (namely 
1.9 ×  104 snapshots of velocity fields) with the sampling 
duration of 19 s could be captured at one time. The spatial 
resolution of the camera was tailored to 768 × 672 pixels 
to realize high-speed double-exposure function. The size 
of the field of view (FOV) was 144 × 126  mm2, so the mag-
nification was 144/768 ≈ 0.19 mm/pixel. The time delay 
between one image pair was 250 μs. The recorded 12-bit 
raw particle images were processed based on the multi-
pass iterative Lucas–Kanade (MILK) algorithm acceler-
ated by graphic processing units (GPUs) to obtain original 
velocity fields (Champagnat et al. 2011; Pan et al. 2015). 
The interrogation window size was set to 32 × 32  pixels2 
with a 75% overlap. Therefore, the physical grid resolution 
of the PIV data was 32 × (144/768) = 6 mm.

The uncertainty of the particle displacement in PIV 
measurements was less than 0.1 pixel by using the sub-
pixel interpolation and multigrid iteration with window 
deformation (He et al. 2016). The maximum particle dis-
placements in all cases were in the range of 12 ~ 16 pixels. 
Thus, the relative uncertainties of the particle displace-
ments were less than 0.8% (0.1/12 ≈ 0.8%). Referring to 
Qu et al. (2019), the particle velocity up in the PIV meas-
urement was

where xp is the physical displacement of particles between 
one image pair, and tp = 250 μs is the corresponding time 
delay. The relative uncertainty of up originating from both 

(1)up = xp
/
tp,

Fig. 2  Experimental setup. The white curve on the membrane surface 
is an example for deformation measurement
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the uncertainties of xp and tp could be estimated by the 
uncertainty propagation formula (Kline and McClintock 
1953):

where ε denotes the uncertainties. In this study, tp was 
determined by the synchronizer with ε(tp) = 0.25 ns. As 
mentioned above, the maximum uncertainty of the particle 
displacement was 0.1 pixel. The corresponding ε(xp) was 
1.9 ×  10–2 mm (0.1 pixel multiplied by the magnification). 
Thus, the velocity uncertainty relative to the free stream 
velocity was approximately 1.0%.

The approach of recognizing membrane deformation was 
elaborated in previous studies (Hu et al. 2020; He and Wang 
2020; He et al. 2022). The sampling frequency of deformation 
measurement was also 1 kHz because the membrane deforma-
tions were strictly synchronized with the flow fields. It can 
provide pixel accuracy of 0.16% c (0.19/120 ≈ 0.16%) with 
a resolution of 0.19 mm/pixel, the same as the magnification 
of PIV.

2.3  Post‑processing methods

2.3.1  Virtual dye visualization

Similar to the dye visualization in real experiments, virtual 
dye visualization (VDV) visualizes the attracting Lagran-
gian coherent structures (LCS) in the flow. Virtual tracers are 
released from a certain location and then convected with the 
flow, revealing the nearby LCS (Shadden et al. 2006, 2007). 
The interactions between different flow patterns can be clearly 
visualized by emitting virtual tracers with different colors (He 
et al. 2017; Wang and Wang 2021). In the current study, the 
trajectories of the virtual tracers are calculated from PIV data 
using the iterative algorithm of the “pseudo-tracing” tech-
nique (Jensen et al. 2003; Liu and Katz 2006), which provides 
acceptable accuracy on the calculation of material accelera-
tions of the virtue tracers.

2.3.2  Pressure gradients calculation

Based on the time-resolved PIV data, the instantaneous pres-
sure gradients ∇p can be obtained by the incompressible 
Navier–Stokes equation:

(2)
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+ �∇2
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where ρa is the air density, u is the 2D velocity vector, μ is 
the dynamic viscosity coefficient. In Eq. (3), ∇p is calcu-
lated by adding the material derivative term and the viscos-
ity term. The material accelerations have been obtained by 
“pseudo-tracing” technique, and the viscosity term can be 
directly obtained from PIV data by adopting central differ-
ence scheme.

