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ABSTRACT

This paper presents a study on the hydrodynamics of
rigid and flexible hydrofoils, in dynamic stall regime due
to pitching actuation. An original experimental setup
was developed to accommodate large scale innovative ap-
pendages, in the towing tank at Centrale Nantes, France.
The original feature of the setup is its capability to si-
multaneously induce dynamical pitching motions to the
appendages, and use optical fibers with arrays of fiber
bragg gratings, for real-time strain monitoring. Forces
and moments are measured dynamically with a six degree-
of-freedom hydrodynamic balance. In this study, the
Reynolds number considered ranged from Re = 160 000 to
1000 000. The appendages are pitch-actuated with reduced
frequencies k = wfc/V up to 0.14. Two appendages are
considered. The first one is a rigid, thick, rectangular hy-
drofoil with a low aspect ratio (rudder-like hydrofoil). The
second one is a flexible, thin, trapezoidal hydrofoil with
a high aspect ratio (simplified propeller blade geometry).
The data demonstrated setup capabilities to capture sub-
tle flow phenomena such as as displacement of center of
pressure, or delay of stall onset. Finally, the measurements
present very good correlation between measured lift coef-
ficients and strains of the flexible hydrofoil.
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1 INTRODUCTION

There is a growing interest for design and optimization
of innovative lifting appendages. This stimulation comes
from the constant development of devices such as flexible
composite propeller blades or wind turbine blades, and new
shapes/technologies of ship rudders or hydrofoils. Specifi-
cally, 3D dynamic stall phenomena and Fluid-Structure In-
teraction (FSI), at relatively high Reynolds numbers (Re~
1000000), are still not well understood. This lack of
knowledge is mainly due to the inherent difficulties to
study this phenomena, both experimentally and numeri-
cally. On one hand, high-fidelity CFD simulations such as

LES (Large Eddy simulation) or DNS (Direct Numerical
Simulation) allow precise descriptions of fluid flows in this
context (Visbal & Garmann 2018, Shayanpoor et al. 2020),
but the computational cost is still too expensive to study
large ranges of parameters and/or complex geometries. On
the other hand, very few studies concern the interaction
between static/dynamic stall and the appendage flexibility,
and it is restricted to experiments (Ducoin et al. 2012). Ac-
tual facilities are mostly restricted to low Reynolds num-
ber, or appendages with low aspect ratios. There is a need
for high-quality large scale experimental data to enhance
our comprehension of dynamic stall and fluid structure in-
teraction, and to provide test cases to validate numerical
methods.

