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Abstract：The intrinsic interaction mechanism of flutter be⁃
tween the flow and structure of a rectangular plate remains a 
mystery from the viewpoint of unsteady flow.  The present 
study provides a novel insight into this interaction mecha⁃
nism based on an adequate understanding of the formation 
and evolution of the flapping leading⁃edge vortex （LEV）.  
A series of wind tunnel tests was conducted to investigate 
the nonlinear flutter instability of an 8∶1 rectangular plate.  
The complete flow fields around the model throughout the 
flutter process were obtained by a particle image velocim⁃
etry （PIV） technique using two synchronous cameras with 
an interpolation and resampling method.  To acquire the 
flow structures corresponding to the characteristic frequency 
of flutter， the spectral proper orthogonal decomposition 
（SPOD） method was extended to a noninertial frame to re⁃
construct the low⁃rank flow field during flutter and extract 
the characteristic flow pattern coupled with oscillations.  It 
was found that when the 8∶1 rectangular plate undergoes 
flutter， the LEVs exhibit a periodic flapping phenomenon in⁃
duced by the structure oscillations.  A two⁃dimensional cor⁃
relation analysis of the flapping LEVs was conducted for dif⁃
ferent inflow velocities.  The results demonstrate that there 
is a substantial phase lead phenomenon in the LEV evolu⁃
tion downstream for a higher inflow velocity.  This phenom⁃
enon may be related to a phase offset of aerodynamic 
forces， and finally， it gives rise to flutter.
Key words：flutter； aerodynamic instability； fluid⁃structure 
interaction； leading⁃edge vortex （LEV）； spectral proper or⁃
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Understanding and improving the flutter stability of 
long⁃span suspension bridges is a recurring and vital 

theme in bridge engineering.  In the past decades， the 
flutter of long⁃span suspension bridges—as a representa⁃
tive phenomenon of aeroelastic instability—has been 
studied extensively and understood well from the view⁃
point of structural dynamics.  A classical and fundamen⁃
tal theory proposed by Scanlan et al. ［1］， known as the 
flutter derivative theory， considered the aerodynamic 
self⁃excited forces as a series of linearized functions of 
the motion states， i. e. ， displacements and velocities， 
and the corresponding coefficients were termed as flutter 
derivatives.  In Scanlan aerodynamic model， the flutter 
derivative A*2 of the angular velocity term is regarded as 
the main controlling factor of the single⁃degree⁃of ⁃ free⁃
dom torsional flutter based on a linear stability analysis—
which is related to the concept of the aerodynamic damp⁃
ing［2］.  Considerable research efforts have been directed 
to improving Scanlan theory in higher dimensions， and 
good performance has been achieved in predicting the 
flutter critical wind speed［3⁃8］.

A strong nonlinearity has been widely observed in the 
dynamic behaviors of flutter for certain bluff aerody⁃
namic shapes or at large angles of attack， attracting con⁃
siderable attention from many researchers in recent 
years［9⁃16］.  A limit cycle oscillation （LCO） with a stable 
amplitude can be induced when the inflow velocity ex⁃
ceeds the flutter critical wind speed—this LCO forms a 
striking contrast， with a rapid diversity of the bending ⁃
torsional coupling flutter.  The classical linear theory can⁃
not describe nonlinear flutter behaviors.  Much research 
has focused on exploring and modeling the aerodynamic 
characteristics of nonlinear flutter.  Scanlan［17］ and Noda 
et al. ［18］ pointed out that the flutter derivatives are af⁃
fected by the oscillation amplitude for a rectangular sec⁃
tion with a large aspect ratio.  A series of nonlinear aero⁃
dynamic models was proposed to construct a nonlinear 
mapping from motion states to self⁃excited forces； these 
models were used to predict the dynamic responses of 
nonlinear flutter accurately.  Such modeling methods can 
be classified roughly into three categories： high⁃order 
polynomials［12， 19⁃22］， modified nonlinear flutter deriva⁃
tives［23⁃25］， and neural networks［26⁃28］.  The first two ap⁃
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proaches are identical in essence， and research into these 
approaches indicated that the structural dynamic mecha⁃
nism of nonlinear flutter could be attributed to the 
amplitude⁃dependent nonlinearity of negative aerody⁃
namic damping.  However， compared with the advances 
in understanding the structural dynamic mechanism， 
there is still a long way to go to fully comprehend the in⁃
trinsic interaction mechanism of flutter from the view⁃
point of unsteady flows.  A comprehensive investigation 
of the unsteady flow around the structure during flutter is 
necessary to clarify the flow⁃structure interaction pro⁃
cess.

An interesting and important characteristic of unsteady 
flow around a bluff body is the vortical structure near the 
leading edge.  Matsumoto et al.［29］ and Bhat et al.［30］ re⁃
marked that the flow separation at the leading edge plays 
an important role in the flutter behaviors.  However， the 
specific flow evolution process related to flutter onset re⁃
mains unknown.  Hu et al.［31⁃32］ explored the vortex mo⁃
tion pattern around the bridge deck during vortex⁃induced 
vibrations based on a correlation analysis of surface pres⁃
sure data.  The formation and evolution of the leading ⁃
edge vortex （LEV） have been widely investigated in the 
field of airfoil dynamic stall and bio⁃inspired flight［33⁃37］.  
An attached LEV can significantly enhance the lift acting 
on the airfoil with a large angle of attack； subsequently， 
the lift drops rapidly as the LEV separates from the trail⁃
ing edge［38］.  Baik et al.［33］ experimentally investigated 
the development of LEV trajectory and circulation for a 
pitching and plunging flat⁃plate aerofoil oscillating sinu⁃
soidally in the amplitude range of 6° to 22° .  They re⁃
ported that the LEV flow evolution is independent of the 
Strouhal number and is determined by the effective angle 
of attack and reduced frequency.  Onoue and Breuer［35］ re⁃
ported the formation and evolution processes of the LEV 
for a pitching flat plate that is made to oscillate with a 
large amplitude of 93° by a forced vibration method us⁃
ing a cyber⁃physical system.  Based on the measured vor⁃
tex circulation and position， a potential flow model 
coupled with the steady moment of the plate was pro⁃
posed.  This model demonstrated robust performance in 
predicting the aerodynamic torque on the plate.  Menon 
and Mittal［11］ investigated the effect of spring stiffness， 
equilibrium angle⁃of⁃attack， and location of the elastic 
axis on the onset of torsional flutter at a Reynolds num⁃
ber of 1 000.  They demonstrated that the critical state of 
the torsional flutter is determined by a specific time pa⁃
rameter related to a shear⁃layer instability， namely， the 
recovery time of the moment coefficient from a small per⁃
turbation on the angle of attack to the steady state.  Li et 
al.［36］ experimentally studied the formation and detach⁃

ment mechanisms of the LEV for a pitching and plunging 
flat plate under different maximum effective angles of at⁃
tack （12°⁃24°） and three flow topologies （quasisteady 
development， boundary⁃layer eruption， and secondary 
vortex formation）.  They found that the mechanisms de⁃
pended on the leading⁃edge shear⁃layer angle.  These re⁃
sults provide a prominent indication that the unsteady 
flow at the leading edge is closely related to the oscilla⁃
tion features of the structure.  In contrast， the aerody⁃
namic characteristics acting on the structure are also af⁃
fected remarkably by the formation and evolution of the 
shear layer at the leading edge and consequent LEV.  
Therefore， a reasonable speculation can be deduced that 
the flow topology at the leading edge， such as the sepa⁃
rated shear layer and LEV， can be a vital tie between the 
flow and structure and provide a potential trigger to the 
occurrence of flutter.