3  Membrane kinematics

The superpositions of membrane patterns at different 
angles of attack are displayed in Fig. 3. The black and red 
curves represent the mean ⟨ytran(xtran)⟩ and instantane-
ous ytran(xtran, t) membrane deformations along the chord, 
respectively. Based on Fig. 3, the variation of the mean cam-
ber and the vibration amplitude A* of the membrane wing 
are shown in Fig. 4. A* is the standard deviations of the 
membrane displacements along ytran direction. It is shown 
in the figures that both the mean camber and the vibration 

Fig. 3  Superpositions of membrane patterns at different angles of 
attack. a α = 8°; b α = 12°; c α = 14°; d α = 16°; e α = 20°
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amplitude increase first and then decrease with the increase 
in α. When α = 8°, the camber of the membrane wing is 
around 7.5% c, but the vibration amplitude is less than one-
tenth of the amplitudes in other higher α cases, which is 
negligibly small. The membrane patterns almost coincide 
at all instants, which means that the membrane wing is 
in the deformed steady state at α = 8°. When α ≥ 12°, the 
vibration amplitude begins to increase obviously, indicat-
ing the dynamic balance state. The mean camber reaches 
the maximum of around 9.4% c at α = 16°, and the vibra-
tion amplitude reaches the maximum of around 0.5% c at 
α = 14°. Additionally, the chordwise vibration modes of the 
membrane wing shown in Fig. 4 vary with the increase in 
α. The vibration mode gradually transits from the first order 
at α = 12° and 14° to the second order at α = 16° and 20°.

4  Fluid–structure interaction

PIV data were further analyzed to quantitatively study the 
influence of α on the fluid–structure interaction of the mem-
brane wing. The statistical characteristics, spectral charac-
teristics and the evolution of instantaneous flow structures 
around the wing were mainly investigated.

4.1  Statistical characteristics

The  nond imens iona l  t ime-ave raged  ve loc i ty 

( 
√

⟨U⟩

2 + ⟨V⟩2
/

U∞  ) contours at different α are pre-

sented in Fig. 5. The red dashed curves denote the posi-
tions where the mean streamwise velocity component 
equals to 0 ( ⟨U⟩ = 0 ), which represent the scale of the 
separation region over the upper surface (Munday and 
Taira 2018). The phase-averaged membrane patterns are 
superposed. All the membrane vibrations are amplified by 
a factor of 3 for better display. When α = 8°, the flow is 
totally attached to the upper surface. The membrane is 

dominated by mean deformation, which belongs to the 
DSS region. When α = 12°, weak separation occurs near 
the TE. The membrane enters the DBS region and vibrates 
at the first-order mode. When α increases to 14° and 16°, 
the scale of the separation region gradually increases, and 
the separation point of the mean flow gradually promotes 
to the location of x/c ≈ 0.8. When α = 20°, the separation 
point further promotes to x/c ≈ 0.4, resulting in a large 
separation region over the upper surface of the wing. The 
membrane vibrates at the second-order mode. The flow 
separation of the current membrane wing with the varia-
tion of α is consistent with the TE separation of airfoils in 
low-speed aerodynamics (Polhamus 1996). Besides, it is 
observed that the location of the separation point is near 
the antinode where the vibration amplitude is around the 
maximum.

The distributions of the nondimensional turbulent 
kinetic energy (TKE, 

⟨
u�2 + v�2

⟩/
U2

∞
 ), which reflects the 

velocity fluctuation magnitude, are shown in Fig. 6. The 
convergence of the TKE fields can be ensured by adopt-
ing the maximum sampling number of 1.9 ×  104 for TKE 
calculation (see Appendix 1). When α = 8°, the velocity 
fluctuations are very low due to the attached flow and the 
weak vibration of membrane. When α = 12°, high-velocity 
fluctuations begin to appear near the wing surface because 
the intensified membrane vibration injects disturbance 
into the flow field. When α = 14° and 16°, the membrane 
vibration increases further, injecting stronger disturbance 
into the flow field. Meanwhile, the scale of the separation 
region increases, enhancing the unsteadiness of the flow. 
These two factors lead to the further increase in turbulent 
kinetic energy over the wing. When α = 20°, the separation 
point is close to the LE. Accordingly, the turbulent kinetic 
energy is concentrated near the separation point and in the 
separated shear layer. The velocity fluctuation near the 
wing surface is relatively weak after the separation point.