Experimental studies on dynamic stall

The static and dynamic stall phenomenon has been sub-
ject to numerous researches in the last 3 decades. The Na-
tional Renewable Energy Lab. (NREL), published a series
of comprehensive reports about static and dynamic stall
regimes of various airfoils, with Reynolds number up to
Re=1500000. For examples see (Janiszewska et al. 1996,
Ramsay et al. 1995, Hoffmann et al. 1996, Reuss Ram-
say et al. 1996). Theses experiments were conducted in
a wind tunnel at the Ohio state University. All data are
available in open access, on NREL website. There is not
yet a consensus in the literature about the influence of the
Reynolds number on the dynamic stall phenomenon, see
(Choudhry et al. 2014, Gardner et al. 2023) for literature
reviews. Some authors found that the Reynolds number
play a minor role in dynamic stall (Zhang & Schliiter 2012,
Choudhuri & Knight 1996, Robinson & Wissler 1988),
while a recent high-fidelity study highlighted the sensitiv-
ity of the laminar separation bubble to Reynolds number
(Benton & Visbal 2019). Additionally, Choudhry et al.
(2014) conjectured that the dynamic stall process is greatly
influenced by the state of the boundary layer prior to any
unsteadiness. The maximal lift value increasing with the
reduced frequency has been widely reported in literature
(Choudhry et al. 2014, Jumper et al. 1987, Gardner et al.
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2023). This phenomenon is attributed to the detachment
of the primary stall vortex, denoted as stall onset, that is
delayed to a higher angle of attack when the reduced fre-
quency increases. Mulleners & Raffel (2012) used time re-
solved particle image velocimetry, with different coherent
structure identification methods on a pitching airfoil. The
approach enables a precise analysis of the flow field, and
led to a better understanding of the stall onset phenomenon
(Re=900000). The authors proposed a definition based on
underlying physical mechanism to differentiate deep and
light dynamic stall. That is to say, light dynamic stall oc-
curs when the angle of attack starts decreasing before the
dynamic stall onset, while deep stall characteristics are ob-
served otherwise (Mulleners & Raffel 2012). Holst et al.
(2019) conduct dynamic 2D experiments at Reynolds num-
bers up to Re=180000. The wind tunnel setup allows the
airfoil to rotate with a 180° range, enabling the study of all
flow regimes encountered by vertical axis wind turbines.
Andreu Angulo & Ansell (2019), with an open-return wind
tunnel, studied the influence of aspect ratio on dynamic
stall of 3D wings. The experimental setup allows wings
with aspect ratios up to AR="5 (Re=400 000). Bgckmann
& Steen (2014) and Bgckmann (2015) studied propulsive
regimes of a 3D oscillating hydrofoil in a towing tank. The
dynamic stall was induced by simple harmonic motions,
and combined pitching and heaving motions of the hydro-
foil (AR = 10, Re = 200000). In addition, it is now es-
tablished that dynamic stall process can vary significantly
from cycle to cycle due to stochastic variations (Gardner
et al. 2023). It has also been observed that variations can be
clustered into distinct groups with clear fluctuations (Holst
et al. 2019). For a broader overview of dynamic stall phe-
nomenology, the reader can refer to the recent literature re-
view of Gardner et al. (2023). The review cover dynamic
stall experiments, from flight tests to pitching airfoils. It
appears that very few experimental data is available on the
dynamic stall of marine profiles at relatively large scale.

Experimental studies on FSI of lifting device

The study of fluid structure interaction for marine applica-
tion has been the subject of growing interest with the devel-
opment of composite profiles, which aim to passively con-
trol deformations to enhance performances. It often com-
bines simulations and experiments. Akcabay et al. (2014)
compares experiments in cavitation tunnel with RANS sim-
ulations (two degrees of freedom system), to study the in-
fluence of cavity-induced vibrations on a static NACA66
hydrofoil, below stall incidence (2D, Re = 750 000). The
cavitation dynamics and its influence on hydrofoil’s de-
formation were highlighted. Zarruk et al. (2014) stud-
ied hydroelastic performance of composite hydrofoils in
static condition beyond stall in a water tunnel (AR = 3.33,
Re=1000000). Young et al. (2018) conduct a study about
bend-twist coupling effects on the steady-state hydroelas-
tic response of composite hydrofoils, below and above stall
incidence (AR =3.33, Re=1200000). In the same water
tunnel facility, Herath et al. (2021) characterised the hydro-
dynamic response of an optimised passive shape-adaptable
composite hydrofoil. FSI simulations were performed to

comfort the findings. Numerical results were observed to
closely match the experimental hydrodynamic results and
structural deformations. The study highlighted the bet-
ter performances of the optimised hydrofoil, compared to
others (AR = 3.33, Re up to 1000000). Pernod et al.
(2019) investigate the hydroelastic response of a compos-
ite hydrofoil below and above stall incidence. Hydrofoil
strains were measured by a fully-distributed-optical fiber
sensor within the composite plies. Good correlation was
achieved with a tightly-coupled high-fidelity fluid-structure
interaction numerical model (AR = 2.13, Re= 540000).
Bi & Cai (2012) conducted experiments in a water tank
to investigate the influence of spanwise flexibility of hy-
drofoils, in the context of bio-mimetic propulsion. Hy-
drofoils were subjected to a rolling motion, in order to
mimic fish pectoral fins (AR = 2, Re = 20000). In the
same context of bio-mimetic propulsion, Heathcote et al.
(2008) and also Cleaver et al. (2016) studied the influence
of spanwise flexibility of heaving hydrofoils (AR=1.5—3,
Re = 10000 — 30000). Heathcote et al. (2008) used a
high speed video camera and a motion-tracking software
to measure the hydrofoils deformation. This experiment
became a notable benchmark for fluid-structure code val-
idation, either for full FSI methods (Gordnier et al. 2013,
Cho et al. 2019), or methods with imposed deformation of
hydrofoils (Faure et al. 2022, Simonet et al. 2020). The cor-
respondence between experimental and numerical results is
mainly well established. The exception is for the most flex-
ible hydrofoil, for which the trust coefficient exhibits high
frequency oscillations, still not explained today. Recently,
Young et al. (2023) conduct experiments in the large de-
pressurized wave basin at MARIN (Netherlands), to study
hydrodynamics of a flexible surface-piercing hydrofoil in
waves. The experimental setup enabled the investigation of
the effect of waves and ventilation on structural dynamics.

