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ABSTRACT
An original experimental analysis dedicated to the under-
standing of the fluid-structure interaction mechanisms lead-
ing to the lock-in sustained by a hydrofoil was conducted.
Experiments were carried out in the hydrodynamic tunnel
of the French Naval Academy Research Institute on a trun-
cated NACA 66-306 hydrofoil of chord length 85 mm and
maximal thickness 6.13 mm at chord-based Reynolds num-
bers Rec ranging between 2.55×105 and 4.68×105 at zero
angle of attack. An original experimental methodology
combining time Time-Resolved Particle Image Velocime-
try (TR-PIV), laser vibrometry and Spectral Proper Orthog-
onal Decomposition (SPOD) offers new insights about the
fluid-structure coupling mechanisms. Results highlighted a
major excitation source consisting in Karman vortex shed-
ding. Lock-in occurs at Rec = 3.83 × 105 when the
primary Karman vortex shedding frequency synchronises
with a torsional natural frequency. During the transition
from low magnitude vibrations to the lock-in, the first flex-
ural natural frequency of the hydrofoil is imprinted in the
near-wake recirculation region and induces the appearance
of two characteristic Karman vortex shedding frequencies.
These results pave the way for novel vortex induced vibra-
tion mitigation strategies.
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1 INTRODUCTION
High magnitude vibrations arise when a hydrodynamic ex-
citation source synchronises with a natural frequency of a
structure leading to a phenomenon known as lock-in (Nau-
dasher et al. 2012). Due to their geometrical and structural
properties, marine lifting surfaces such as propeller blades,
hydrofoils or fins are particularly prone to this type of
fluid-structure coupling which may induce intense acous-
tic noise, performance deficit, early structural fatigue and
in the worst-case failure. Recent evolutions in interna-
tional maritime regulations dedicated to underwater radi-
ated noise (URN) encourage shipbuilders and marine engi-
neers to design more silent ships in order to protect marine
wildlife. Also, in the naval domain, the reduction of URN,
especially the noise emitted by the propellers, is a major
concern for acoustic stealth.

Flow induced vibrations and noise is a highly coupled and
complex phenomenon which requires a combined analysis
of the hydrodynamic excitation mechanisms and the vibra-
tional response of a structure. If the Reynolds number of
the flow exceeds a certain threshold value, periodic vor-
tex shedding will occur due to the interaction between sep-
arated shear layers (Williamson et al. 1988), eventually
leading to lock-in if the vortex shedding frequency is equal
to a natural frequency of the structure. High magnitude vi-
brations may then arise on a broad range of flow velocities
(Bearman 1984). The Strouhal number StD = fvsD/U0,
with fvs the vortex shedding frequency, D a characteris-
tic thickness of the body and U0 the free-stream velocity,
is representative of the vortex shedding phenomenon and
has been extensively investigated for different types of ge-
ometries such as cylinders (Norberg et al. 2001), blunt
plates (Blevins et al. 1979) and hydrofoils (Zobeiri, 2012).
During the lock-in, the vortex shedding frequency deviates
from a constant Strouhal value due to the coupling with the
structural vibrations.