4.2  Spectral characteristics

As displayed in Fig. 7, the global frequency spectra of the 
flow fields and the membrane vibrations at different angles 
of attack were obtained with Fourier mode decomposi-
tion (FMD) proposed by Ma et al. (2015). For a selected 
sampling region, single-point discrete Fourier transform 
(DFT) was firstly applied to the original velocity data at 
every mesh node to get a Fourier mode matrix ck (Wang 
et al. 2018; He et al. 2023)

(4)c
k
=

1

N

N−1∑

n=0

F
n
e
−i
(

2�k

N

)
n
,

Fig. 4  Kinematic parameters of the membrane wing. a Mean defor-
mations; b vibration amplitudes
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where N = 1.9 ×  104 is the total sampling number of the 
image pairs, and Fn is the original velocity complex matrix 
where the real and imaginary parts are the streamwise and 
vertical velocities, respectively. The global power spectrum 
density  (PSDk) was further defined as

where ‖⋅‖ is the Frobenius norm, and fs is the sampling fre-
quency (1 kHz). The effect of the sampling region on the 
PSD peaks of FMD is evaluated at different angles of attack 
in Appendix 2, and the sampling regions in Fig. 6 are finally 
selected. For the membrane vibrations, DFT of membrane 
displacements at 200 chordwise equidistant positions was 
similarly conducted with Eq. (4), and the PSD of global 
membrane vibrations was then obtained with Eq. (5). Due 
to the large sampling number, filtering or windowing was 
not used in this study.

(5)PSDk =

‖‖‖‖‖‖

2N||ck||
2

�fs

‖‖‖‖‖‖
,

For the membrane vibrations in Fig. 7, the dominant 
frequencies are 33.2  Hz, 33.5  Hz, 35.1  Hz, 68.1  Hz, 
67.2 Hz at α = 8°, 12°, 14°, 16°, 20°, respectively. The 
PSD peak of the dominant frequency at α = 8° is approxi-
mately thirty times lower than the peaks at other α, sug-
gesting the vibration is very weak. The vibration frequency 
is not reflected in the spectrum of the flow field at α = 8°, 
so the fluid–structure coupling is weak. For α ≥ 12°, the 
flow fields appear obvious dominant frequencies, which 
are 8.8 Hz, 9.1 Hz, 9.8 Hz, 67.2 Hz, respectively. How-
ever, when 12° ≤ α ≤ 16°, the dominant frequencies of the 
flow field and the membrane are inconsistent, indicating 
an incomplete coupling state. When α = 20°, the dominant 
frequencies of the flow field and the membrane are con-
sistent, indicating a complete coupling state. The weak, 
incomplete and complete coupling cases are classified with 
the dashed boxes in Fig. 7.

Fig. 5  Time-averaged velocity 
contours. a α = 8°; b α = 12°; c 
α = 14°; d α = 16°; e α = 20°
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4.3  Evolution of instantaneous flow structures

To explore the mechanisms of the fluid–structure coupling, 
the evolution of the instantaneous flow structures over the 
wing surface was studied at α = 8° (weak fluid–structure 
coupling), α = 16° (incomplete fluid–structure coupling) and 
α = 20° (complete fluid–structure coupling).

4.3.1  α = 8°

The root-mean-square (rms) distributions of the vertical 
and the streamwise velocity fluctuations, vrms and urms are 
shown in Fig. 8. Due to the attached flow at α = 8°, both 
the vrms and the urms are weak and concentrated over the 
wing surface. Here, the spectral characteristics of the verti-
cal and the streamwise velocities in the selected region are 
analyzed separately. The frequency spectra of the velocity 
signals are also obtained with FMD. As presented in Fig. 9, 
neither the vertical velocities nor the streamwise velocities 
have obvious dominant frequencies, let alone the membrane 
vibration frequency (33.2 Hz) shown in Fig. 7b, indicating 

that the flow has not been strongly affected by the weak dis-
turbance of membrane vibration. To display the flow state at 
α = 8°, virtual tracers are released from the initial region S1 
in Fig. 10. It is found that the flow over the membrane wing 
just remains attached to the wing surface, presenting quasi-
steady characteristics. Therefore, the coupling between the 
flow and the membrane is weak.

