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ABSTRACT

NOMENCLATURE

A flexible NACA0018 compound hydrofoil is set under a forced harmonic rotational oscillation in a closed
water channel. The hydrodynamic forces lead to strong
deformations on the foil and interact with the flow. The
hydrofoil oscillates with a maximum angle of αmax =30◦
and a frequency of f =1.455 Hz. For reference the measurements are repeated with a fully rigid aluminum foil of
identical shape. The deformation is tracked with an optical profilometrical method and the corresponding load on
the hydrofoil is recorded with a six-axes-load-cell. Both
data are synchronized over the angle of incidence. It can
be shown that the method is suitable to link hydrodynamic
forces with a structural response of a highly deformable
surface.

α angle of incidence/osc. angle [◦ ]
αmax maximum angle of incidence [◦ ]
φ phase angle [rad]
ρ density [kg/m3 ]
f oscillation frequency [Hz]
h distance of the structure to the reference [m]
k f reduced frequency [−]
kω wave vector [rad/m]
t carbon core thickness [m]
v∞ average inlet velocity [m/s]
C hydrofoil chord length [m]
D distance between projector and camera lenses [m]
L distance between the surface and the camera [m]
S hydrofoil surface [m2 ]
Re Reynolds number [−]
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mation of the hydrofoil. The angle of incidence is reported as a feedback signal of the drive system. The profilometry provides highly-resolved data in time and space.
It is based on the Fourier transform of a surface projection
of a sinuosidal intensity pattern and was first presented by
Takeda et al., 1982 [2]. Cobelli et al used the method
for the investigation of wave turbulence in a vibrating
plate [3]. Aubourg investigated the behavior of capillar
and gravity waves with this method during his thesis [4].
The method is adapted to the experimental setup and implemented as Python code in the “fluidimage” framework
of Augier et al., 2016 [5].
FIGURE 1: Flexible compound NACA0018 hydrofoil,

mounted in the LEGI water channel

drive system

INTRODUCTION

oscillating hydrofoil

In order to understand the fluid-structure interaction
on oscillating flexible structures for their use in turbomachinery, a flexible NACA0018 compound hydrofoil is set
under a forced harmonic rotational oscillation in a closed
water channel (see fig.1 and 2). The hydrodynamic forces
lead to strong deformations on the foil and interact with
the flow. For reference, the measurements are repeated
with a fully rigid aluminum foil of identical shape. The
maximal oscillation angle αmax of 30◦ , well beyond the
static stall angle of 15◦ , leads to fully-detached flow and
stall of the hydrofoil. In order to characterize the unsteady flow regime, the time scale of the oscillation is
set in relation to the flow convection time. The resulting non-dimensional number k f is the reduced frequency.
It is calculated by the following equation, suitable for harmonical oscillations [1]:

kf =

π fC
v∞
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The reduced frequency is used to describe the stall
regime from a quasi-static state for k f < 0.01 to a deep
dynamic state for k f > 0.1. It is given for a harmonic
oscillation by eq.1. In the present case, k f ≈ 0.08, which
corresponds to a transition state.
The behavior of the foil is studied with a six-axes load
cell, positioned between shaft and sensor, which provides
readings for forces and moments, as well as with a synchronized profilometry to track the corresponding defor-

X

FIGURE 2: Experimental setup: Test section of wa-

ter channel equipped with NACA0018 Hydrofoil and
measurement devices. The six-axes load cell is placed
between the shaft hub and the profile. Below the test
section, the profilometry setup is placed in parallel arrangement to the X-axis. It consists of a video projector and a high-speed camera.
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rotates with the hydrofoil, a rotation matrix is applied to
project back the forces to the static coordinate system.

EXPERIMENTAL SETUP

All experiments take place using the closed water
tunnel at the LEGI laboratory Grenoble. The water channel has a maximum flow rate of 0.6 m3 /s. The minimal
flow rate leads to an average inlet velocity v∞ of 3.5 m/s in
the test section with a streamwise length (X-axis) of 1000
mm, a spanwise width (Z-axis) of 175 mm and a height
(Y-axis) of 280 mm. The inlet flow speed was measured
with Laser Doppler Anemometry (LDA). Turbulence intensity was measured to be less then 2.5%, with less than
1.5% in the core flow. The hydrofoil rotation center, at 1/4
chord length, is placed 300 mm downstream of the inlet
(see fig.2). The NACA0018 hydrofoil has a chord length
C = 0.066 m. Regarding the inlet velocity, the chordbased Reynolds number is Re ≈ 200, 000.
The hydrofoil consists of a head from milled aluminum
with a skeleton built from a carbon plate which is embodied from silicone. The thickness of the carbon core
adjusts the rigidity of the foil. In the present case it is
t = 0.3 · 10−3 m. The silicone is molded below atmospheric pressure.