Qin et al. (2023) observed that the magnitude of vibrations
is highly dependent on the location of the separation point
of the shear-layers at the top and bottom surfaces of the
trailing-edge of an oblique truncated hydrofoil. They high-
lighted that the collision of shed vortices in an asymmet-
ric wake may lead to energy dissipation and reduce vibra-
tion magnitude. According to their study the optimal trun-
cation angle in terms of vibration mitigation is 30°. Yao
et al. (2014) observed that vibration magnitude could be
even more reduced in the case of a particular oblique trail-
ing edge named Donaldson trailing edge which induces a
high hydrodynamic damping. In the case of a perpendicu-
lar truncated trailing edge, the velocity range where high
magnitude vibrations occur is large and depends on the
thickness of the trailing edge (Zobeiri et al. 2012). Very re-
cently, Berger et al. (2025) presented an original mitigation
approach consisting in the addition of a gyroid-structured
extension attached to a hydrofoil trailing-edge. They ob-
served a reduction level of 99.5% of the vibration level
at lock-in and a complete cancellation of Karman vortex
shedding. This highlight the predominance of shear-layer
interaction and vortex shedding in the Flow-Induced Vibra-
tion (FIV) mechanism sustained by truncated hydrofoils.
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The complexity of the Fluid-Structure Interaction (FSI)
mechanisms highlight the necessity of combining various
experimental measurement techniques in order to accu-
rately analyse the sources of high magnitude vibrations.
The present study consists of an original experimental
investigation of the near-wake hydrodynamic properties
and of the vibrational response of a truncated NACA 66-
306 hydrofoil at different vibration regimes for zero inci-
dence. The wake is characterized by Time-Resolved Par-
ticle Image Velocimetry (TR-PIV) associated with Spec-
tral Proper Orthogonal Decomposition (SPOD) to analyse
spatio-temporal hydrodynamic modes. A special focus is
dedicated to the transition from a low magnitude vibration
regime to a lock-in regime. After introducing the context
of the study, the experimental set-up is described and the
main results are discussed.

2 EXPERIMENTAL SET-UP AND METHODS

2.1 Hydrodynamic tunnel and hydrofoil geometry
The French Naval Academy Research Institute (IRENav)
hydrodynamic tunnel is dedicated to the study of two or
three dimensional water flows around objects of average
size 100 mm. The test section of the tunnel is 1 m long and
has a squared section of 192 mm× 192 mm. Monitoring
and regulation of the flow velocity is achieved by a pro-
grammable logic controller. The pressure and velocity at
the entrance of the test section are regulated with a relative
precision of ±2.5% and ±2.0% respectively.

For the present study, a NACA 66-306 aluminium hydrofoil
of original chord c0=100 mm was employed. The trailing
edge was truncated at 85% of c0 in order to have a final
chord c=85 mm. The maximal thickness D is equal to 6%
of c0 at 45.46% of c0. The thickness t of the truncated
trailing-edge is equal to 3.4 mm. The surface of the hy-
drofoil was anodised in order to avoid oxidation. The final
dimensions after manufacturing are 191.0 mm × 85.0 mm
× 6.13 mm. The root of the hydrofoil ensures a perfect
clamping condition at the backside of the test section and
is mounted with zero incidence assuming an uncertainty in
the angle of attack of 0.1°. Three piezoelectric transducers
are integrated in the hydrofoil and can be used as excitation
sources for the determination of the natural frequencies.
Refer to Watine et al. (2024) for additional data about the
piezoelectric transducers. Figure 1 illustrates the mounting
of the hydrofoil in the test section. The FSI mechanisms en-
dured by the truncated hydrofoil were investigated for flow
velocities ranging between 3.0 m.s−1 and 5.5 m.s−1 cor-
responding to chord-based Reynolds number Rec included
in [2.55× 105;4.68× 105].

2.2 Vibration measurement
Laser vibrometry is a technique based on Doppler effect
which enables to measure the vibration velocity at differ-
ent locations on the surface of a structure. For the present
study, a scanning vibrometer of the type PSV 400 B was
employed to characterise the vibrational features of the
truncated hydrofoil. Measurements were done at a single
position located at 5 mm from the trailing edge and 5 mm
from the hydrofoil tip. The strength of the laser beam was

enhanced by a reflective sticker positioned on the hydrofoil
surface at the measurement location. The vibration velocity
is recorded with a maximal accuracy of 0.01 m.s−1. The
vibraton velocity time signal was analysed by Fast Fourier
Transform (FFT) in order to extract the main vibration fre-
quencies of the hydrofoil at various flow velocities. The
reduced velocity with regard to the first torsional mode and
the second flexural mode is defined as Ur2 = U0/(f2D)
and Ur3 = U0/(f3D) respectively. A modal analysis was
achieved during a previous study in order to extract the nat-
ural frequencies and modes shapes of the hydrofoil. See
Watine et al. (2024) for details. Table 1 summarizes the
modal properties of the hydrofoil immersed in water.