Fiber bragg grating for measurement of deformation

In order to get precise information about structural defor-
mation, the use of Fiber Bragg Gratings (FBG) has shown
satisfactory results for strain measurements (Ducoin et al.
2023, Seaver et al. 2006, Phillips et al. 2017). FBG has also
been used to detect and characterize damage in compos-
ites (Cook et al. 2017, Yeager et al. 2017). Optical fibers
with arrays of FBG are lightweight and small in size. It
can be embedded in the composite appendage during the
manufacturing process (Seaver et al. 2006, Ducoin et al.
2023), or glued to the surface after manufacturing (Phillips
et al. 2017). (Ducoin et al. 2023) conducted steady and un-
steady measurements on a composite propeller blade. Op-
tical fibers with arrays of FBG were embedded in each of
the pressure and suction sides of the blade. The authors got
good agreement between experimental and numerical nat-
ural frequencies and were able to measure flow events, and
structural vibrations within the strain signals.

The aim of this paper is to present a new experimental setup
in the towing tank of Centrale Nantes, France. The setup
has been designed to study hydrodynamics of large scale
innovative appendages (spanxchord ~ 1x 0.5m, Re ~
1000000). The appendages can be dynamically pitched



with an amplitude au,q, = £45°. The system is equipped
to receive and process signals of optical fibers from ap-
pendages, for strain measurements. A study has been con-
ducted on the influence of the Reynolds number, and the
reduced frequency, on hydrodynamics of two pitching ap-
pendages, in dynamic stall regimes. The first appendage is
a rigid rudder-like hydrofoil. The second one is a compos-
ite trapezoidal hydrofoil (simplified propeller blade geom-
etry), equipped with optical fibers with arrays of FBG.

2 MATERIALS AND METHODS

2.1 Experimental Setup

The towing tank at Centrale Nantes is 140 m long, by 5m
wide, and with a constant depth of 3 m. The tank carriage
has a maximum velocity of 8 m/s. The original experimen-
tal setup is installed on a dedicated and effectively rigid
metal frame, fixed to the carriage (see Fig. 1). The rotat-
ing motion is generated along the horizontal direction with
a AKM2G-41XLANCN2-0V servo motor from Kollmor-
gen, which is coupled with a reduction gearbox. The mo-
tion is redirected by an angle drive to get the desired pitch-
ing motion in the vertical direction (see Fig. 1). A FX2.6
6-components hydrodynamic balance, from Sixaxes, trans-
mits the motion to a clamping mechanism designed to ac-
commodate various types of appendages (see Fig. 2). A
flat-bottomed hull is fixed to the frame to limit free sur-
face effects (see Fig. 3). The hull is made of wood and is
5m long, 0.5 m wide, and 0.6 m high. A reaming has been
realised in the bottom of the hull to allow the clamping
mechanism to pass through. The full experimental setup is
represented in Figure 4.

The balance measures forces (F, F,, F.), and moments
(M, M, M), at the appendage root, where the x-axis is
in the chordwise direction, the z-axis is in the spanwise di-
rection, i.e. the vertical direction, and the y-axis completes
the orthonormal trihedron. The loading is then projected
into the carriage coordinate system to compute the hydro-
dynamic coefficients. The sampling rate of the hydrody-
namic balance is 1000 Hz. The maximum forces and mo-
ments and the corresponding maximal uncertainties given
by the vendor, are listed in Table 1.

