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ABSTRACT
The shedding process of the von Kármán vortices
is shown to be highly related to the state of the boundary layer over the entire hydrofoil: The selected
hydrofoil has a laminar-turbulent boundary layer
transition at mid-chord for an incidence angle of 0°
and tested Reynolds number range. With the help of
a distributed roughness, the transition to turbulence
is triggered at leading edge. The vortex shedding
frequency and the vortex-induced vibration are compared For the two roughness configurations. Cavitation
is used as a mean of visualization of the wake flow:
Since vortex-induced vibration and high speed visualization are synchronized, the hydrofoil vibration
level is considered versus the vortex span-wise organization. The occurrence of the 3D structures of shed
vortices and the modulation of the vortex-induced
vibration signals are investigated.
1. INTRODUCTION
Many authors observe that the wake structure may
exhibit three-dimensional (3D) aspects even if the obstacle and the upcoming flow are 2D, see Williamson1
for a review on the 3D structures of shed vortices.
Williamson2 describes the natural and forced formation of vortex dislocation in the cylinder wake and
presents similarities of dislocation with boundary-layer
spots. In many applications, the flow fields in which
bodies are immersed are turbulent and the 3D aspects
of the wake arise not only from end conditions but
also from the turbulence of the shear layers and the
wake, Szepessy3. It is known that the introduction of
turbulence to the flow field promotes the vortex
shedding critical transition at lower Reynolds numbers
than it is the case in laminar flows. Moreover, increas-

ing the surface roughness of the body has a similar
effect, Achenbach and Heinecke4. At higher Reynolds
number, it is shown that the vortex shedding frequency
is drastically decreased for rough cylinders in comparison with very smooth surface4. Wind-tunnel study
shows that the introduction of free-stream turbulence
acted to increase cylinder lift coefficients above those
for laminar flow, Cheung and Melbourne5. Blackburn
and Melbourne6 examine the effects of grid-generated
turbulence on lift forces at sections of a circular
cylinder. According to spectra and correlation length
analysis, it is thought that the increase of the turbulence intensity of the mean flow promotes the
re-establishment of organized vortex shedding. Ausoni
et al.7 evaluate the ability of an unsteady numerical
simulation to accurately reproduce the hydrofoil
vortex shedding frequency and reveal that differences
in the boundary layer transition point between experiments and computations have to be minimized in
order to get good agreement
When the pressure is low enough, cavitation develops in the vortices cores. Young and Holl8 investigate the case of a flow around wedges and observe
that the cavitation development in the wake increases
the vortex shedding frequency by up to 25% and
therefore affects the dynamic of the von Kármán
street. Ausoni et al.9 confirms these results in the
case of a 2D hydrofoil and investigate the influence
of cavitation on vortex dislocations: Comparison of
instantaneous velocity fields in cavitation free regime
and high speed visualization of vortices cavitation
does not show notable influence of the cavitation on
the vortex street pattern. In terms of vortex spanwise
organization, cavitation can therefore be considered
as a passive agent of wake structure visualization.
Moreover, Ausoni et al.10 investigate the cavitation
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influence on von Kármán vortex shedding and induced
hydrofoil vibrations. For the wake cavitation inception
index, a new correlation relationship is proposed
and validated: In contrast to the earlier models, the
new correlation takes into account the trailing edge
displacement velocity for lock-in condition. In addition,
it is found that the transverse velocity of the trailing
edge increases the vortex strength linearly.
2. EXPERIMENTAL SETUP
The EPFL high-speed cavitation tunnel is a closed
loop with a test section of 150x150x750 mm, Avellan
et al.11. The operating flow parameters are the reference velocity at the test section inlet Cref, the hydrofoil incidence angle α and the cavitation index
σ=2(pinlet-pv)/ρCref2 where pinlet and pv are respectively the reference pressure at the test section inlet
and the vapor pressure. For all the presented results,
the incidence angle of the hydrofoil α is fixed at 0°.
The experimental 2D hydrofoil, sketched in
Figure 1, is a blunt truncated Naca0009 made of
stainless steel. The trailing edge thickness h is 3.22 mm
and its chord length L and span b are 100 mm and
150 mm respectively.

With the help of wall pressure measurements,
Caron12 evidences that the natural boundary layer
transition to turbulence for this hydrofoil is located
slightly downstream of the mid-chord for an incidence
angle of 0° and Reynolds number Reh=Crefh/υ between 42.103 and 70.103. Ait Bouziad13 reports boundary layer computations and evaluates its thickness
downstream from leading edge, δ∼100 µm. In order
to investigate the wall roughness effects on the vortex
shedding process, a distributed roughness made of
glue and 125 µm diameter sand is placed on both sides
of the hydrofoil, 4 mm downstream to stagnation line
and 4 mm wide, Figure 1. The glue and sand combination makes a two-dimensional flow obstacle of
150 µm height. Dryden14 reviews published data on
the effect of roughness on transition from laminar to
turbulent flow and shows that, for incompressible flow,
the transition occurs when Cref k υ ≥ 900 where k is
the height of the surface roughness pattern. Considering this relation in our case study, the triggered
boundary layer transition occurs from 6 m/s upstream
velocity. In the rest of the article, this configuration
will be designated rough. In contrast, the case without
rough strips will be designated smooth.