Figure 1: Test section of the IRENav hydrodynamic tunnel.
Figure from Watine et al. (2023)

Table 1: Natural frequencies and deflection shapes.

Deflection shape Natural frequency
First mode flexural f1=39.73 Hz

Second mode torsional f2=282.70 Hz
Third mode flexural f3=303.60 Hz

2.3 TR-PIV
Time Resolved Particle Image Velocimetry (TR-PIV) is a
contact less laser optical flow visualisation technique which
offers the opportunity to reconstruct the flow field around
an immersed structure. Its principle relies on the scatter-
ing of a vertical laser plane by travelling polyamide parti-
cles seeded into the liquid flow. A high speed camera syn-
chronized with the laser pulse captures pairs of high spa-
tial resolution images of the light scattered by the particles
which permits to record their displacement and reconstruct
the flow field. For the present study, TR-PIV was employed
to reconstruct the wake flow behind the hydrofoil by using
an adaptive PIV method with the software Dantec. Table
2 summarizes the main parameters of the TR-PIV setup.
An example of vorticity field at U0 = 3.0 m.s−1 obtained
by TR-PIV is presented in figure 2. The x − y axis sys-
tem takes it’s origin at the center of the truncated trailing
edge. the vectors u and v define the horizontal and vertical
velocity components respectively.



Table 2: Main parameters of the TR-PIV setup.

High speed camera type Phantom v611
Scale factor 45.87 µm/pixels
Picture size 1280× 800 pixels
Field of view size 9.6D × 6D
Spatial resolution of PIV grid 0.12D × 0.12D
Sampling frequency of image pairs 1495 Hz
Time between image pairs 365/U0µs

Figure 2: (x,y) instantaneous vorticity field at
U0 = 3.0 m.s−1 obtained by TR-PIV. (The hydrofoil is
coloured in black).

2.4 Spectral proper orthogonal decomposition
Above a certain Reynolds threshold value, the near-wake
region located behind an object immersed in a water flow
exhibits turbulent structures at different spatial scales. The
identification of the most energetic turbulent structures, i.e.
the highest size vortices, is essential for the understand-
ing of the fluid-structure interaction mechanisms leading
to high magnitude vibrations. Spectral Proper Orthogo-
nal Decomposition (SPOD) is an analysis method which
permits to extract the main spatial coherent structures of
a fluctuating velocity field according to their characteristic
frequency and energy level (Sieber et al. 2016, Schmidt et
al. 2020). For the present study, the SPOD method was
applied to the velocity fields reconstructed by TR-PIV in
the near-wake region of the truncated hydrofoil. The most
energetic frequencies were assessed in order to identify the
coherent wake structures at the origin of the vibrational re-
sponse of the hydrofoil. The applied SPOD parameters are
summarized in table 3.

Table 3: Parameters of the Spectral Proper Orthogonal De-
composition (SPOD) using Welch method.

Number of snapshot blocks 10
Number of snapshots per bloc 512
Bloc overlap 50%
Frequency discretization 3 Hz
Windowing function Hamming

3 RESULTS
The following section presents the main results describing
the fluid-structure interaction mechanisms sustained by the
truncated hydrofoil and according to the combined mea-
surement techniques of laser vibrometry and TR-PIV and
analysed by the SPOD method.