Matsumoto et al.［29］ found that for rectangular plates， 
torsional flutter and coupled flutter typically are sensitive 
to a specific range of aspect ratios （B/H， B and H are the 
width and height of the model sections）.  Torsional flut⁃
ter occurs at B/H < 10， while coupled flutter occurs at B/
H > 10.  However， Mills et al.［39］ observed that for a sta⁃
tionary rectangular plate with B/H between 7. 6 and 16， 
the flow pattern is quite similar at a high Re （i. e. ， Re > 
1×104）： a separation bubble forms near the leading 
edge， and spanwise vortexes exhibit convection down⁃
stream due to the Kelvin⁃Helmholtz instability.  Interest⁃
ingly， even though the flow patterns around stationary 
plates are similar across B/H values， the type of flutter 
that occurs can be quite different.  To better understand 
this discrepancy and gain deeper insight into the flutter 
mechanism for a bluff aerodynamic shape， a rectangular 
plate of B/H = 8∶1 was chosen in this study to examine 
the unsteady flow pattern coupled with oscillations.  A se⁃
ries of wind tunnel tests was implemented to comprehen⁃
sively investigate the unsteady flow characteristics 
around an 8∶1 rectangular flat plate before and after flut⁃
ter.  A spectral proper orthogonal decomposition 
（SPOD） method was applied to reconstruct a low⁃rank， 
high⁃fidelity flow field and extract the flapping vortex 
structure at the leading edge.  This structure is related to 
the characteristic frequency induced by the model oscilla⁃
tion.  The evolution processes of the flapping LEVs were 
compared， and a two⁃dimensional correlation analysis 
was conducted for different inflow velocities based on 
the SPOD⁃reconstructed vorticity distributions around the 
model.  An intrinsic interaction mechanism of flutter was 
determined from the viewpoint of the flapping LEVs.  
This mechanism was attributed to the phase lead phenom⁃
enon during LEV evolution downstream for different in⁃
flow velocities.
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1　Experimental Setup

1. 1　Wind tunnel test

Flutter tests were conducted in a closed⁃circuit wind 
tunnel， SMC⁃WT1， at the Joint Laboratory of Wind Tun⁃
nel and Wave Flume， Harbin Institute of Technology， 
China.  The test section of the wind tunnel with a cross 
section of 500 mm × 500 mm was 1 000 mm long.  It was 
made of transparent acrylic plates， which allowed flow 
measurement by a particle image velocimetry （PIV） tech⁃
nique.  The inflow wind velocity can be adjusted from 
0 m/s to 25 m/s with a low turbulence intensity of less 
than 0. 5%.

To excite LCOs of nonlinear flutter， a bluff section 
model， i. e. ， a rectangular flat plate with an aspect ratio 
of 8∶1， was mounted on a two⁃degree⁃of⁃freedom （verti⁃
cal and torsional） spring⁃suspended test platform.  The 
model dimensions were as follows： the width B =
240 mm， and the height H = 30 mm.  Samples were 
manufactured by 3D printing using high⁃strength photo⁃
sensitive resin with a density of 1. 13 g/cm3.  The initial 
angle of attack of the model was set to 0°.  The Reynolds 
number Re was calculated based on the model width.  It 
approximately ranges from 4 × 104 to 2 × 105.  Air bear⁃
ings were used to completely restrict the inflow displace⁃
ment of the model.  Two laser displacement sensors 
（Keyence LK⁃G400） with a sample frequency of 1 kHz 
were installed symmetrically on both sides of the rotation 
axis to measure the vertical and torsional displacements 
of the rectangular flat plate.  The measurement range of 
the laser displacement sensors is ±10 cm with a high reso⁃
lution of 0. 04 mm.  This range is suitable for flutter re⁃
sponse measurements with a large torsional amplitude of 
15° .  A detailed schematic diagram of the experimental 
setup is shown in Fig. 1， where α is the model torsional 
angle.  To obtain the dynamic parameters of the model， a 
series of vertical and torsional free vibration tests was 
performed by imposing an initial large⁃amplitude excita⁃
tion on the model at zero wind speed.  All the structural 
dynamic parameters of the spring⁃suspended section 
model are listed in Table 1， where m， J， fh0， fα0， ξh0， 
and ξα0 are the inertial mass， initial moment， vertical 
natural frequency， torsional natural frequency， vertical 
structural damping， and torsional structural damping of 
the dynamic system， respectively.
1. 2　Flow measurement

Flow measurement around the rectangular flat plate 
during flutter was performed by two⁃dimensional PIV 
techniques.  The flow images at the mid⁃span of the plate 
were acquired by two high⁃speed charge⁃coupled device 
（CCD） cameras （PCO Dimax HS4） and a 100 mJ 
double⁃pulsed laser generator （Beamtech Vlite 430） with 

two laser paths.  The set of PIV devices allows flow mea⁃
surement with a maximum duration of approximately 40 
s under spatial resolutions of 2 200 × 1 600 pixels and a 
sampling frequency of 200 Hz.  This frequency is suit⁃
able for capturing the unsteady flow characteristics of 
nonlinear flutter with a coupled oscillation frequency of 
approximately 3. 46 Hz.  Generally， for a PIV measure⁃
ment of the flow around a bluff body using a single cam⁃
era and a single laser plane， the laser plane is shaded by 
test models so that only one⁃sided flow field can be ob⁃
tained.  Meanwhile， the mid⁃span flow field near an os⁃
cillating model wall with a large amplitude is also shaded 
by the spanwise end of the test models because of the 
space perspective relationship.  To solve this problem and 
obtain the complete flow characteristics around the rect⁃
angular flat plate， two cameras and two laser beams， as 
shown in Fig. 2， were used to measure the one⁃sided 
flow field around the plate synchronously.  The domain 
sizes of flow measurement on the top and bottom of the 
model were 320 mm × 240 mm and 380 mm × 280 mm， 
respectively， and the corresponding spatial accuracies 
were approximately 0. 145 and 0. 172 mm/pixel， respec⁃
tively.  The flow⁃field velocity vectors were calculated 
from a pair of adjacent snapshots within a given small 
time interval based on a multiframe cross⁃correlation al⁃
gorithm.  The size of the interrogation window was set to 

Table 1　 Structural dynamic parameters of the spring⁃sus⁃
pended section model

H/
mm
30

B/
mm
240

m/
kg

4.17

J/
(kg·m2)
0.017 9

fh0/Hz
2.69

fα0/Hz
3.61

ξh0/
%

0.23

ξα0/
%

0.66

Fig. 1　 Schematic of the experimental setup.  （a） Flow mea⁃
surement by a PIV technique； （b） Two⁃degree⁃of⁃freedom 
spring⁃suspended model
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32 × 32 pixels， and the overlap rate was set to 50% to 
identify the velocity vectors.