Figure 1. Blunt truncated Naca0009 hydrofoil and distributed roughness
ments points is shown in Figure 2. The data acquisition
system has 16 bits A/D resolution, 16 inputs, a memory
depth of 1 MSamples/Channel and a maximum sampling frequency of 51.2 kHz/Channel. The cavitation
vortical structures in the hydrofoil wake are visualized
with the help of a high speed digital camera. The
CCD image resolution is 512x256 pixels at 10’000
frames/sec.
3. RESULTS

Figure 2 : Location of the hydrofoil vibration
amplitude measurements point
A laser vibrometer is used to monitor the hydrofoil vortex-induced vibration. The measurement
principle of this non-intrusive device is based on the
detection of the frequency shift of the reflected laser
beam, which is directly related to the displacement
velocity of the surface in the laser direction according
to the Doppler effect. The location of the measure-

A. Kármán shedding frequency
The vortex shedding frequency fs, obtained from
the vibration signals, is plotted in Figure 3 as a function of the flow velocity for the two roughness configurations. A linear relationship between the vortex
shedding frequency and the upstream velocity is observed, the generation process of von Kármán vortices
occurring at constant Strouhal number, St=fsh/Cref. It is
found that the vortex shedding frequency is significantly decreased for the rough configuration. The
mean Strouhal number value decreases from 0.24 for
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the smooth leading edge to 0.18 for the rough one.
As mentioned earlier, the natural boundary layer
transition to turbulence is located at the hydrofoil
mid-chord. With the rough leading edge, the turbulent boundary layer is triggered at leading edge. Since
the turbulent boundary layer grows thicker than
laminar one, it results that the trailing edge wake
thickness of the rough configuration is larger than
the one with smooth leading edge. Admitting a
constant Strouhal number based on the wake thickness, the vortex shedding frequency varies inversely
with this thickness and explains the decrease of the
shedding frequency with the roughness.

Figure 3. Shedding frequency of von Kármán
vortices for different upstream velocities and
roughness configurations, cavitation free
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B. Wake structures and induced vibrations
Synchronized wake high speed visualizations and
vortex-induced hydrofoil vibration measurements
are evidenced in Figure 4. For the smooth leading
edge, Figure 4 left, the vibration signals exhibit intermittent weak shedding cycles, which are typical of
the occurrence of vortex dislocations, Szepessy et
al.15. Indeed, a direct relationship is observed between
the vortices span-wise organization and the vortexinduced vibration level: For parallel vortex shedding,
the fluctuating force on the body is maximal and the
vibration level is significantly increased. On the
contrary, for 3D vortex shedding, the vortex-induced
vibration level is reduced.
For the rough leading edge, Figure 4 right, and in
comparison with the smooth configuration, the overall
vibration level is increased as well as the vortices
span-wise organization. In this time window, the cavitation vortices exhibit essentially 2D pattern. This a
fundamental change in the vortices generation process
compare to the one with the smooth leading edge. For
the latest, the cavitation vortices exhibit essentially
3D pattern. Only rarely, the 2D pattern is evidenced
and the vibration amplitude increased. As a result
for the rough configuration, the vibration amplitude
is higher in comparison with the smooth case.

Figure 4. Top-view visualization of cavitation von Kármán vortex street and vortex-induced vibration signal
and spectrum for lock-off condition: (Left) Smooth leading edge, (Right) Rough leading edge
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4. DISCUSSION AND CONCLUSION
The wake structures visualization has revealed
that the span-wise organization is significantly
enhanced with the triggered transition to turbulence.
As a result, the vortex-induced vibration is increased.
The modulation of the vibration signal is next considered: A waterfall spectra of the vibration envelope
signals is presented in Figure 5 smooth leading edge.
The envelope spectra reveal energy at low frequency
but without any characteristic frequency. As a result,
the occurrence of the weak shedding cycles, which
correspond to vortex dislocations, is non-periodic.
Nevertheless, Figure 4 reveals that the time signal
for the natural transition is more intermittent than
the one for the triggered transition.
Obviously, the shedding process of the von Kármán
vortices is highly related to the state of the boundary
layer over the entire hydrofoil. In the case of natural
laminar-turbulent transition, it is believed that the
non-uniform spanwise turbulence development in the
boundary layer lead to slight instantaneous variation
in vortex shedding frequency along the span which
is enough to trigger vortex dislocations, accordingly to
the description of the “natural vortex dislocations”,
Williamson2. On the other hand, for the roughened
leading edge, the location of turbulent transition is
triggered which reduces the span-wise non uniformities in the boundary layer transition process. The
span-wise organization of the von Kármán vortices
is enhanced and the vortex-induced vibration level
is increased.

Figure 5 : Waterfall spectra of the vibration
envelope signal for lock-off conditions
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