3.1 Vibrations induced by hydrodynamic excitation
For each flow velocity, varying in the range 3.0 m.s−1-
5.5 m.s−1, with a step of 0.1 m.s−1, a vibration veloc-
ity signal was recorded and converted to frequency do-
main by Fast Fourier Transform (FFT). The vibration in-
tensity was evaluated at each flow velocity by comput-
ing the Root Mean Square (RMS) value of the vibration
velocity signal. According to figure 3, the most intense
vibrations occur for flow velocities ranging between 4.0
(Rec = 3.40 × 105) and 4.6 m.s−1 (Rec = 3.91 × 105)
and between 4.6 m.s−1 (Rec = 3.91× 105) and 5.1 m.s−1

m.s−1 (Rec = 4.34× 105) which correspond respectively
to the lock-in with the first torsional mode f2 and with the
second flexural mode f3. The highest magnitude vibra-
tions are attained at U0=4.5 m.s−1 (Rec = 3.83 × 105,
Ur2 = 2.6). During the lock-in Ur = 1/StD in agree-
ment with StD = StD3 = 0.348. For lower flow veloc-
ities ranging between 3.5 m.s−1 (Rec = 2.98 × 105) and
4.0 m.s−1 (Rec = 3.40 × 105), the RMS of vibration ve-
locity increases linearly with the flow velocity which is in
accordance with the observations of Watine et al. (2023)
who observed a transitional regime, identified as pre lock-
in, between a low magnitude vibration regime and a lock-in
regime in the case of a flat plate immersed in a varying ve-
locity water flow.

Figure 3: Evolution with the free-stream velocity of the vibra-
tion velocity signal root mean square value.

Figure 4 presents the vibration velocity spectra at a flow ve-
locity U0 equal to 3.0 m.s−1. The frequency and magnitude
of the four highest amplitude vibration velocity peaks were
reported in order to characterize the vibrational response
of the hydrofoil. When increasing the flow velocity, it ap-
pears that some peaks feature a constant frequency while
others see there frequency increase. Some of these con-
stant frequency peaks correspond to natural frequencies of
the structure while the varying frequency peaks are associ-
ated to hydrodynamic excitation sources. In figure 4, peak
2 corresponds to the first torsional mode, peak 3 to the first
flexural mode and peak 4 to the second flexural mode while
peak 1 corresponds to a hydrodynamic excitation source.



For this particular flow velocity, there is only small differ-
ence of magnitude between these four peaks which means
that the global deformation of the hydrofoil is a combina-
tion of flexural and torsional deflection shapes of similar
magnitudes.

Figure 4: Vibration velocity frequency spectrum obtained
by Fast Fourier Transform at a free-stream velocity U0=3.0
m.s−1 (Rec = 2.55× 105). The doted lines correspond to
the frequencies of the four highest magnitude peaks. The ref-
erence vibration velocity for the conversion in dB is 1 m.s−1.

The frequency evolution with increasing flow velocity of
the four highest vibration peaks is presented in figure 5.
For flow velocities ranging between 3.0 m.s−1 (Rec =
2.55× 105) and 3.1 m.s−1 (Rec = 2.64× 105) the highest
vibration magnitude peak (peak 1) increases linearly with
a constant Strouhal number StD1 = 0.489 which is, ac-
cording to the literature, representative of a laminar bound-
ary layer along the hydrofoil surface (Zobeiri et al. 2012).
This behaviour is characteristic of a non-resonant vibration
regime where Karman vortex shedding acts as the major
hydrodynamic excitation source. Also, it appears that the
second highest magnitude peak (peak 2) has a frequency
equal to the torsional natural frequency f2 which can be
related to the fact that the hydrodynamic excitation source
and the vibrational response at f2 are of the same order of
magnitude when the flow velocity is low.