4.3.2  α = 16°

The rms distributions of the velocity fluctuations at α = 16° 
are shown in Fig. 11. The vrms is distributed in the shear 
layer, while the urms is mainly concentrated over the wing 
surface. The frequency spectra of the vertical and the 
streamwise velocities in the sampling region are shown 
in Fig. 12. Interestingly, the vertical velocities over the 
membrane are coupled with the membrane vibration, and 
their dominant frequencies are 68.1 Hz. However, the 
lower frequency 9.8 Hz dominates the spectrum of the 
streamwise velocities. It means the sensitivity of the flow 
in vertical and streamwise directions is different, and the 

Fig. 6  Turbulent kinetic energy 
distributions. a α = 8°; b 
α = 12°; c α = 14°; d α = 16°; 
e α = 20°. The white dashed 
curves in the figures represent 
the local TKE peaks. The boxes 
are the sampling regions for the 
following spectral analyses
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vertical velocities over the wing surface are more suscep-
tible to membrane vibration. Consequently, the flow is 
incompletely coupled with the membrane.

To analyze the mechanism of the incomplete fluid–struc-
ture coupling, the velocity signals at the virtual probe P1 in 
Fig. 11 are firstly investigated. P1 is near the wing surface 

Fig. 7  Global frequency spectra obtained with FMD. a, c, e, g, i 
Spectra of the flow fields; b, d, f, h, j spectra of the membrane vibra-
tions. The cases are a, b α = 8°; c, d α = 12°; e, f α = 14°; g, h α = 16°; 

i, j α = 20°. The black, red and blue boxes correspond to the weak, 
incomplete and complete fluid–structure coupling, respectively

Fig. 8  Distributions of the velocity statistics at α = 8°. a rms of the vertical velocity fluctuations; b rms of the streamwise velocity fluctuations
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and located in the urms concentrated region. The time histo-
ries of the streamwise and the vertical velocities at P1 are 
shown in Fig. 13. t∗ = t ⋅ fmem_dom represents the nondimen-
sional time sequence based on the dominant frequency of 
membrane vibration fmem_dom , which is 68.1 Hz at α = 16°. 

Similar to He and Wang (2020), the velocity signals are 
denoised by proper orthogonal decomposition (POD) recon-
struction and discrete cosine transform (DCT). As shown, 
P1−u and P1−v are negatively correlated. When t* = 0.41, 
6.74 and 13.62, P1−u reaches the local minima of approxi-
mately −0.5 U∞, indicating the occurrence of strong reverse 
flows over the wing surface. Meanwhile, P1−v reaches the 
local maxima, corresponding to the upward movement 
of the fluid. Additionally, the dominant frequency of the 
global u is 9.8 Hz in Fig. 12. The corresponding timescale 
is Δt* = 68.1/9.8 ≈ 7, which is also the time interval of the 
strong reverse flows in streamwise direction.

Evolution of the instantaneous flow structures over the 
membrane wing at α = 16° is further investigated by vir-
tual dye visualization as well as the instantaneous pressure 
gradients. The virtual tracers are released from two initial 
regions S1 and S2 (see Fig. 14a), which are near the LE 
and TE, respectively. The pressure gradients are shown by 
vectors (see Fig. 14b), and the favorable direction of vectors 

Fig. 9  Frequency spectra of the 
velocities at α = 8°. a Vertical 
velocity spectra; b streamwise 
velocity spectra

Fig. 10  Exemplary instantaneous flow at α = 8° (displayed by virtual 
dye visualization)

Fig. 11  Distributions of the 
velocity statistics at α = 16°. a 
rms of the vertical velocity fluc-
tuations; b rms of the stream-
wise velocity fluctuations. The 
local peaks of rms values are 
plotted in dashed curves. The 
antinode L1 is marked by the 
green pentagram

Fig. 12  Frequency spectra 
of the velocities at α = 16°. a 
Vertical velocity spectra; b 
streamwise velocity spectra
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indicates the increasing direction of pressure. Besides, the 
vectors are superposed by the swirl strength λci fields to 
show the locations of vortices. The direction of the pressure 
gradient vector for a vortex is from its center to outside, 
indicating the low-pressure region in the vortex center and 
high-pressure region outside the vortex.