2.2 Rigid and flexible appendages

In the present work, hydrodynamics of two appendages are
investigated. The first appendage has a geometry similar
to ship rudders. It is a thick, rigid, rectangular hydrofoil
made of aluminium. The cross section is the NACA0020,
and the aspect ration is AR = 2 (see Fig. 5). This rudder-
like hydrofoil will be referred to as the rigid hydrofoil.
The second appendage has been designed to be represen-
tative of a simplified flexible propeller blade. It is a trape-
zoidal hydrofoil with a straight trailing edge. The cross
section is the NACA0006, and the taper ratio and aspect ra-
tio are respectively TR = 0.3 and AR = 6.15 (see Fig. 6).
This simplified propeller blade will be referred as the flex-
ible hydrofoil. The rigid and flexible hydrofoils were ini-
tially chosen for unrelated studies, their respective results
will be presented but are not intended to be compared.

Frame fixed to g~

the carriage

Servo motor

Figure 2: Out of water exper-
imental setup

Xt

:V 7 \Cérriagé

-

, without hull.

N

& Pitching motion

Figure 4: Full experimental setup representation.
Table 1: Balance specifications.

F, F, F,
Max. loading 400 2000 2000 N
Uncertainty | +5.61 +6.32 £4.11 N
M, M, M,
Max. loading 1200 240 100 N.m
Uncertainty | £2.47 +£0.62 =£0.61 | Nom
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The flexible hydrofoil was manufactured using prepreg
Carbon fiber-reinforced epoxy. Around twenty layers of
prepreg were used, alternating between unidirectional and
woven layers. The orders of magnitude of the main homog-
enized material properties are shown in Table 2.

Table 2: Homogenized material properties of the composite
flexible hydrofoil (order of magnitude).

Poison’s ratio
Vg = 0.7

Shear modulus
G12 ~ 20 GPa

Elastic modulus
FE, =~ 60GPa
E2 ~ 20 GPa
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Figure 5: Aluminium rigid Figure 6: Composite flexible
hydrofoil. hydrofoil.

In order to assess hydrofoil deformation, two optical fibers
with arrays of fiber bragg gratings have been glued on the
hydrofoil’s surface, for strain measurement (see Fig. 6). A
total of 16 fiber optic sensors are distributed over the hy-
drofoil surface. The data from one sensor are presented in
this paper. Figure 7 shows the position of the concerned
sensor by a green dot on the hydrofoil’s surface. The strain
measured corresponds to spanwise flexion. The systematic
uncertainty of the strain measurements has been quantified
by comparison with strain gauges, on another setup. The
measurements showed a strain deviation lower than 3%.
The deformations measured with the optical fibers are ob-
tained with a FS22DI interrogator from HBM. The inter-
rogator has a sampling frequency of 1000 Hz, with a wave-
length measurement ranging from 1500 nm to 1600 nm.

Figure 7: Flexible hydrofoil surface with arrays of fiber bragg
gratings. The green dot shows the position of the sensor used
in this paper.

2.3 Towing Tank Testing Procedure

For this study, tests were performed at velocities V =
0.5—3m/s, leading to Reynolds numbers, based on the
mean chord length, ranging from Re = 160000 to Re =
1000000. Considering that there is no incoming tur-
bulence intensity, there could be likely some transitional
regimes, in particular for the lower Reynolds number and
low angles of attacks.

Static, quasi-static, and dynamic tests have been carried
out. For dynamic tests, the hydrofoils were harmoni-
cally pitched with a zero average angle of attack: o =
Qmaz SIN(27 ft), where « is the angle of attack, unqq 1S
the pitching amplitude, and f is the oscillating frequency.
Reduced frequencies up to k=7 f¢/V =0.14 were consid-
ered, where ¢ is the mean chord length. The pitching am-
plitudes were chosen to encompass static stall angles, i.e.
Qmaz = 25°, and aypq, = 15°, for NACA0020 (rigid hy-
drofoil), and NACAO0006 (flexible hydrofoil) respectively.
Quasi-static tests correspond to dynamic tests with the low-
est reduced frequency permitted by the tank length, i.e.
k=0.008. The tank was allowed to settle for about 10 min-
utes between each test to avoid large-scale vortices induced
by the previous run. Each test has been repeated between 1
and 4 times depending on the test type.