For flow velocities ranging between 3.2 m.s−1 (Rec =
2.64 × 105) and 4.6 m.s−1 (Rec = 3.91 × 105), the fre-
quency of peak 1 is equal to f2 which highlights a res-
onant phenomenon with the torsional mode natural fre-
quency f2. Interestingly for the flow velocities 3.3 m.s−1

(Rec = 2.81×105) and 3.4 m.s−1 (Rec = 2.89×105), the
frequency of peak 2 is equal to the first flexural mode natu-
ral frequency f1 which is representative of a reinforcement
of the flexural deformation. Also, during the transition
regime observed in figure 3 occurring between 3.5 m.s−1

(Rec = 2.98 × 105) and 4.0 m.s−1 (Rec = 3.40 × 105),
the Strouhal number associated with peak 2 decreases from
StD=0.489 to StD2=0.397. This decrease maybe associ-
ated with a transition of the boundary layer from laminar
to turbulent due to the higher magnitude vibrations induced
by the synchronization of the Karman vortex shedding with
f2. As speed increases the location of the laminar to turbu-
lent transition point shifts towards the trailing-edge leading
to a thickening of the boundary layer in combination with
a reduction of the vortex shedding frequency. These ob-

servations, which are proper to the transition from a low
vibration magnitude regime to a lock-in with a torsional
natural frequency regime, could in the authors opinion, en-
hance the accuracy of fluid-structure interaction numerical
models.

Because of the small frequency interval between the first
torsional natural frequency (f2=282.70 Hz) and the second
flexural natural frequency (f3=303.6 Hz), the transition be-
tween the lock-in with f2 to the lock-in with f3 occurs very
abruptly at U0=4.7 m.s−1 (Rec = 4.0×105). Also, for flow
velocities ranging between 4.3 m.s−1 (Rec = 3.66× 105)
and 4.6 m.s−1 (Rec = 3.91 × 105) a constant Strouhal
StD3=0.34. At higher velocities it is assumed that the vi-
brational response features increased complexity due to the
small frequency interval between f2 and f3 and due to the
coexistence of multiple fluid-structure interaction mecha-
nisms. For these reasons, the detailed analysis of these
regimes will require additional experimental data. The next
section of the paper describes the time-averaged hydrody-
namic wake features.

Figure 5: Evolution with the free-stream velocity of the four
maximal vibration magnitude frequencies of the hydrofoil.
The maximal uncertainty for the frequency is 0.6 Hz.

3.2 Time-averaged wake features
The time-averaged flow fields describe the general arrange-
ment and properties of the near-wake flow. Figures 6 and 7
present the time-averaged horizontal U and vertical V ve-
locity components at U0 = 3.0 m.s−1 (Rec = 2.55× 105).
In close vicinity of the truncated trailing edge, a substantial
decrease of the mean horizontal velocity component U is
visible for X/D < 1 and defines the very near-wake re-
gion. Also, for X/D included in [0,1], two regions of high
magnitude vertical mean velocity component V are visible
with a maximum of |V |/U0 ≈ 0.24 at X/D=0.5. These
observations are similar to the near-wake region of a blunt
flat plate (Watine et al. 2023), and enlighten a recirculation
region in close vicinity of the trailing edge. As displayed
by figure 8 this region is delimited by positive and negative
Reynolds shear-stress ¯|u′v′|/U2

0 areas above and beneath
the wake centreline.

The stream-wise location of maximum ¯|u′v′|/U2
0 along the

wake centreline is representative of the vortex formation



length Le. As the recirculation region is in very close vicin-
ity of the trailing-edge it’s characteristics may be strongly
impacted by the vibrations of the hydrofoil. This hypoth-
esis is confirmed by literature as previous studies have
demonstrated that the vibration magnitude is very depen-
dent upon the shape of the trailing-edge (Toebes et al.
1961). Also the recirculation region features minimal lo-
cal pressure (Taylor et al. 2011) which is supposed to have
an impact on the vibrational response of the structure. De-
pending on the Reynolds number and the vibration magni-
tude, stream-wise low frequency fluctuations of the recircu-
lation region length may occur and are associated with the
flapping phenomenon. These fluctuations may have a di-
rect impact on the span-wise coherence of the vortex shed-
ding in the wake and induce, especially at low vibration
magnitude, three-dimensional wake patterns.