Figure 14 shows the flow structures at the three instants 
(t* = 6.74, 7.42 and 8.04) when the TE reverse flow appears 
over the wing. The interaction between the leading-edge vor-
tex (LEV) and TE reverse flow at t* = 6.74 is clearly shown 
in Fig. 14a. During the interaction, the LEV is uplifted away 
from the wing surface by the TE reverse flow. After that, the 
LEV begins to merge with the TE reverse flow at t* = 7.42 
in Fig. 14c and finally forms a large-scale LEV at t* = 8.04 
in Fig. 14e.

Fig. 13  Time histories of the velocities at P1 at α = 16°. P1-u and 
P1-v are denoted by the black and blue curves, respectively

Fig. 14  Evolution of the instantaneous flow structures with the TE reverse flow at α = 16°. a, c, e Virtual dye visualization; b, d, f instantaneous 
pressure gradients superposed by λci fields. The instants are a, b t* = 6.74; c, d t* = 7.42; e, f t* = 8.04
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Essentially, Fig. 14 depicts the evolution process when 
the flow temporarily separates from the wing. A similarity 
can be found from the pressure gradients in Fig. 14b, d and 
f that there is always a streamwise adverse pressure gradi-
ent (APG) region near the LE. The APG region hinders the 
downstream convection of the fluid and sharply decelerates 
the fluid. As a result, the flow tends to separate after the 
APG region. This is the reason for the temporary flow sepa-
ration in Fig. 14, and the TE reverse flow is the outcoming 
of the flow separation.

Moreover, Fig. 15 displays the flow structures at the three 
instants (t* = 9.60, 10.08 and 10.90) without the TE reverse 
flow. During the downstream convection, the LE flow 
gradually loses stability and rolls up a small-scale LEV at 
t* = 10.08 in Fig. 15c. After that, the flow will temporarily 

attach to the wing surface at t* = 10.90 in Fig. 15e. The 
streamwise velocity at P1 reaches local maximum at the 
same instant.

From the pressure gradients in Fig. 15b, d and f, a stream-
wise favorable pressure gradient (FPG) region always exists 
near the LE, and the APG region is postponed to the down-
stream. It means that the fluid will be accelerated in the FPG 
region before entering the APG region. Hence, the fluid has 
more kinetic energy to overcome APG and suppress flow 
separation. This is the reason for the temporary flow attach-
ment in Fig. 15.

To sum up, the periodically alternating APG and FPG 
near the LE of the membrane wing lead to the unsteady flow 
separation and reattachment, resulting in periodic presence 
and absence of the TE reverse flow. Accordingly, different 

Fig. 15  Evolution of the instantaneous flow structures without the TE reverse flow at α = 16°. a, c, e Virtual dye visualization; b, d, f instantane-
ous pressure gradients superposed by λci fields. The instants are a, b t* = 9.60; c, d t* = 10.08; e, f t* = 10.90
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flow regimes occur upon the wing surface, forming LEVs 
with different scales. These findings above reveal the incom-
plete fluid–structure coupling mechanism.