To acquire the complete flow field around the rectangu⁃
lar flat plate， the two cameras were controlled by the syn⁃
chronous pulse signals from the same pulse generator to 
simultaneously acquire the two⁃sided PIV images around 
the plate.  Then， a stitching technique was applied to re⁃
construct the velocity field based on the same reference 
frame of the structure in the simultaneous PIV images.  
The model boundaries were identified as a basic refer⁃
ence object in the two PIV images， and then， a global co⁃
ordinate system was determined.  The locations of these 
velocity vectors in both PIV images were transformed 
into the global coordinate system.  Finally， the complete 
velocity field around the rectangular flat plate was ob⁃
tained for a uniform grid by applying a spline interpola⁃
tion and resampling method based on the flow data from 
different cameras.

To accurately and simultaneously determine the oscilla⁃
tion responses and flow fields， the displacement laser 
sensors and the PIV devices were controlled and prelimi⁃
narily synchronized by a series of synchronous pulse sig⁃
nals transmitted by a digital delay generator （Berkeley 
Nucleonics Model 577）.  Displacement identification 
based on optical noncontact measurement methods has 
been widely applied in the field of bridges［40⁃41］.  This 
method can be used to calibrate vibration signals ob⁃
tained by PIV image recognition.  Further， to calibrate 
the signal delay induced by the internal circuit differ⁃
ences of different devices， the torsional displacements 
identified from the model boundary motion in the PIV im⁃
ages were compared with the results from the displace⁃
ment laser sensors.  The signal lag between the data from 
the two sets of devices was eliminated via a displacement 
correlation analysis.

1. 3　Flutter test results

The flutter instability of the given rectangular flat plate 
was tested at different inflow velocities.  Knowledge of 
the entire flutter process， including growth stages， decay 
stages， and steady LCOs， is necessary for exploring the 
nonlinear characteristics of flutter under bluff aerody⁃
namic configurations.  At each wind speed， two excita⁃
tion conditions， namely， a large⁃amplitude excitation 
and no excitation， were separately applied to the model， 
and the oscillation responses and flow field around the 
model were measured synchronously.

An example of flutter responses induced by different 
excitations at U in / ( fα0 B ) = 8. 71 is shown in Fig. 3.  The 
relationship between the root mean square （RMS） of the 
normalized stable amplitude responses and the reduced 
wind speeds is shown in Fig. 4（a）.  For the 8∶1 rectangu⁃
lar flat plate， a nonlinear flutter with LCOs occurs as the 
inflow velocity exceeds a critical reduced wind speed 
U in / ( fα0 B ) = 6. 04.  Ultimately， the nonlinear oscillation 
tends to the same stable amplitude regardless of whether 
the initial excitation is small or large.  This is in remark⁃
able contrast with the rapid divergent oscillation of the 
classical linear flutter.  A vertical⁃torsional coupled phe⁃
nomenon is observed in the power spectrum shown in 
Fig. 3.  The coupled flutter frequency of fc = 3. 46 Hz is 
closer to the torsional natural frequency fα0 = 3. 61 Hz 
than to the vertical natural frequency fh0 = 2. 69 Hz.  
Similarly， a vertical⁃torsional amplitude ratio at different 
inflow velocities is shown in Fig. 4（b）； this figure dem⁃
onstrates that compared to the vertical mode， the tor⁃
sional mode plays a much more important role in the cou⁃
pling vibration for the flutter behaviors of an 8∶1 rectan⁃
gular flat plate.

Fig. 2　Flow chart of reconstruction of the complete flow field around the model based on data from two synchronous cameras.  （a） 
Two⁃sided PIV images； （b） Same reference frame of the structure； （c） Before phase correction； （d） After phase correction
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2　Flow Analysis Method

A major problem in the unsteady flow analysis of flut⁃
ter is the extraction of the flow characteristics around a 
moving model with a time⁃varying amplitude.  A repre⁃
sentative instantaneous flow field around the rectangular 
flat plate is shown in Fig. 5（a）.  The flow field around 
the model exhibits a multiscale flow structure， including 
a large⁃scale LEV （originating from the flow separation 
induced by the bluff configuration and model oscillation） 
and a broken small⁃scale vortex （originating from the 
Kelvin⁃Helmholtz instability of the separated free shear 
layer）.  A primary step in the unsteady flow analysis of 
flutter is to identify the characteristic flow structure that 
will play an important role in the flutter.  A thorough 
analysis revealed that the flow patterns remain more or 
less the same even at an inflow velocity higher than the 
flutter critical wind speed and that the characteristic flow 
structure， i. e. ， the flapping LEVs， will be stimulated 
only if the model starts to vibrate.  The following para⁃
graphs discuss methods to extract the specific flow struc⁃
ture corresponding to the characteristic scale induced by 
the model oscillation.

The proper orthogonal decomposition （POD） method 
introduced by Lumley［42］ is the most widely used method 
to extract coherent structures and to reduce the model or⁃

Fig. 3　Flutter response histories and power spectra under dif⁃
ferent initial excitations at U in / ( fα0 B ) = 8. 71.  （a） Flutter re⁃
sponse histories； （b） Power spectra

Fig. 4　Relationship between the flutter responses and the re⁃
duced wind velocity.  （a） Stable oscillation amplitude； （b） 
Amplitude ratio

Fig. 5　 Instantaneous flow field around the rectangular flat 
plate at U in / ( fα0 B ) = 8. 71.  （a） A snapshot of the vorticity； 
（b） A schematic diagram of the coordinate transformation in 
the body frame （taking torsion as an example）
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der in the flow.  POD seeks a series of orthogonal spatial 
modes to optimally capture the energy feature of the flow 
data.  Nevertheless， the frequency characteristics of the 
unsteady flow are not considered for space⁃only POD.  
The spectral POD （SPOD） method addresses this limita⁃
tion by solving the eigenvalue problem for a space⁃time 
inner product and identifying the modes dependent on 
both time and space［43］.  In previous research， the SPOD 
method has achieved great success in the low⁃rank recon⁃
struction and frequency⁃domain denoising of turbulent 
flow［44］， which can extract the flow structure correspond⁃
ing to the specific frequency range.  Another choice is the 
phase average method， which is typically used to process 
periodic unsteady flows.  There are many instantaneous 
flow realizations in different cycles corresponding to the 
same phase in long⁃term flow data with numerous re⁃
peated cycles.  The phase⁃averaged flow field can be ac⁃
quired by calculating the average values of these instanta⁃
neous flow realizations.  However， the original SPOD 
method and phase average method are not applicable to 
the flow analysis around the model at growth stages and 
decay stages of nonlinear flutter because of the time⁃vary⁃
ing oscillation amplitude.  The flow characteristics 
around the moving model are different for different maxi⁃
mum oscillation amplitudes.  Therefore， there is an ur⁃
gent need to devise an appropriate method to extract the 
flow characteristics of a moving model with a time⁃vary⁃
ing amplitude.