Table 4 summarizes the previously described time-
averaged wake properties at three different free-stream
velocities corresponding to the non-resonant (U0 = 3.0
m.s−1), transient (U0 = 3.5 m.s−1) and lock-in with f2
(U0 = 4.5 m.s−1) regimes. No noticeable modification is
observed during the changeover from the non-resonant to
the transient regime except for the vortex formation length
established with Y > 0 which is significantly reduced at
the transient regime. At the lock-in with f2 regime, the
maximal vertical velocity |Vmax|/U0 is decreased in com-
bination with a reduction of the vortex formation length Le

which results in a decreased distance between the trailing-
edge and the point where the vortex shedding occurs, in
agreement with a better coupling between the boundary
layer and the vortex shedding, when the lock-in occurs.

3.3 Identification of hydrodynamic excitation sources
Spectral Proper Orthogonal Decomposition (SPOD) was
employed to detect the most intense turbulent fluctuations
in the wake and identify coherent wake patterns which act
as major hydrodynamic excitation sources at the non reso-
nant and lock-in regimes and during the transient regime.

3.3.1 Non-resonant and lock-in regimes
The energy spectra of SPOD mode 1 at the non-resonant
and lock-in regimes are presented in figure 9. Evaluation
of higher rank SPOD modes has demonstrated that mode 1
contains the highest energy level. For more details about
these aspects refer to Schmidt et al. (2020). For the non-
resonant regime, SPOD mode 1 exhibits a broadband peak
ranging between 187 Hz (StD = 0.38) and 300 Hz (StD =
0.61). The maximum of the peak is located at a frequency
f = 239 Hz (StD = StD1 = 0.49) and its Strouhal number
corresponds to the excitation source identified by vibrom-
etry in section 3.1 (see figures 4 and 5). The broadband
aspect of the peak is in agreement with the observations
obtained with the vibration spectrum at the same velocity.

Figure 6: (x,y) cartography of the time-averaged stream-wise
velocity component U . Flow velocity is equal to U0 = 3.0
m.s−1 (Rec = 2.55× 105). The cartography is based on the
reconstructed velocity field.

Figure 7: (x,y) cartography of the time-averaged normal ve-
locity component V . Flow velocity is equal to U0 = 3.0 m.s−1

(Rec = 2.55× 105). The cartography is based on the recon-
structed velocity field.

Figure 8: (x,y) cartography of the time-averaged Reynolds
shear-stress ¯u′v′/U2

0. Flow velocity is equal to U0 = 3.0
m.s−1 (Rec = 2.55× 105). The cartography is based on the
reconstructed velocity field.

Table 4: Time-averaged quantities specific to the near-wake
region at various flow velocities.

Velocity U0 3.0 m.s−1 3.5 m.s−1 4.5 m.s−1

|Vmax|/U0

for Y < 0 0.20 0.21 0.16
|Vmax|/U0

for Y > 0 0.24 0.26 0.17
Le/D
for Y < 0 0.89 0.89 0.41
Le/D
for Y > 0 0.89 0.65 0.29



The vorticity cartography associated with mode 1 at the
frequency f = 239 Hz (StD1=0.49) is presented in figure
10 and exhibits a set of well organized contra-rotative vor-
tices. This type of wake pattern is proper to Karman vortex
shedding (KVS). All the vorticity cartographies associated
with SPOD mode 1 for the frequency range [187 Hz;300
Hz] evidence a KVS type wake structure. This broadband
frequency behaviour could be due to the fact that three-
dimensionality of vortex shedding is important in the case
of a non-resonant regime resulting in fluctuations of the
vortex shedding frequency (Zobeiri 2012). As was stated
in section 3.1, the total displacement of the hydrofoil at the
non-resonant regime is a combination of various deflection
shapes which may result in a disorganisation of the near-
wake and increase three-dimensionality.

Figure 9: Energy spectra of the first SPOD mode for the
non-resonant regime (U0 = 3.0 m.s−1, Rec = 2.55× 105)
and the lock-in regime with the first torsional mode f2
(U0 = 4.5m.s−1, Rec = 3.83× 105). The dotted lines rep-
resent the natural frequencies of the hydrofoil. The uncer-
tainty of the frequency is equal to 3 Hz for both regimes.