The uncertainty analysis performed in this work follows the
methods outlined in ASME PTC 19.1- 2005 (Dieck 2014).
In the dedicated sections, the mean results come with a to-
tal uncertainty, denoted U,,;. This total uncertainty results
from random and systematic errors. Random errors come
from inherent fluctuations of a measured quantity D, and
electrical noise in the system. The corresponding uncer-
tainty is quantified as the standard deviation sp of the av-
eraged given quantity, through test repetition. Systematic
uncertainties, denoted Ucp, depends on instrument cali-
bration and sensitivity, as specified by the sensor vendor
(see Tab. 1). As the quantities of interest result from com-
binations of sensor channels, the systematic uncertainties
are combined accordingly. As an example, the uncertainty
on the lift coefficient, U¢, , is computed as:

_ Ug,|sin(a)| + Ug, cos(a)
B $pV2S

Uc, 6]

Where Up, and Upy are the systematic uncertainties of
the forces F); and F,, measured by the hydrodynamic bal-
ance. Finally, the data presented in the dedicated sec-
tions come with the 95% confidence intervals computed
as 0.95 x U, where the total uncertainty is given by

Utot = /5% + Uép. The confidence intervals are repre-



sented by error bars for static results, and by color strips
for quasi-static and dynamic results.

2.4 Noise and filtering

Spectral analysis has been conducted in order to depict the
dynamic excitation originating from the experimental setup
itself. Figure 8 shows the lift spectra obtained from static
tests, with the rigid foil pitched at a constant angle of 25°.
Spectra are normalised and shifted for readability. Two vi-
bration components have been identified. The first one cor-
responds to the rail plates presence (V/f = 0.72m), and
have already been observed in previous studies using the
towing tank at Central Nantes (Ducoin et al. 2023, Ker-
draon et al. 2021). This frequency is proportional to the
carriage velocity, as shown in Figure 8. The second vibra-
tion component has a constant frequency of 5.1 Hz, and is
attributed to the natural frequency of the metal frame.

Part of the lower frequencies observed can be associated to
carriage superstructure vibrations, or with a difference in
the planarity along the towing tank rail. However, these vi-
bration components are too close to the frequency range of
interest to be filtered out. In order to filter noise while pre-
serving main physical information, data from dynamic and
quasi-static runs have been smoothed using a linear regres-
sion over a moving time window. The window size used
ranges from 0.2s to 1s according to the carriage speed.
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Figure 8: Comparison of lift spectra obtained from static
runs, with the rigid foil pitched at a constant angle of 25°.

2.5 Validation

The reliability of the experimental setup is assessed
through comparison with literature data. Static and dy-
namic lift coefficients from subsonic wind tunnel experi-
ments are considered. The static data come from Paula
(2016), and Abrantes et al. (2017). The authors used re-
spectively a pseudo-2D NACAOQ020 airfoil, and a similar
rectangular foil with aspect ration AR = 2, operating at
Reynolds numbers Re = 200000 and 290 000. The dy-
namic results are taken from Holst et al. (2019). The au-
thors used a pseudo-2D NACAQ021 airfoil pitched from
its quarter-chord with a reduced frequency k£ = 0.05, and
a Reynolds number Re = 140000. These data are com-

pared with present results obtained with the rigid hydrofoil
operating at Re =250 000, and £=0.05 for dynamic case.

The quasi-static and static results are shown on Figure 9.
The dashed-line from the quasi-static result indicates the
decreasing phase of the angle of attack. The present values
lie slightly lower than the 3D results from Abrantes et al.
(2017). This may come from the different blockage effects
in both experiments. The 3D effect appears however well
predicted compared to 2D curves that lie closer to the the-
oretical 2D thin airfoil law (dash-dotted line). The quasi
static and static lift coefficients are very close from each
other, which demonstrates the measurements accuracy.