Against this background， an extension of the SPOD 
method in the noninertial frame was proposed.  It will be 
explained in detail in the following section.  An SPOD ⁃
based reconstructed vorticity field around the moving 
model was compared with the original and phase ⁃ aver⁃
aged vorticity field to verify the effectiveness of the ex⁃
tended method on extracting the characteristic flow struc⁃
ture for a moving boundary.
2. 1　Proper orthogonal decomposition

A flow variable q ( x，t ) in a flow field can be decom⁃
posed into the mean and fluctuation components，

q ( x，t ) = q̄ ( x ) + q'( x，t ) （1）
where x represents the spatial coordinates； t is time； 
q̄ ( x ) is the average field of q ( x，t )； and q'( x，t ) is the 
fluctuation component of q ( x，t ).  The POD method 
aims to find a series of spatial mode functions ϕ ( x ) to 
acquire the best approximation in capturing the energy of 
q'( x，t ).  The goal of POD can be formalized by solving 
the Fredholm eigenvalue problem

∫
Ω
C ( x，x')ϕ ( x')dx' = λϕ ( x ) （2）

where Ω is the whole flow domain； C ( x，x') =
E {q'( x，t ) q'*( x'，t ) } is the two⁃point spatial correlation 
tensor， and the asterisk superscript denotes the complex 

conjugate of a scalar or the Hermitian transpose of a vec⁃
tor or tensor.  There exists a set of eigenmodes 
{ϕ i( x )， λ i } satisfying Eq.（2）， where λ i is the eigen⁃
value corresponding to the i⁃th POD mode ϕ i( x ).  The ei⁃
genmodes {ϕ i( x )， λ i } are ranked by the values of λ i， i.
e. ， λ1 ≥ λ2 ≥ ⋯ ≥ 0， whose eigenvectors are orthogo⁃
nal to each other， satisfying the relation 
∫
Ω
ϕ*

j ( x )ϕ i( x ) dx = δ ij.  The orthogonal eigenvectors can 
be used as a complete basis， and the q'( x，t ) can be ex⁃
panded as

q'( x，t ) = ∑
i = 1

∞
ai ( t )ϕ i( )x （3）

where ai( t ) = ∫
Ω
ϕ*

j ( x ) q'( x，t ) dx are the time coeffi⁃
cients corresponding to the i⁃th POD mode ϕ i( x ).  Then， 
the flow variable q ( x，t ) can be reconstructed as

q ( x，t ) = q̄ ( x ) + ∑
i = 1

∞
ai ( t )ϕ i( )x （4）

2. 2　Spectral proper orthogonal decomposition

There is no meaningful connection between the POD 
modes and the frequency characteristic of the flow， even 
though the frequency characteristic is crucial for the flow 
around bluff bodies with a large⁃amplitude periodic oscil⁃
lation.  The SPOD method provides a feasible algorithm 
to draw the low⁃rank flow pattern corresponding to the 
specific frequency ranges， which are in close agreement 
with the single⁃frequency⁃dominant characteristic of non⁃
linear flutter.  Compared with the space⁃only POD， the 
SPOD method searches for the mode functions ϕ ( x，t ) 
dependent on both space and time to acquire the best ap⁃
proximation for capturing energy of the fluctuation com⁃
ponent q'( x，t ).  A similar eigenvalue problem is pro⁃
posed to solve SPOD modes：

∫-∞
∞ ∫

Ω
C ( x，x'，t，t')ϕ ( x'，t')dx'dt' = λϕ ( x，t ) （5）

where C ( x，x'，t，t') = E {q'( x，t ) q'*( x'，t') } is the two⁃
point space⁃time correlation tensor.  The time integral is 
infinite， implying infinite energy in a space⁃time norm.  
To solve the problem， a new eigenvalue problem in spec⁃
tral space can be derived from Eq.（5） by the Fourier 
transform method.  C ( x，x'，t，t') can be rewritten as 
C ( x，x'，t - t')， and the cross⁃spectral density tensor 
S ( x，x'，f ) can be calculated by performing a Fourier 
transform：

S ( x，x'，f ) = ∫-∞
∞

C ( x，x'，τ) e-i2πfτdτ （6）
where τ = t - t' is the time difference.  A set of spectral 
eigenvalue problems for an arbitrary given frequency f 
can be obtained as follows：
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∫
Ω

S ( x，x'，f )ψ ( x'，f )dx' = λ( f )ψ ( x，f ) （7）
where ψ ( x'，f ) is the eigenvector with the eigenvalue 
λ( f ) corresponding to the spectral eigenvalue problem 
of given frequency f.  Moreover， the eigenvectors of 
Eqs.（5） and （7） satisfy

ϕ ( x，t ) = ψ ( x'，f ) ei2πfτ （8）
The eigenvectors of the spectral eigenvalue problems 

are still orthogonal to each other for the same frequency， 
i. e. ， ∫

Ω
ψ*

j ( x，f )ψ i( x，f ) dx = δ ij.  The Fourier realiza⁃
tion of the fluctuation part q'( x，t ) can be expanded as

q'( x，f ) = ∑
i = 1

∞
ai ( f )ψ i( )x，f （9）

where q'( x，f ) = ∫-∞
∞

q'( x，τ) e-i2πfτdτ is obtained by a 
Fourier transform of the fluctuation component q'( x，t )， 
and ai ( f ) = ∫

Ω
ψ*

i ( x，f ) q'( x，f ) dx are the expanded co⁃
efficients.

Similar to POD， the first few SPOD modes at each fre⁃
quency are the most energetic and contain most of the in⁃
formation about the flow characteristics for the given fre⁃
quency.  Low⁃rank， high⁃fidelity flow reconstruction can 
be easily achieved by removing the redundant modes 
with little energy.  Furthermore， the flow features corre⁃
sponding to a specific frequency range can also be hand⁃
ily accessed by bandpass filtering， which is achieved 
quickly by setting the expanded coefficients ai ( f ) as 
zero for the ineffective frequency range.  In practice， 
low⁃rank， high⁃fidelity flow reconstruction q'rec( x，t ) for 
the relevant frequency range can be calculated using an 
inverse Fourier transform as

q'rec( x，t ) = ∫
f1

f2(∑i = 1

Nmode
ai ( f )ψ i( )x，f ) ei2πftdf （10）

where [ f1，  f2 ] is the relevant frequency range， and Nmode 
is the truncated mode number at a given frequency f.
2. 3　Reconstruction in a noninertial coordinate sys‑

tem

Since flutter is an unsteady fluid⁃structure interaction 
phenomenon， its amplitude in the development or decay 
stages is unstable.  Flow reconstruction around the oscil⁃
lating model boundary with a time⁃varying amplitude is a 
crucial problem in fluid⁃structure interaction mechanism 
analysis of flutter.  An Euler description of the problem 
will transform the material located around the static 
model from a fluid to a solid as the model oscillates.  
Hence， the original SPOD method cannot be used for 
flow reconstruction affected by the moving body bound⁃
ary in a fixed Cartesian coordinate system.  Therefore， a 

noninertial body⁃dependent coordinate system shown in 
Fig. 5（b） was established to acquire the relative flow 
around the model， which was taken as a static body in 
this noninertial frame.  In the noninertial frame， the mass 
center of the model （also the center of vertical and tor⁃
sional vibration） is set as the origin of the coordinates.  A 
body⁃dependent window is set to keep relative static with 
the moving model， and a set of new snapshots of the rela⁃
tive flow in the chosen window is rebuilt at each time in⁃
stance.  For the velocity field u ( x'，t ) at any place x' in 
the relative static window in the noninertial frame， the 
added flow velocities uadd( x'，t ) related to the moving 
model can be represented as