For the Reynolds number studied in this paper, it is 
interesting that the transition from the weak coupling to 
the incomplete coupling approximately coincides with the 
transition from the DSS region to the DBS region reported 
by He et al. (2022). The possible mechanism is discussed 
here. When α = 8°, the flow is not strongly affected by the 
negligibly small disturbance of membrane vibration and 
just remains attached to the wing surface. Therefore, the 
coupling between the flow and the membrane located in 
the DSS region is weak. With the increase in α, the flow 
begins to separate temporarily over the membrane surface, 
leading to the appearance of the streamwise reverse flow. 
This greatly enhances the unsteadiness of the flow (see the 
TKE distributions in Fig. 6). According to Li et al. (2022), 
the unsteadiness of the flow can be reflected by the inten-
sified pressure fluctuations over the membrane surface, 
which act as an external forcing to drive the membrane to 
move and vibrate. The forcing frequency coinciding with 
the natural frequencies of the fluid–structure system will 
cause certain reinforced vibration modes of the mem-
brane (Serrano-Galiano et al. 2018), which belong to the 
dynamic balanced state (DBS). In brief, the main reason 
for the incomplete fluid–structure coupling is the unsteady 
flow separation and reattachment, which simultaneously 
increases the unsteadiness of the flow over the membrane 
wing and probably contributes to the DSS-DBS transition 
of the membrane. Although the DSS-DBS transition and the 
incomplete fluid–structure coupling are closely correlated in 

the current study, their relationship needs to be scrutinized 
in more cases with different aeroelastic parameters.

4.3.3  α = 20°

The rms distributions of the velocity fluctuations at α = 20° 
are illustrated in Fig. 16, in which the vrms is distributed in 
the separated shear layer, and the urms is mainly concentrated 
before the separation point. Similarly, the frequency spectra 
of the vertical and the streamwise velocities in the sampling 
region are plotted in Fig. 17. It is seen that 67.2 Hz is the 
dominant frequency in both the vertical velocity spectra 
(Fig. 17a) and the streamwise velocity spectra (Fig. 17b), 
suggesting that the flow evolution is completely coupled 
with the membrane vibration.

Figure 18 further shows the evolution of the instantane-
ous flow structures in approximately one vibration cycle at 
the three instants t* = 0, 0.50 and 1.00 at α = 20°. It is seen 
that the TE reverse flow always exists upon the wing surface 
due to the large flow separation. Consequently, the LE flow 
always merges with the TE reverse flow near the separa-
tion point to form LEVs. When t* = 0, there is a LEV in 
the shear layer over the wing. The scale of the LEV gradu-
ally increases during the downstream convection. When 
t* = 0.50, the shear layer is excited by the membrane bulge 
near the separation point at x/c ≈ 0.4 and gradually rolls up 
the next LEV. Due to the low pressure in the LEV center 
and high pressure outside the LEV, the direction of pressure 
gradient vector is from the center to outside of the LEV. 
As a result, the favorable pressure gradients over the wing 
surface are attributed to the shedding of adjacent LEVs. The 

Fig. 16  Distributions of the 
velocity statistics at α = 20°. a 
rms of the vertical velocity fluc-
tuations; b rms of the stream-
wise velocity fluctuations

Fig. 17  Frequency spectra 
of the velocities at α = 20°. a 
Vertical velocity spectra; b 
streamwise velocity spectra
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flow structures at t* = 1.00 are almost identical with those 
at t* = 0. Therefore, the rolling up of LEVs in the separated 
shear layer is coupled with membrane vibration, which is the 
most important feature of fluid–structure coupling at α = 20°.

5  Conclusions

The flow fields and membrane deformations of a flexible 
membrane wing at Re = 6 ×  104 are investigated by the 
time-resolved synchronous measurements. The influence of 

angles of attack on the fluid–structure interaction of mem-
brane wing is studied in the range of α = 8° ~ 20°. The con-
clusions are as follows.

The coupling state between the flow field and the mem-
brane vibration is related to angles of attack. When α = 8°, 
the coupling between the flow and the membrane is weak. 
Neither the vertical velocities nor the streamwise velocities 
have obvious dominant frequencies, indicating that the flow 
has not been strongly affected by the weak disturbance of 
membrane vibration. When 12 ≤ α ≤ 16°, the vertical veloci-
ties over the membrane start to couple with the membrane 

Fig. 18  Evolution of the instantaneous flow structures at α = 20°. a, c, e Virtual dye visualization; b, d, f instantaneous pressure gradients super-
posed by λci fields. The instants are a, b t* = 0; c, d t* = 0.50; e, f t* = 1.00
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vibration, but the streamwise velocities present lower dom-
inant frequencies (~ 9 Hz). The different susceptibility of 
the flow in vertical and streamwise directions implies that 
the flow is incompletely coupled with the membrane. When 
α = 20°, the vertical velocities, the streamwise velocities and 
the membrane have the same dominant frequency, indicat-
ing the complete fluid–structure coupling. Therefore, the 
appearance of incomplete fluid–structure coupling should 
be at moderate angles of attack.