The dynamic results are shown on Figure 10. The data
from Holst et al. (2019) correspond to airfoil harmonically
pitched in light dynamic stall regime (from 0° to 20°, green
curve), and deep dynamic stall regime (from 10° to 30°, red
curve). The present data correspond to a pitched cycle from
—25° to 25°. The curve hysteresis coincides with the light
dynamic stall regime. Additionally, the correspondence of
the maximal lift coefficient, reached at around oo = 25°,
with the deep dynamic stall regime, is satisfactory.

The results of Fig. 9 and 10, come with considerable un-
certainties. This is due to the low speed required with the
carriage, to operate at Reynolds number Re = 250000,
with the rigid hydrofoil. The low hydrodynamic load-
ings obtained are associated with maximal uncertainties,
based on the full measuring range (see Tab. 1). How-
ever, the variability through test repetitions is very sat-
isfactory, leading to significantly smaller uncertainties
for higher carriage velocities. As an example, hydro-

dynamic coefficients with uncertainties for a close con-
figuration are shown on the following Results section.

/ S
/ o AR,
2 x

1) ///X/ \
0.8 -
0.6
~
QO
0.4 r
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Re=200K, 2D, (Paula, 2016)
— % Re=290K, 2D, (Paula, 2016)
Re=200K, AR=2, (Abrantes et al., 2017)
——- Thin airfoil theory
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a[°]

Figure 9: Comparison of static lift coefficient from present
experiments and literature data. Dashed-line indicates the de-
creasing phase of the angle of attack.
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Figure 10: Comparison of dynamic lift coefficient from
present experiments and literature data. Dashed-line indi-
cates the decreasing phase of the angle of attack.

3 RESULTS AND DISCUSSION

3.1 Rigid Aluminium Hydrofoil Results

The dynamic stall regime of the hydrofoils is studied
by means of the influence of Reynolds number and re-
duced frequency. The rigid hydrofoil is harmonically
pitched around its quarter chord with a pitching ampli-
tude v, = 25°. The Reynolds numbers considered are
Re={250000, 500000, 1000 000}. The reduced frequen-
cies considered are k£ ={0.02,0.05,0.14}.

Figure 11 shows the dynamic lift coefficient Cr,, and the
pitching moment coefficient C,,, obtained at the low re-
duced frequency k£ = 0.02, and for the various Reynolds
numbers considered. The uncertainties for Re = 500 000
and 1000000 are show as an indication. For readability
purposes, uncertainties for Re = 250000 (see Fig. 9) are
not shown, as well as for all other results. All lift coef-
ficients are very close from each other and show a linear
behavior between —10° < o < 10°, which is the conse-
quence of mostly attached boundary layer flow along the
chord. Starting from o~ 10— 11°, the slope of lift coeffi-
cient at Re =250 000 slightly increases, followed by a clear
decrease at about v~ 13°, highlighting a classical trailing
edge flow detachment up to the maximum angle of attack.
The development of trailing edge detachment is supported
by the sudden break of (), after £10° (see Fig. 11b). It
is clearly identified as a displacement of center of pressure
toward the trailing edge due to development of detached
boundary layer. This behavior is reduced at Re = 500 000
and Re = 1000000, because of Reynolds effects. These
two higher Reynolds number show a critical angle of attack
of about o« &~ 21°, which is less visible at Re = 250 000,
but stays around the same angle of attack.

For Re =250000, C}, exhibits a sudden drop at the max-
imal angle of attack, probably due to leading edge vortex
shedding, observed for both increasing and decreasing an-
gles of attacks. Large Hysteresis is present as flow reattach-
ment process around o = 10°. As expected, the hysteresis
effect is reduced as the Reynolds number increase.

The influence of Reynolds number is significant from Re =
250000 to Re = 500000, whereas it is reduced between
Re = 500000 and Re = 1000000. This observation sup-
port the conjecture of Choudhry et al. (2014), that says
that the dynamic stall process is greatly influenced by the
state of the boundary layer prior to any unsteadiness. As
there is no or low incoming turbulence intensity, there
could be some highly transitional regimes in particular at
Re = 250000, as portrayed by the non-linearity on C}, at
a~10°, in Fig. 11a.