uadd = -α̇b × r - ḣb （11）
where r is a radius vector from the coordinate origin to 
x'， and ( ḣb，  α̇b ) are the vertical and torsional velocities 
of the oscillating model， respectively.  The directions of 
these vectors are indicated in Fig. 5（b）.  The relative 
flow velocities urel can be represented as

urel( x'，t ) = u ( x'，t ) + uadd( x'，t ) （12）
The relative vorticity ω rel( x'，t ) in the noninertial 

frame can be deduced from Eq.（12），

ω rel( x'，t ) = ∇∇ × urel( x'，t ) = ∇∇ × u ( x'，t ) + ∇∇ ×
uadd( x'，t ) = ω ( x'，t ) - 2α̇b （13）

where ω ( x'，t ) is the absolute vorticity at x'， and -2α̇b is 
the added vorticity related to the moving model.  From 
the snapshots of the relative flow velocities in a relative 
static window， the velocities can be reconstructed as 
urel， rec( x'，t ) using the SPOD method by a mode trunca⁃
tion and frequency bandpass filtering according to Eqs.  
（5）⁃（10）.  Then， a reconstructed velocity field urec( x'，t ) 
in the noninertial frame can be calculated by deducting 
the added relative flow velocities uadd( x'，t ) from 
urel， rec( x'，t )，

urec( x'，t ) = urel， rec( x'，t ) - uadd( x'，t ) （14）
Now， the flow velocities urec( x，t ) in the inertial frame 

can be obtained from urec( x'，t ) by coordinate transforma⁃
tion and resampling.  A similar treatment can be applied 
to the vorticity field to obtain the reconstructed vorticity 
ω rec( x，t ) based on a SPOD decomposition of the relative 
vorticity ω rel( x'，t ).
2. 4　Example of flow reconstruction using SPOD

To verify the effectiveness of the SPOD method， the 
reconstructed vorticity fields around the moving model 
using the SPOD method and phase⁃averaging are shown 
in Fig. 6.  All the snapshots of the whole oscillation histo⁃
ries shown in Fig. 6（a） were used to calculate the recon⁃
structed vorticity fields based on the SPOD method.  In 
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the SPOD reconstruction， the chosen frequency range 
[ f1，  f2 ] was 0⁃8 Hz， and the truncated mode number 
Nmode was 10.  The snapshots， including 54 oscillation pe⁃
riods of the stable⁃amplitude LCOs， were chosen for 
phase averaging.  In Fig. 6（b）， the SPOD⁃based recon⁃
structed vorticity fields in the first period of the stable ⁃
amplitude LCOs were compared with the phase ⁃ averag⁃
ing results， revealing high similarity between the two re⁃
sults.

The eigenvalue distribution of the SPOD reconstruc⁃
tion is shown in Fig. 7（a） to verify the reasonableness of 
the cutoff frequency of fcut = 8 Hz and truncated mode 
number Nmode = 10.  The eigenvalues indicate the relative 
importance of each SPOD mode， with higher values rep⁃
resenting more significant contributions to the flow.  The 
dominant components are primarily concentrated around 
the coupled frequency of flutter fc = 3. 46 Hz.  Given this 
distribution， it is reasonable to select a cutoff frequency 
of 8 Hz， as it can capture the essential dynamics associ⁃
ated with the flutter behaviors.

Furthermore， the eigenvalues of the SPOD modes 
within the cutoff frequency of 8 Hz are summed to com⁃
pute the cumulative contribution fraction for the mode 
number， as shown in Fig. 7（b）.  The cumulative contri⁃
bution fraction of the first 10 modes exceeds 90%.  There⁃
fore， the selection of a cutoff frequency of 8 Hz and the 
truncated mode number 10 is well⁃supported by the eigen⁃
value distribution of the SPOD modes， ensuring preser⁃
vation of the essential coherent structures for further 
analysis.

Results of further comparison analysis between the tra⁃
ditional POD and SPOD methods are shown in Fig. 8.  
The truncated mode number Nmode was set 10 for POD re⁃
construction.  The results indicate that when reconstruct⁃
ing the vorticity field using the traditional POD method， 
a high⁃frequency vortex shedding structure at the tip of 
the LEV cannot be isolated easily.  In contrast， the 
SPOD reconstruction incorporating a cutoff frequency of 
8 Hz can effectively filter out the high⁃frequency vortex 
shedding components， capturing only the flow structures 

Fig. 6　Comparison of the instantaneous， phase⁃averaging， and SPOD⁃based reconstructed vorticity fields in an oscillation period 
at U in / ( fα0 B ) = 8. 71.  （a） Origin； （b） Phase average； （c） SPOD reconstruction
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associated with the flutter coupling frequency， i. e. ， the 
low⁃frequency flapping LEV structure.  This result 
clearly demonstrates the effectiveness of the SPOD 
method in filtering out the high⁃frequency flow structure 
and retaining the low⁃frequency and large⁃scale vortex in⁃
duced by the LEV oscillating model.
3　Flutter Mechanism Analysis Considering A 

Fluid

The unsteady flow around the structure directly and 
significantly affects the dynamic behaviors of the model.  
To further explore the detailed flow⁃structure interaction 
process and identify the role of unsteady flow in the flut⁃
ter， two major questions should be addressed： 
（1） Which characteristic flow structure plays an impor⁃

tant role in the flutter？  （2） What role does the character⁃
istic flow structure play in the flow⁃structure interaction 
process？  A series of analysis was performed to answer 
these questions.
3. 1　Flow around the static model

In contrast the case of a low angle of attack， the flow 
separation around the airfoil with a high angle of attack 
can cause significant lift reduction.  A stall flutter， rather 
than classical flutter， is induced for such an airfoil.  The 
aerodynamic feature suggests that the flutter characteris⁃
tics may be related to the flow pattern around the static 
structure.  Similarly， in the present study， the unsteady 
flow characteristics around the static model were first in⁃
vestigated to determine whether a sudden and vibration ⁃

Fig. 7　Eigenvalue distribution and cumulative contribution fraction of the SPOD modes at U in / ( fα0 B ) = 8. 71.  （a） Normalized ei⁃
genvalue distribution； （b） Cumulative contribution fraction

Fig. 8　Comparison of the SPOD⁃based and POD⁃based reconstructed vorticity fields in an oscillation period at U in / ( fα0 B ) = 8. 71.  
（a） Phase average； （b） SPOD reconstruction； （c） POD reconstruction
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independent alternation occurred in the flow patterns be⁃
fore and after the flutter critical wind speed—such a phe⁃
nomenon could have been a potential inducement to flut⁃
ter.  A space⁃only POD method was adopted to extract 
the characteristic modes of the velocity field nondimen⁃
sionalized by the inflow velocity around the static model 
at various wind speeds of U in / ( fα0 B ) = 5. 15， 6. 04 and 
8. 71， in which U in / ( fα0 B ) = 6. 04 is close to the flutter 

critical wind speed.  The first few POD modes above the 
model are shown in Fig. 9， considering the symmetry of 
the aerodynamic shape.  The same⁃order POD modes dif⁃
fer slightly at different wind speeds， indicating that the 
flow patterns around the static model do not change as 
the inflow velocity increases greatly， exceeding the flut⁃
ter critical wind speed.  From the invariance of the flow 
patterns， it can be inferred that the flow around the static 
model is not a factor inducing nonlinear flutter.