The aspect of the lock-in with f2 energy spectrum (red
curve in figure 9) is drastically different from the non-
resonant case: five different high magnitude narrow-
banded peaks are clearly identifiable. This evidences a dis-
crete repartition of energy among various single-frequency
wake structures. According to the literature, high magni-
tude trailing edge vibrations generate more organized wake
patterns and vorticity lines parallel to the trailing edge in
the span-wise direction (Zobeiri 2012). As presented in
figures 11 and 12, the two most energetic wake patterns
correspond to Karman vortex shedding and to its harmonic
(KHVS) and are characterized by a frequency fKV S=280
Hz (StKV S

D =0.39) and fKHV S=567 Hz (StKHV S
D =0.79).

In comparison with the non-resonant regime, these two co-
herent structures have significantly gained in energy. The
lock-in regime energy spectrum exhibits additional narrow
banded peaks at 75 Hz, 204 Hz and 362 Hz. However, as
the energy level of these peaks are low and their spatial dis-
tribution does not highlight clearly identifiable wake pat-
terns, they are kept out of the scope of this study. Comple-

mentary experimental data is necessary to accurately iden-
tify these frequencies.

Figure 10: (x,y)vorticity cartography of the most energetic co-
herent wake pattern identified with SPOD at the non-resonant
regime : U0 = 3.0 m.s−1 (Rec = 2.55× 105). The identi-
fied wake pattern corresponds to Karman Vortex Shedding
(KVS).

Figure 11: (x,y) vorticity cartography of the most energetic
coherent wake pattern identified with SPOD at the lock-in
regime : U0 = 4.5 m.s−1 (Rec = 3.83× 105). The iden-
tified wake pattern corresponds to Karman Vortex Shedding
(KVS).

Figure 12: (x,y) vorticity cartography of the most energetic
coherent wake pattern identified with SPOD at the lock-in
regime : U0 = 4.5 m.s−1 (Rec = 3.83× 105). The iden-
tified wake pattern corresponds to Karman Harmonic Vortex
Shedding (KHVS)



3.3.2 Transition regime
Significant modifications of the hydrodynamic features be-
tween the non-resonant and the lock-in regime were high-
lighted by the SPOD analysis. It is now of interest to
analyse the transition between these regimes. Figure 13
presents the energy spectra of SPOD mode 1 at U0 = 3.5
m.s−1 (green curve) and U0 = 4.0 m.s−1 (blue curve).
Both of these flow velocities are proper to the transition
between the non-resonant and the lock-in with f2 regime.
Interestingly, two high magnitude vibration peaks are vis-
ible : one has a frequency fprimary equal to the first tor-
sional natural frequency f2, the second one is character-
ized by a slightly lower frequency fsecondary equal to 239
Hz. Curiously, these two frequencies seems to remain con-
stant when the free-stream velocity is increased, a possi-
ble hypothesis is that during the transition regime two dis-
tinct hydrodynamic excitation sources coexist and remain
insensitive to free-stream velocity variations. However, for
the present study only two flow velocities (U0 =3.5 m.s−1

and U0 = 4.0 m.s−1) were investigated during the transi-
tion regime. For validation of these assumptions additional
experimental campaigns will be conducted. The wake pat-
terns associated with these two frequencies are presented in
figures 14 and 15 and correspond to characteristic Karman
vortex shedding patterns. Even if not shown in this paper,
same wake patterns are observed for these 2 frequencies in
the case of U0 = 4.0 m.s−1. The coexistence of two Kar-
man type excitation sources during a pre lock-in regime
was also observed by Watine et al. (2023) in the case of a
blunt plate immersed at zero incidence in an uniform water
flow.