The mechanism of the incomplete fluid–structure cou-
pling is further revealed by the colored virtual dye visu-
alization and the instantaneous pressure gradients. The 
periodically alternating adverse and favorable pressure 
gradients at the location near the leading edge and before 
the separation point result in the unsteady flow separation 
and reattachment, which is the main reason for the incom-
plete fluid–structure coupling at moderate angles of attack. 
Accordingly, different flow regimes occur upon the wing 
surface. When the flow separates temporarily, the trailing-
edge reverse flow appears and merges with the leading-
edge flow, forming large-scale leading-edge vortices. When 
the flow tends to attach, the trailing-edge reverse flow dis-
appears. The leading-edge flow gradually forms small-scale 
leading-edge vortices due to the disturbance of membrane 
vibration. Therefore, the intermittent fluid–fluid interaction 
between the leading-edge flow and the trailing-edge reverse 
flow causes the incomplete fluid–structure coupling.

Appendix 1: Effect of sampling number 
on the convergence of TKE

The effect of sampling number on the convergence of TKE is 
provided. As shown in Fig. 19, the variation of TKE at three 
locations (P1, P2 and P3) is evaluated. P1 is consistent with 
the location in Fig. 11. P2 and P3 are arbitrarily selected 

near the downstream region with high TKE. The sampling 
number in Fig. 19b ranges from 5 ×  102 to 1.9 ×  104 with an 
interval of 5 ×  102. When the sampling number is less than 
6 ×  103, the TKE at all locations changes dramatically with 
the sampling number, indicating the TKE has not converged. 
However, when the sampling number is more than 6 ×  103, 
the TKE tends to be stable with the increase in sampling 
number, which means the gradual convergence of the TKE 
fields. Consequently, we choose the maximum sampling 
number of 1.9 ×  104 for all the cases in this study, and the 
convergence of TKE fields can be ensured (see Fig. 19).

Appendix 2: Effect of sampling region 
on the PSD peaks of FMD

Here, the effect of sampling region on the PSD peaks of 
FMD is studied. Three sampling regions with different 
size and location are selected. As displayed in Fig. 20, the 
sizes of the sampling regions 1, 2 and 3 decrease gradually. 
Regions 1 and 2 surround the entire membrane wing. The 
inclining region 3, the same as the region in Fig. 6, cov-
ers the partial leeward side of the wing. For the velocity 
fields in regions 1 and 2, the dominant frequency is 33.5 Hz, 
corresponding to the vibration frequency of the membrane. 
However, in the smallest region 3, the dominant frequency 
is around 8.8 Hz. This is because the incomplete fluid–struc-
ture coupling just begins at α = 12°, and the reverse flow over 
the membrane is not strong. With the increase in α, the trail-
ing-edge reverse flow becomes strong enough to influence 
farther, so the lower frequency dominates the spectra in all 
the regions (see Fig. 21). For α = 20°, the relative heights of 
the peaks also remain unchanged regardless of the sampling 
region (see Fig. 22). In sum, the PSD peaks at the beginning 
α of the incomplete fluid–structure coupling (α = 12°) are 
influenced by the sampling region.

Fig. 19  Effect of sampling number on the convergence of turbulent kinetic energy fields. a TKE distributions at α = 16°; b variation of TKE with 
the increase in sampling number
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Fig. 20  Effect of sampling 
region on the PSD peaks at 
α = 12°. a Sampling regions; b 
spectrum obtained in region 1; c 
spectrum obtained in region 2; 
d spectrum obtained in region 3

Fig. 21  Effect of sampling 
region on the PSD peaks at 
α = 16°. a Sampling regions; b 
spectrum obtained in region 1; c 
spectrum obtained in region 2; 
d spectrum obtained in region 3
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