3. 2　Flow around the oscillating model

The previous section revealed that no abrupt change oc⁃
curred in the flow pattern around the pure static model.  
The result suggests that the model oscillation plays an im⁃
portant role in flutter flow analysis.  Next， the flow char⁃
acteristics influenced by the oscillating model will be a 
huge focus， and the interaction process between the flow 
and structural oscillation will be investigated thoroughly.
3. 2. 1　Time⁃frequency analysis for an unsteady flow

First， the time⁃frequency characteristics of the flow 

field were analyzed for a model with a small⁃amplitude 
oscillation.  The flow fields around the model with a 
small torsional amplitude of less than 1° were chosen to 
analyze the time⁃frequency characteristics based on a 
wavelet transform method using the Morlet wavelet.  A 
set of probes was placed in the flow domain above the 
model only， considering the symmetry of the aerody⁃
namic shape.  The distance between two adjacent probes 
was set as L = B/20， and the bottom probe row was in⁃
stalled at L/2 above the model boundary to avoid the over⁃

Fig. 9　Comparison of the POD modes of the velocity field around the static model at different inflow velocities.  （a） U in / ( fα0 B ) =
5. 15； （b） U in / ( fα0 B ) = 6. 04； （c） U in / ( fα0 B ) = 8. 71
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lapping between the flow probes and the solid boundary 
due to model oscillation.  The velocities of all the 
probes， sampled by the PIV tests with a sampling fre⁃
quency of 200 Hz， were used for the wavelet transform 
at various inflow velocities U in / ( fα0 B ) = 5. 15， 6. 04 
and 8. 71.  The detailed probe locations are shown in 
Fig. 10（a）.  The corresponding torsional oscillation histo⁃
ries at these wind speeds are shown in Figs. 10（b） to 
（d）.  The time⁃frequency results of velocities at three rep⁃
resentative locations—probe P1 near the leading edge， 
probe P2 at the middle reach， and probe P3 near the trail⁃
ing edge—are shown in Figs. 11⁃13.

Figs. 11⁃13 shows that a dominant frequency， coincid⁃
ing with the oscillation frequency， emerges in the flow 
near the leading edge when the model vibrates with a 

small amplitude at different inflow velocities for three 
given cases.  For U in / ( fα0 B ) = 5. 15， when the vibration 
amplitude decreases， the dominant frequency of the un⁃
steady flow near the leading edge gradually weakens but 
still exists at a very low amplitude.  The case of 
U in / ( fα0 B ) = 6. 04 is very close to the critical state of 
flutter， and an indistinct dominant frequency also ap⁃
pears in the flow near the leading edge when the oscilla⁃
tion gradually develops and attains a relatively stable am⁃
plitude of approximately 0. 12° .  As the flow develops 
downstream along the model boundary， the 
high⁃frequency fluctuation component of the flow is en⁃
hanced remarkably， and the dominant frequency van⁃
ishes at P2 and P3.  For U in / ( fα0 B ) = 8. 71， the domi⁃
nant frequencies of the unsteady flow at P1， P2， and P3 
became increasingly significant as the torsional ampli⁃
tude increased.  In general， the dominant flow frequency 
can be stimulated by model oscillation regardless of 
whether the inflow velocity exceeds the critical value.  
The value of the dominant frequency depends on the tor⁃
sional amplitude and the location relative to the model.  
A location nearer the leading edge and a larger torsional 
amplitude favor a higher dominant frequency.  Further， it 
is inferred that the dominant frequency of the down⁃
stream flow will be disturbed and unstable because of the 
effect of shear layer instability.

The time⁃frequency results for the high⁃frequency 
range are also shown in Fig. 11.  The distributions of the 
high⁃frequency components for various inflow velocities 
show almost no difference， except for a fluctuation en⁃
hancement in the middle and downstream flows.  The re⁃
sult indicates that the small⁃scale flow structure weakly 
affects flutter behaviors.
3. 2. 2　Leading⁃edge flow structure

The time⁃frequency analysis for the unsteady flow near 
the model revealed that a characteristic frequency appears 
in the leading⁃edge flow when the model starts vibrating.  
This frequency indicates that a flap of the LEVs can be 
stimulated by model oscillation， as shown in Fig. 6.  Ob⁃
viously， the LEV flap frequency is identical to the flutter 
coupled frequency.  Conversely， the role of the flapping 
LEVs in the flutter behaviors is yet to be specified.  This 
section details the efforts made to explore the influence 
of the special flow structure on the model oscillation.  
These efforts greatly helped to improve our understand⁃
ing of the flow⁃structure interaction process.

In general， the aerodynamic force acting on the model 
depends strongly on the local flow structure， such as 
flow separation and vortex motion—both of which are as⁃
sociated with strong vorticity.  In vorticity dynamics， the 
force acting on the body due to the external flow can be 

Fig. 10　 Distributions of the probe velocities and oscillation 
histories corresponding to the wavelet⁃analysis cases.  （a） Ve⁃
locity probe locations； （b） U in / ( fα0 B ) = 5. 15； （c） U in / 
( fα0 B ) = 6. 04； （d） U in / ( fα0 B ) = 8. 71
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deduced quantitively from a vorticity⁃related expres⁃
sion［45⁃46］.  Therefore， considering the inherent connec⁃
tion between the vorticity and force， vorticity is chosen 
as a characteristic physical quantity for the analysis.

For various wind speeds， a series of specific vibration 
amplitudes ranging 1°⁃10° and an interval of 1° were cho⁃
sen.  A slice of one⁃cycle response history corresponding 
to the given amplitudes was extracted from the growing 

Fig. 12　Time⁃frequency results of velocity probes at U in / ( fα0 B ) = 6. 04.  （a） P1； （b） P2； （c） P3

Fig. 11　Time⁃frequency results of velocity probes at U in / ( fα0 B ) = 5. 15.  （a） P1； （b） P2； （c） P3
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or decay flutter response signals.  While the flutter re⁃
sponses may continue to grow or decay at the given am⁃
plitude for different inflow velocities， the flow states dur⁃
ing the period of oscillation can be considered to be unaf⁃
fected by the previous oscillation due to the slowly vary⁃
ing nonlinearity.  The synchronous snapshots of the vor⁃
ticity fields in the period of oscillation were acquired.  
The SPOD method （see Section 2） was used to recon⁃
struct the low⁃rank， high⁃fidelity vorticity field corre⁃
sponding to the characteristic frequency.  The low⁃pass 
cutoff frequency was set to fcut = 8 Hz.  The truncated or⁃
der of SPOD modes at each frequency component was set 
to Nmode = 10.  The reconstructed dimensionless vorticity 
fields at different inflow velocities are listed in Figs. 14 
and 15， in which the dash line represents the isopleth of 
ωz B/U in = ±5.