PROFILOMETRY

The basic idea of the method is to project a static
fringe of a sinusoidal grey scale distribution on the surface of a topology, which is recorded by a high-speed
camera mounted in parallel (see fig.2). A Fouriertransform of the image allows to measure the phase angle of the pattern for each pixel, which is a function of
the distance to the projected surface. In a first step, a
reference phase angle is estimated with a horizontal flat
plate. The height difference h between the projection surface and the calibration height generates a phase shift ∆φ .
With the wave vector kω of the projection and the phase
shift ∆φ at a pixel with coordinate (x), a 3D topology can
be measured applying eq.3. for the whole image:

h(x) =

L∆φ (x)
∆φ (x) − kω D

(3)

LOADS AND ANGLE OF INCIDENCE

The rotational motion is provided by a 5 kW servodrive system that provides a position feedback with 8192
pulses per resolution corresponding to an accuracy of
0.0439◦ . The forces and moments are recorded with a sixaxes load cell. It is placed between the hydrofoil mounting plate and the drive system shaft and fully immersed in
the water (see fig.2). Consequently it rotates with the foil.
The forces, which are captured in a rotating reference
frame are projected to the water channels static reference
by applying a 2D rotational transformation matrix. Then
the forces are normalized to lift and drag coefficients with
the instantaneous flow speed applying equation (2):

cx =

2Fx
ρ · S · v2∞

Following Maurel et al. [6], the real position has to
take into account the coordinate shift due to optical effects. It is therefore corrected using eq.4.

x = x0 + δ x = x0 − x0 · h(x0 )/L

(4)

The hardware implementation (see fig.2) consists
of: A) A high luminescent projector (NEC-H715B). It
projects the pattern on a white hydrofoil orthogonal to the
chord; B) A high-speed camera (Phantom-V2511) that
tracks the pattern and captures 4000 frames/s with an exposure time of 60 µs. The raw spatial resolution (X,Y)
is set to 800x640 px2 , with a pixelsize of 0.24 mm. Only
a detail of the image is used for later processing, leading
to a final matrix of 610x175 px2 (see fig.4). The method
is sensitive to perturbations like an input without the projection of the pattern beside the hydrofoil. It is ensured
that the projected area of the hydrofoil is never smaller
than the outline of the detail to avoid unphysical results.
The oscillation leads to a reduction of the projected area,
which must be taken into account.

(2)

The sensor (Sunrise Systems - SRI M3740CP) provides an accuracy of 2% to the rated load of 200 N for the
lift and drag forces (respectively Y and X-Axis) in combination with a custom amplifier and hardware filter. A
Python-based custom software governs the drive system
and the data acquisition on a Labjack T7 acquisition card.
The streaming rate of the sensor is ≈ 1 kHz. The sensor
3
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FIGURE 3: Lift and drag forces for a flexible and a rigid NACA0018 hydrofoil in harmonic oscillation with
αmax =30◦ for a reduced frequency k f of 0.08. This localizes the flow regime to the transition from quasi-static
to deep-dynamic stall. The oscillation frequency is 1.455 Hz. The plot shows 3 periods, the force variations in
between the periods produce multiple traces.

The link between force measurements from the sixaxes load-cell to the profilometry is given by a trigger
signal. No camera calibration is performed at this state
of the study to remove optical distortion. In figure 6 the
topology of the foil is plotted as a 3D surface. For a adequate positioning in space a pinhole calibration has to be
performed. The Z-axis of the measured geometry is rotated by ≈2◦ (5 mm height difference on a foil section of
155 mm total) for this calibration.
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RESULTS AND DISCUSSION

The relationship between the deformation of the flexible foil and the lift and drag forces is of interest. Therefore, the movement of point (A) (see fig.4) near to the
trailing edge is tracked both for the flexible and for the
rigid hydrofoil, which serves as a reference. Figure 3
shows the lift and drag coefficients for both foils for a normalized period of a harmonic oscillation. Figure 5 shows
the height from the profilometry for one oscillation. The
relation between stall of the foil, evidenced through loss
of lift, strong increase in drag, and the resulting rapid deformation of the flexible structure, is beautifully reproduced in the data.
The oscillation period was normalized to better fit the
curves, since small differences in the period length (≈1%)
were observed. The signal of the rigid foil is filtered with
a low-pass 34 Hz filter to smooth the curve. The signal of

FIGURE 4: Raw image of the fringe pattern projected

on the rigid foil at α = 0◦ . The deformation of the
fringe is the base for the measurement of the topology.
The red rectangle shows the tracked surface, with spatial resolution of 610x175 px2 . The motion of the foil
is tracked at point ◦ with coordinates A (425;155).
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FIGURE 5: Height of the tracked point (A) (see fig.4) for one oscillation of a flexible and a rigid hydrofoil. The
comparison with fig.3 shows how the deformation correlates with the lift and drag forces.

the flexible foil is also filtered, with a low-pass (secondorder Butterworth) filter with 60 Hz cut-off, as the projector produces 60 Hz white noise (refreshing rate of the
projection); without filtering, this leads to image flickering in the high-speed video. The structural response is
not impacted by this filter, since it takes place at a much
lower frequency.

CONCLUSION

The results show that the method has a high potential in the investigation of fluid-structure interaction. The
method permits the observation of the relationship between forces and deformation, and allows for high spatial and temporal resolution. A better projection solution
without flicker, or a more elaborated band-reject filter for
the flicker and its harmonics would increase the opportunities e.g. to perform spectral analysis. Further work
will also include a calibration in space as well as of the
camera.
In future work, the motion law will be expanded to
non-harmonic arbitrary oscillations in order to investigate the fluid-structure-interaction of flexible blades on
vertical-axis water turbines.

FIGURE 6: Topology of the rigid foil at α = 0◦ : The

shape of the foil serves as reference for the surface
tracking. The Z-axis (see fig. 2 for coordinate system)
is rotated and the positioning in space requires further
calibration, which is part of the current work.
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