Figure 12 shows C, and C,,., for Re =250 000, and var-
ious reduced frequencies. k= 0.02 is considered as a low
dynamic case, k=0.05 has moderates dynamic effects and
k = 0.14 is considered as a fast dynamic case. As k in-
creases, the profile acceleration becomes dominant on the
lift and moment coefficients. Hence, the viscous effects
are reduced, and consequently the hysteresis progressively
disappears. It is highlighted by the sharp decrease of C,,, .
after o =~ 18° for k£ = 0.02, which disappear at k = 0.14.
The maximal values of C,,, are reached at « = 0°, where
the pitching velocity is maximal. In contrast, for lower k,
maximal values of C,,,, are reached at & =+ 00-

The maximal values of Cp, increasing with k is consistent
with the literature, and is attributed to the delay of stall
onset, (Choudhry et al. 2014, Jumper et al. 1987, Gard-
ner et al. 2023). In addition, the flow reattachment process
tends to disappear with increasing k, leading to a practi-
cally convex C', curves for k£ = 0.14 (see Fig. 12a). This
characteristic has been extensively designated as light dy-
namic stall, (McCroskey et al. 1981, Choudhry et al. 2014).
The more precise definition of light and deep dynamic stall
proposed by Mulleners & Raffel (2012) is based on the
stall onset. In their work, Mulleners & Raffel (2012) used
proper orthogonal decomposition to determine stall onset.
In the present work, stall onset can not be precisely iden-
tified, but it appears with the appearance of the hydrody-
namic loading, that the transition between deep dynamic
stall and light dynamic stall occurs between k£ = 0.05 and
k=0.14.

Despite stochastic variations from cycle to cycle and from
test repetition, data tend to cluster to a single averaged be-
havior, which contrasts with the observations of Holst et al.
(2019). The reason may come from the finite number of
oscillations permitted by the tank length, or also by the sig-
nificant 3D effects, promoting a particular group of fluctu-
ations.

3.2 Flexible composite Hydrofoil Results

The flexible hydrofoil is harmonically pitched around the
mid-chord of the root section, with a pitching ampli-
tude aunqe = 15°. Due to a minor measurement er-
ror in the zero lift angle of attack, an offset of 0.25°
is present, and the angle of attack was oscillating from
—15.25° to 14.75°. The Reynolds numbers considered are
Re = {160 000, 330 000, 500 000}. The reduced frequen-
cies considered are k={0.01,0.03,0.1}.

Figure 13 shows the dynamic lift coefficient, and the strain
measured on the flexible hydrofoil pitched at reduced fre-
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Figure 12: Dynamic hydrodynamic coefficients (various k, Re =250 000, rigid hydrofoil).

quency k£ = 0.03, and for the various Reynolds numbers
considered. The strains have been normalized by the corre-
sponding carriage velocity squared. It is observed on both
the lift coefficient and the strain that the stall is slightly de-
layed as Reynolds number increases. It is reached at about
a=12.5°13° and 13.5° for Re =160 000, Re = 330000
and Re = 500000, respectively. After stall, hysteresis ef-
fects are observed, which are also reduced as Reynolds
number increases. It has to be noted that there is a very
high correlation between the lift and strain curves.

Figure 14 shows C and strains, for Re = 330000, and
the various reduced frequencies considered. As observed
for the rigid, NACA0020 hydrofoil, the reduced frequency
plays a major role in the stall behavior. Stall is observed at
respectively o = 11°, 12.5° and 14.8° for £ = 0.01, 0.03
and 0.1. As discussed for the rigid hydrofoil, the maximal
values of C'f, increasing with k is attributed to the delay
of stall onset, (Choudhry et al. 2014, Jumper et al. 1987,

Gardner et al. 2023). The lower dynamic case (k = 0.01)
shows that minor hysteresis effect is present on the flexi-
ble hydrofoil. After stall, the k¥ = 0.03 case shows higher
hysteresis due to the combination of boundary layer mas-
sive detachment and the profile acceleration. The viscous
effects completely vanish for £ = 0.1 and the shape of lift
coefficient and strain is purely due to the dynamic motion.