When the model remains static， as shown in Fig. 14， a 
couple of LEVs are produced symmetrically at both sides 
of the leading edge because of the flow separation.  The 
LEVs are distributed along the model boundary with a 
size similar to the model width.  As the oscillation ampli⁃
tude gradually increases， the couple of LEVs shown in 
Fig. 15 start to flap in the opposite phase because of the 
model oscillation.  When the model is located at the equi⁃
librium position α = 0° and moves to a positive angle of 
attack， the LEV is induced at the top side of the leading 
edge.  It is enhanced as the model reaches the maximum 

torsional amplitude.  Then， as the model moves and ap⁃
proaches equilibrium again from the torsional peak posi⁃
tion， the top⁃side LEV continues to develop downstream 
and gradually separates from the model wall at a large tor⁃
sional amplitude.  Before the model vibrates to another 
torsional peak position corresponding to a negative angle 
of attack， the top⁃side LEV starts approaching the model 
wall and weakens.  Similarly， the bottom⁃side LEV ex⁃
hibits the same dynamic behavior with an opposite phase 
compared with the top⁃side LEV due to the symmetry of 
the aerodynamic configuration.

An interesting and thought⁃provoking phenomenon is 
the distinct difference in vorticity distribution for various 
inflow velocities， even when the model vibrates in the 
same phase of the same oscillation period and amplitude.  
A striking example is that the vorticity distribution above 
the model at t = 1/4T for U in / ( )fα0 B = 5. 15 is similar to 
that at t = 1/8T for U in / ( )fα0 B = 6. 93， while the top ⁃
side LEVs are generated at the equilibrium position corre⁃
sponding to t = 0.  The results show that the evolution of 
LEV at a low wind speed is slower than that at a higher 
wind speed， implying that the change in inflow velocity 
arouses a discrepant interaction effect between the LEV 
flap and model oscillation.
3. 2. 3　Correlation analysis of the LEV

To quantitatively evaluate the interaction effect at vari⁃
ous inflow velocities， a correlation analysis of the dimen⁃
sionless vorticity field was performed.  The analysis 

Fig. 13　Time⁃frequency results of velocity probes at U in / ( fα0 B ) = 8. 71.  （a） P1； （b） P2； （c） P3
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yielded the phase lead of the LEV flap at different wind 
speeds when the model oscillated in the same phase with 
the same amplitude.  A detailed schematic diagram of the 
correlation analysis and phase⁃lead calculation for differ⁃
ent inflow velocities is shown in Fig. 16.

For all wind speeds， the SPOD⁃reconstructed dimen⁃
sionless vorticity field in a period of oscillation with the 
same amplitude was selected for comparison.  
U in / ( )fα0 B = 5. 15 was taken as a reference case.  The 
snapshots of dimensionless vorticity are denoted as 

{ ω1， ω2， …， ωNs }U in = Ucomp for the cases to be compared 
and as { ω1， ω2， …， ωNs }U in = Uref for the reference case.  
These vorticity snapshots share a series of identical oscil⁃
lation phases ϕ1， ϕ2， …， ϕNs ranging from 0 to 2π， and 
Ns is the total number of snapshots in a period of oscilla⁃
tion.  For the i‑th dimensionless vorticity field ω i corre⁃
sponding to a specific phase ϕ i at other wind speeds， the 
most relevant vorticity field ω i' corresponding to phase ϕ i' 
of the reference case is selected based on the criterion

Fig. 15　Nondimensional vorticity distribution in an oscillation period for different inflow velocities （αAmp = 4°）.  （a） U in / ( fα0 B ) =
5. 15； （b） U in / ( fα0 B ) = 6. 93； （c） U in / ( fα0 B ) = 8. 71

Fig. 14　Nondimensional vorticity distribution around the static model at different inflow velocities.  （a） U in / ( fα0 B ) = 5. 15； （b） 
U in / ( fα0 B ) = 6. 93； （c） U in / ( fα0 B ) = 8. 71
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i' = argmax
j ∈ { }1， 2，…，  Ns

 (rij ) （15）
A two⁃dimensional correlation coefficient rij between 

two dimensionless vorticity fields ω i and ω j of is defined 
as

rij = ∑
m
∑

n
( )ωmn

i - ω̄ i ( )ωmn
j - ω̄ j

( )∑
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( )ωmn

j - ω̄ j

2
（16）

where m × n are the dimensions of the 2D snapshots of 
dimensionless vorticity， and the top mark， i. e. ， a hori⁃
zontal line， represents an average value of the 2D snap⁃
shots.  Then， the phase difference ∆ϕ i can be calculated 
by

∆ϕ i = ϕ i' - ϕ i （17）
which expresses an oscillation phase difference for two 
cases of different wind speeds when the vorticity distribu⁃
tions are the most similar for a given oscillation period.  
A positive ∆ϕ i means that a similar flow structure will ap⁃
pear at a lead oscillation phase for the case to be com⁃
pared with the reference.  The phase difference ∆ϕ i pro⁃
vides a quantitative indicator to evaluate the evolution 
speed difference of the LEV at different inflow velocities 
when the model vibrates with the same amplitude.

Fig. 17 shows the phase difference ∆ϕ i for the refer⁃
ence case U in / ( fα0 B ) = 5. 15 for two different oscillation 

amplitudes αmax = 4° and αmax = 8°.  The zero phase of 
oscillation ϕ i = 0 represents the equilibrium position 
tending to a positive angle of attack， corresponding to t =
0 in Fig. 15.  For all inflow velocities， the phase differ⁃
ences ∆ϕ i of the vorticity field for the reference case 
gradually rises until the oscillation phase ϕ i increases to 
180°.  In a specific vibration phase， the phase differences 
∆ϕ i at a higher inflow velocity are larger than that at a 
lower inflow velocity.  A larger phase difference indi⁃
cates the faster development of the LEV flap at a higher 
wind speed， but in the same oscillation period， which is 
shown in Fig. 15.  Moreover， the phase differences ∆ϕ i 
sharply fall to almost 0° when the oscillation phase ϕ i ap⁃
proaches to 180° .  At this moment， the model moves to 
the equilibrium position from the positive angle of at⁃
tack.  The top⁃side LEV almost disappears， whereas the 
bottom⁃side LEV begins to be induced and enhanced.  
Therefore， the dramatic slump of the phase differences 
∆ϕ i at about ϕ i = 180° is triggered by the switching of 
the dominant flow structure from the top⁃side LEV to the 
bottom⁃side LEV.
3. 3　Analysis of the fluid‑structure interaction 

mechanism

The relationship between the leading⁃edge vortex and 
aerodynamic forces has been extensively stud⁃
ied［33， 35， 46⁃47］.  However， it is challenging to establish a 

Fig. 16　Schematic diagram of the vorticity⁃based flow correlation analysis and phase⁃lead calculation for different inflow velocities
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direct quantitative relationship between the two for vis⁃
cous flows around a bluff body at high Reynolds num⁃
bers.  Howe［48］ and Wu et al. ［46］ deduced an expression 
for the aerodynamic force and torque acting on a bluff 
body for 2D viscous flows， but it is difficult to apply it 
directly for analysis.  However， their results indicate that 
for a given aerodynamic configuration， a similar flow 
structure will induce a similar aerodynamic torque.  
Therefore， in essence， the phase difference ∆ϕ i can be 
considered an indicator of the phase differences of aero⁃
dynamic torque at different inflow velocities when the os⁃
cillation phases remain the same for a period of oscilla⁃
tion.

