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1 Context

Hydrofoils are lifting surfaces which aim to lift a boat out of the water in order to reduce the hull’s drag.
They aim to improve the boat’s performance and are thus very popular in sailing competitions such as the
Vendée Globe or the America’s Cup. The sections of hydrofoils can be quite different from those of airfoils
as they have to be designed with the specific operating conditions of the sea, such as the presence of the
free-surface and the risk of cavitation. The latter can be controlled by designing specific hydrofoils shapes
which minimize the pressure loss on the suction side. Such profile was for example designed by Eppler and
Shen [1] through prescribing a velocity distribution at different angle of attack and using an inverse method
based on a combination of a panel method to analyse a potential flow with a boundary-layer method. The
study of the influence of free-surface proximity on performance is important for sailing yachts as they are
rarely equipped with feedback control loop and thus waves or changes in wind can lead to their foils getting
closer to the free-surface.

An Eppler 817 (E817) hydrofoil [2] was studied experimentally using two dimensions two components Particles
Image Velocimetry (PIV) measurements. The data were acquired on both an extruded 2D hydrofoil and a
3D "T-shaped" hydrofoil, composed of a vertical shaft (e.g. rudder on a boat) holding the horizontal lifting
surface. They were used to investigate the influence of both the 3D shape and surface proximity on the
hydrofoil’s behaviour. Additional measurements from a 6-axis loads sensor were used to characterize the
loss of performance due to the free-surface proximity. Those were also compared to the forces predicted on
the 2D profile by various means, such as pressure field reconstruction from PIV, simulations, as well as data-
assimilation. The study was done over a range of low chord-based Reynolds numbers 0.4-10% < Re, < 20-103
and four angles of attack o« = 2°,6°,12°,30°.

The first 2D PIV measurements on the extruded profile were done on a large field (about 3.5 chords up-
stream and downstream of the hydrofoil) at the cost of a coarser resolution, in order to analyse the whole
flow, including region with little influence of the hydrofoil. Those data are especially useful in the context of
data assimilation for which knowing the upstream conditions is crucial to define the simulation’s inlet. The
second measurements series were done using time-resolved 2D PIV on a smaller region (length of about
2.5 chords) with a much finer resolution. Meldi and Poux [3] along with Suzuki, Chatellier, Jeon et al. [4]
highlighted the difficulties of assimilating experimental data due to the limited extent of the physical do-
main covered by the PIV data as well as the under-sampling of experimental data compared to the time
steps of numerical simulations. The two datasets acquired will thus be used to investigate the effect of these
parameters on different flows topologies and dynamics.

2 Experimental setup

The experiments were carried out at the P’ Institute in the Environmental Hydrodynamic Platform’s open
water channel (see 1) which dimensions are 7m x 0.385m x 0.6 m (LxWxH). The channel is equipped with a
PCM Moineau worm-drive pump controlled with a Schneider Electric variable-frequency drive up to flow
rates of Q = 65Ls ™. The flow rates are measured with an Endress+Hauser Promag55 electromagnetic flow-
meter. The free-surface height can be modified by a spillway gate.
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(a) Extruded 2D hydrofoil (b) 3D "T-shaped" hydrofoil

Figure 2: Photographs of the experimental setups

For the 2D study, the extruded hydrofoil of chord ¢ = 40 mm and span s = 355 mm was placed in the middle
of the water volume such as the distance between the profile and either the free-surface or the bottom wall
was 3.5 chords. A first series of 2D PIV measurements was carried out using a Dantec SpeedSense 1040 4
MP 100 Hz camera on 16 cases (4 Reynolds numbers and 4 angles of attack). As an opaque 3D-printed ABS
hydrofoil was used, two lasers were required in order to get the largest illumination. A 2 x 30mJ Nd:YAG
Quantel Twins Ultra (532 nm, 20 Hz) was placed below the water channel to illuminate the pressure side of
the foil as well as the upstream flow. The free-surface of the open water tunnel prevent the use of a laser
from the top of the experiment, thus a 2 x 50m]J Nd:YAG Litron Nano L 50-50 PIV (532 nm, 50 Hz) was used
with LaVision underwater illumination unit in order to view the suction side of the foil and the downstream
flow. The measurement equipments are depicted on Figure 2a. For each case, 1000 double-frame images
were acquired at a very low frequency (2 Hz to 5 Hz) in order to provide statistically relevant datasets.

Then a second series of 2D PIV measurements was done using a Vision Research Phantom VEO 4K 990L 8
MP 1 kHz camera on 12 cases (same cases as the previous one without the lowest Reynolds number). A 2 x
30 mJ Nd-YLF Continuum Terra PIV (527 nm, 10 kHz) was also used downstream with LaVision underwater
illumination unit. As a single laser was used, the upstream part of the flow was hidden by the hydrofoil’s
shade for those measurements. Time-Resolved PIV (TR-PIV) series of 5 000 images were acquired for which
a multi-frame PIV method was applied to evaluate the time resolved flow fields using a Fluid Trajectory
Evaluation based on an Ensemble-averaged cross-correlation (FTEE) technique [5]. This second dataset
complements the first one, as it provides an understanding of both the global mean flow and the dynamics
of the flow fluctuations near the hydrofoil.