Figure 13: Energy spectra of the first SPOD mode for the
transient regime at U0 = 3.5 m.s−1 (Rec = 2.98× 105)
and U0 = 4.0 m.s−1 (Rec = 3.40× 105). The dotted lines
represent the natural frequencies of the hydrofoil. The uncer-
tainty of the frequency is equal to 3 Hz for both free-stream
velocities.

When inspecting the SPOD energy spectra at the transi-
tion regime, a low magnitude peak is also visible at a fre-
quency equal to the first flexural natural frequency f1. Even
if this peak has a low energy level (λ < 1), it is a notice-
able feature of the transition regime and it highlights a sig-
nature of the flexural vibrations in the near-wake region.

Also, it appears that the frequency gap between fprimary

and fsecondary is equal to f1 : fprimary - fsecondary ≈
f1 . The vorticity cartography associated with this low
frequency peak is presented in figure 16 and evidences a
wake-bubble pattern, characteristic of the near-wake recir-
culation region. According to these observations, it is man-
ifest that the flexural natural frequency is imprinted in the
recirculation region during the transition regime. As the re-
circulation region is located in close vicinity of the trailing
edge, it may by particularly sensitive to the vibrations of
the hydrofoil. Also, this region corresponds to the location
where the Karman vortices grow and detach before being
convected in the wake. It is thus probable that the vor-
tex shedding characteristics are impacted by variations of
the recirculation region properties as indicated by the fre-
quency gap between fprimary and fsecondary. In the au-
thors opinion and according to the previous observations,
controlling the recirculation region properties may be an
effective strategy to reduce vortex-induced vibrations sus-
tained by truncated hydrofoils or by blunt plates.

Figure 14: (x,y) vorticity cartography of the most energetic
coherent wake pattern identified with SPOD at the transient
regime : U0 = 3.5 m.s−1 (Rec = 2.98× 105). The identi-
fied wake pattern corresponds to secondary Karman Vortex
Shedding (KVS).

Figure 15: (x,y) vorticity cartography of the most energetic
coherent wake pattern identified with SPOD at the transient
regime : U0 = 3.5 m.s−1 (Rec = 2.98× 105). The iden-
tified wake pattern corresponds to primary Karman Vortex
Shedding (KVS).

Figure 16: (x,y) vorticity cartography of the most energetic
coherent wake pattern identified with SPOD at the transient
regime : U0 = 3.5 m.s−1 (Rec = 2.98× 105). The identi-
fied wake pattern corresponds to the recirculation region.



4 CONCLUSION
An experimental investigation combining laser vibrometry,
Time-Resolved Particle Image Velocimetry (TR-PIV) and
Spectral Proper Orthogonal Decomposition (SPOD) was
conducted in order to characterize the fluid-structure inter-
action mechanisms responsible for high magnitude vibra-
tions sustained by a truncated hydrofoil at high Reynolds
number. Different vibration regimes were observed :

• A non-resonant regime where broadband Karman
vortex shedding acts as the major hydrodynamic ex-
citation source.

• A transition to high magnitude vibrations character-
ized by an imprint of the first flexural natural fre-
quency in the near-wake region and the control of
Karman vortex shedding by the fluctuations of the
near-wake recirculation region inducing the coexis-
tence of two distinct Karman vortex shedding fre-
quencies .

• A lock-in characterized by high magnitude vibra-
tions and by a reduction of the vortex formation
length in combination with the synchronization of
Karman vortex shedding with the torsional natural
frequency of the hydrofoil.

• A lock-in with the second flexural mode at higher
Reynolds characterized by a complexification of the
fluid-structure interaction mechanisms.

The results provided by the present study may contribute
to the enhancement of fluid-structure interaction analytical
models, namely for the transition between a non-resonant
and a lock-in regime and facilitate the prediction of crit-
ical flow conditions. It has also highlighted the signifi-
cant impact of the near-wake recirculation region on the
Karman vortex shedding which paves the way for future
flow-induced vibration mitigation strategies applied to hy-
drofoils, fins and marine propellers.
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