Again, good correlation between C', and strains must be
highlighted. The deformation of the hydrofoil mainly con-
sists of the first bending mode induced by lift force. Thus,
the close proximity of measured stains and C'r, reveals the
good accuracy of the measurements. Both deformations
dominated by viscous effects, and dynamic effects, are well
captured (see Fig. 14b).

Considering both appendages, the dynamic stall phe-
nomenon occurring on rigid and flexible hydrofoils, ap-
pears to be significantly different. While a sudden stall
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Figure 13: Dynamic lift coefficient and strains (k =0.03, various Re, flexible hydrofoil).
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Figure 14: Dynamic lift coefficient and strains (various &k, Re =330 000, flexible hydrofoil).

occurs for the flexible hydrofoil (see Fig. 13a, 14a), the lift
slope of the rigid hydrofoil decreases slowly before stalling
(see Fig. 11a, 12a). This illustrates the concept of leading
edge stall, contrasted with trailing edge stall, as discussed
by Gardner et al. (2023) and Gupta & Ansell (2020). Thick
profiles, as the NACA0020 (rigid hydrofoil), display usu-
ally a separation region that grows from the trailing edge
towards the leading edge. Depending on the motion, the
stall can occur from the convection of a vortical structure
resulting from the merging of the trailing edge and the lead-
ing edge vortices, (Gupta & Ansell 2020). On the other
hand, for thin profiles, as the NACA0006 (flexible hydro-
foil), the separation region grows usually from the lead-
ing edge, while the flow in the trailing edge region remains
attached. The flow then separates rapidly, resulting in a
more abrupt stall (see Fig. 13a, 14a). As for the faster dy-
namic cases, the rigid and flexible hydrofoils does not show
the same slopes of the lift coefficient. It can be attributed
to the different axis of rotation. The rectangular rigid hy-

drofoil pitches at the quarter-chord from the leading edge,
whereas the flexible hydrofoil pitch at the mid chord from
the root section. Considering the flexible hydrofoil’s shape,
the mean axis of rotation is actually closer to the trailing
edge, which modifies substantially the pressure distribution
due to the hydrofoil’s acceleration as compared to the rigid
hydrofoil.

4 CONCLUSIONS

In this paper, an innovative setup that operates in the towing
tank at Centrale Nantes, was presented. The setup has been
developed to measure the hydrodynamics of relatively large
scale innovative appendages (spanxchord ~ 1 x 0.5m,
Re ~ 1000000). The original feature of the setup is its ca-
pability to simultaneously induce dynamical pitching mo-
tions to the appendages, and receive and process signals of
optical fibers, for strain measurements. Experimental setup
capabilities were demonstrated with a study on the influ-
ence of the Reynolds number, and the reduced frequency,



on hydrodynamic coefficients and strains of two pitching
appendages, in dynamic stall regimes. The first appendage
is a rigid rudder-like hydrofoil, while the second one has
the geometry of a simplified propeller blade. The latter is
made of prepreg Carbon fiber-reinforced epoxy, and it is
equipped with optical fibers with arrays of fiber bragg grat-
ings, for strain measurements.

It has been observed, for both rigid and flexible hydrofoils,
that increasing reduced frequency, the dynamic effect be-
come dominant as compared to viscous effect. For high re-
duced frequencies, no hysteresis are observable on lift and
moment coefficients. Reynolds effects have been observed
mostly on the rigid NACA0020 hydrofoil, whereas they are
reduced for the flexible hydrofoil, which has a thinner sec-
tion. The data demonstrated setup capabilities to capture
subtle flow phenomena such as displacement of center of
pressure, or delay of stall onset. Finally, as the lift coef-
ficient and the strains are assessed with independent mea-
surement systems, their close proximity demonstrates the
great accuracy of the experimental setup.

In our imminent investigations, spectral analysis of sig-
nals will be addressed, along with fluid structure interac-
tion phenomena. In the near future, more sophisticated ap-
pendages will be tested, and instrumentation for flow mea-
surement will be added to the setup.
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