The relationship between the phase difference of the 
aerodynamic torque and oscillation and the aerodynamic 
work can be directly derived from the dynamic equa⁃
tions.  For the flutter dynamic system of an 8∶1 rectangu⁃
lar flat plate， the dynamic equation can be simply repre⁃
sented as a single degree⁃of⁃freedom torsional motion：

Jα̈ + cα0 α̇ + Kα0α = Tse （18）
where Tse is aerodynamic torque； J is an inertial mo⁃
ment； cα0 and Kα0 are mechanical damping and stiffness， 
respectively.  The response α can be approximated as a si⁃
nusoidal oscillation with an amplitude αmax and a flutter 
frequency ωc：

α = αmax sin (ωct ) （19）

Further， the aerodynamic torque can be represented as 
a function of motion states：

Tse = cα，se α̇ + Kα，seα = cα，seαmaxωc cos (ωct ) +
Kα，seαmax sin (ωct ) = Tmax sin (ωct + ∆φT ) （20）

where cα，se and Kα，se are aerodynamic damping and stiff⁃
ness， respectively； Tmax = αmax c2

α，seω2c + K 2
α，se； tan φT =

cα，seωc /Kα，se； and the phase ∆φT represents a phase differ⁃
ence of the aerodynamic torque Tse compared to the tor⁃
sional angle α.  The work P done by the aerodynamic 
torque is then given as follows：

P = ∫0

2π
ωc Tse α̇dt = Tmaxαmax∫0

2π
ωc sin (ωct +

∆φT ) cos (ωct )dt = πTmaxαmax sin ∆φT （21）
Note that the sign of P is determined solely by the 

phase difference ∆φT between the aerodynamic torque Tse 
and the response α.  As ∆φT increases， the work P done 
by the aerodynamic torque Tse changes from negative to 
positive， inducing an oscillation in the dynamic system.

The increasing ∆ϕ i signifies an enhanced ability to do 
work induced by the aerodynamic torque on the struc⁃
ture.  Based on the indicator ∆ϕ i， an intuitive physical 
diagram of the interaction process of the nonlinear flutter 
of the rectangular flat plate was drawn.  The flapping 
LEVs form a crucial link for energy transfer between the 
fluid and structure.  The oscillation of the model induces 
flapping of LEVs produced by the flow separation.  The 
flapping frequency is identical to the dominant frequency 
of model oscillation.  Conversely， the LEVs develop 
faster as the inflow velocity increases， heightening the 
phase differences between the aerodynamic force and os⁃
cillation.  The increase in the phase differences allows the 
fluid around the model to do more work by acting on the 
structure to induce a flutter behavior.

The LEV evolution process depends on model oscilla⁃
tion.  The influence of an increasing wind speed is some⁃
what homologous to the elevated oscillation frequency 
for the LEV flap—both result in the faster development 
of the LEVs downstream in a period of oscillation.  
Therefore， the relative ratio of the inflow velocity and os⁃
cillation frequency should be a control parameter for the 
nonlinear flutter based on the theory of the flapping 
LEVs.  Coincidentally， the control parameter is consis⁃
tent with the reduced wind velocity U in /ωB， which is a 
vital dimensionless independent variable describing the 
aerodynamic force in Scanlan’s classical theory of flutter 
derivatives， as well as other nonlinear models of aerody⁃
namic force.  Thus， the rationality of the interaction 
mechanism analysis is validated indirectly from the view⁃
point of flapping LEVs for the flutter of a rectangular flat 
plate.

Fig. 17　Phase differences ∆ϕ i versus the oscillation phase ϕ i 
for the reference case U in / ( fα0 B ) = 5. 15 for different inflow ve⁃
locities.  （a） αmax = 4°； （b） αmax = 8°
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4　Conclusions

The study presents an experimental investigation of the 
unsteady flow characteristics of flutter instability for a 
rectangular flat plate with B/H = 8∶1.  Different initial ex⁃
citations were exerted to obtain the all⁃around nonlinear 
dynamic characteristics during the entire flutter process， 
including the growth stages， decay stages， and steady 
LCOs.  The complete velocity field around the oscillating 
model was obtained based on a PIV technique using two 
synchronous cameras and a stitching method.  A novel in⁃
sight into the fluid⁃structure interaction mechanism of 
flutter was provided based on a deep understanding of the 
unsteady flow characteristics around the oscillating 
model， especially the formation and evolution of flap⁃
ping LEVs induced by the structure oscillation.

The unsteady flow characteristics around the static and 
oscillating models were explored using a POD method 
and wavelet transform analysis， respectively.  The flow 
patterns around the static model remained unchanged re⁃
gardless of whether the inflow velocity exceeded the flut⁃
ter critical wind speed.  A characteristic frequency identi⁃
cal to the flutter coupled frequency appeared in the flow 
at the leading edge only if the model started vibrating， in⁃
dicating the flapping of the LEVs stimulated by the 
model oscillation.

To acquire the characteristic flow structure for a spe⁃
cific frequency range， the SPOD method was extended 
in the noninertial frame to reconstruct a low⁃rank， 
high⁃fidelity flow field around the moving model with a 
time⁃varying amplitude.  The SPOD⁃based reconstructed 
vorticity fields were compared with the phase⁃averaging 
results.  The result indicated that the extended SPOD 
method filtered out the small and broken high⁃frequency 
flow structure and successfully captured the large⁃scale 
LEVs induced by model oscillation.

The formation and evolution of the flapping LEVs in 
an oscillation period were investigated for different in⁃
flow velocities based on the SPOD⁃reconstructed vortic⁃
ity field.  A correlation analysis was performed for the 
vorticity distributions to quantitatively evaluate the differ⁃
ences in the interaction process between the flow and 
structure for different inflow velocities.  We discovered 
that the flapping LEVs can build a critical connection for 
energy transfer between the fluid and structure.  A signifi⁃
cant phase lead phenomenon was observed in the LEV 
evolution downstream for a higher inflow velocity， even 
with the same vibration amplitude.  The leading phase of 
the flow evolution at a higher inflow velocity is related to 
the expansion of the phase differences between the aero⁃
dynamic force and oscillation.  The phase offset of the 
aerodynamic forces allows the flow acting on the struc⁃
ture to do more work， finally resulting in flutter.
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8∶1矩形平板颤振流固耦合机理试验研究
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工信部重点实验室，哈尔滨150090；3.哈尔滨工业大学土木工程学院，哈尔滨150090）
摘要： 当前钝体平板颤振研究中，非定常流动与结构振动之间的相互作用机制尚未明晰。本文探究了 8∶1
矩形平板颤振过程中前缘涡的形成与演化机制，为揭示颤振的流固耦合机理提供了新的视角。开展了一系

列风洞试验，对8∶1矩形平板的非线性颤振失稳特性进行了研究。采用粒子图像测速技术（PIV）和流场插值

重构方法，获取了 8∶1 矩形平板发生颤振前后完整的绕流场特征。为了进一步分析与颤振耦合频率相关的

特征流态，将谱本征正交分解方法（SPOD）拓展至非惯性参考系，实现了非稳态振动边界下颤振绕流场重构

和颤振相关特征流动结构提取，发现 8∶1 矩形平板发生颤振时，前缘涡受结构振动诱导出现周期性拍动现

象。对不同来流速度下拍动前缘涡结构进行相关性分析，结果表明，前缘涡演化随风速提高呈现出显著的

相位前移现象，进而诱发气动力同样发生相位前移，最终导致颤振发生。

关键词：颤振；气动不稳定性；流固耦合；前缘涡；谱本征正交分解
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