For the 3D study on the T-shaped hydrofoil (chord ¢ = 40mm and span s = 200mm), the depth of the main
(horizontal) part of the hydrofoil was set to 3.5 chords, 1.75 chords or 0.875 chords in order to observe the
influence of the proximity to the free-surface on the flow. For each depth, measurements were done on
three positions on the half-span of the hydrofoil:

e symmetry plane of the hydrofoil
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* the middle of the half-span
e 4mm (0.1 chord or 0.02 span) from the wing tip

Cases were limited to angles of attack a = 6° and 12° at the two highest chord-based Reynolds number Re, =
6300 and 20000. The depth based Froude number Fr; thus ranged from 0.13 to 0.83. The hydrofoil and the
laser sheet near the wing tip are illustrated on the Figure 2b. In addition, force measurements were acquired
using a 6-axis load sensor ATT Nano17 IP68 (calibration SI-25-0.25, resolution of 1/160 N and 1/32 Nmm).
The loads were mainly used to calculate the lift and drag coefficients of the hydrofoil in order to estimate its
performance. Those data allowed us to investigate both 3D effects due to the presence of the wing tip and
the vertical shaft, as well as the influence of the proximity to the free-surface on the performance.

3 Initial results

3.1 Extruded 2D hydrofoil

Different types of vortex shedding can be observed around a lifting surface: attached flow, trailing edge
vortex, separation vortex, leading edge vortex and bluff-body effects [6]. The former were not observed on
our hydrofoil as they need extreme angles of attack which do not occur during normal operating conditions.
The data from the extruded 2D hydrofoil were used to determine which kind of vortex shedding occurred for
our cases. An analysis was based on statistical data such as the standard deviation of the vertical velocities,
which highlights the area where vortices are present. An example is showed on Figure 3 with the transition
from attached flow to trailing edge vortices at an angle of attack a = 2°. The transition is showed through
the more important fluctuations of the vertical velocities in the wake, which are characteristic of vortex
shedding. Such observations were validated by comparison to the time-resolved PIV measurements done
on a smaller zone near the hydrofoil. A snapshot of the velocity fields from the case showed on Figure
3 can be found on figure 4, which confirms the apparition of the first vortex shedding for the biggest of
the two chord-based Reynolds number represented. The different vortex shedding modes observed in our
parameter space are represented by the cartography from Figure 5.
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Figure 3: Mean normalized velocities (left) and standard deviation of normalized vertical velocities (right)
at o = 2° for Re, = 1400 and 6300 (rows). The hydrofoil is represented as a dark grey area and the light grey
mask corresponds to a zone where data could not be obtained accurately.
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Figure 4: Instantaneous velocity field at a = 2° for Re, = 1400 and 6300 (left and right). The hydrofoil is
represented as a dark grey area and the light grey mask corresponds to a zone where data could not be
obtained accurately.

[ ] ® Attached flow o
Trailing edge vortex
@® Scparation vortex
® Lcading edge vortex

— <

10

Chord based Reynolds number Re,

10% \ T

5 10 15 20 25 30
Angle of attack « [?]
Figure 5: Flows modes observed on our Eppler 817 hydrofoil as a function of chord based Reynolds number
Re, and angle of attack a. A zoom of the standard deviation of the vertical velocity graphs was added at
some points to illustrate the differences between the modes.

3.2 3D "T-shaped" hydrofoil

The 2D two components PIV as well as our forces measurements on the 3D "T-shaped" hydrofoil allowed us
to investigate both 3D effects due to the presence of the wing tip and the vertical shaft, as well as the influ-
ence of the proximity to the free-surface on the performance. A comparison between the flow around the
2D hydrofoil and near the wing tip of the 3D hydrofoils at two different depths is showed on Figure 6 for an
angle of attack « = 12° and Reynolds number Re, = 20000. The two first columns show the influence of the
wing tip on the velocity field. We observe a transition from a separated flow on the 2D hydrofoil to trailing
edge vortices near the wing tip. This is a consequence of the downward flow caused by the finite span of the
wing, which reduces the effective angle of attack of the hydrofoil near the tip [7]. Besides the trailing edge
vortices’ wake, a second one can be seen due to the wing tip vortices folding inward. A comparison between
the two latest columns of the figure, that is the 3D hydrofoil at an important and low depths, shows how
the free-surface proximity affect the flow. The first difference can be seen through the standard deviation of
the velocity, where the wake is bent for the case closest to the free-surface. The second difference is a lower
velocity near the suction side of the hydrofoil and thus a smaller velocity gradient near the leading edge.
This is the most important difference as this translate to a lower loss of pressure on the suction side which
leads to a lower lift. Those observations were confirmed by the results obtained on the 6-axis load sensor,
as can be seen with the Figure 7, which shows the lift coefficient polar at the three depths and highlights the
loss of lift when the hydrofoil gets closer to the free-surface.
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Figure 6: Mean velocity field and standard deviation of the velocity (top and bottom) at a = 12° for Re, =
20000 of the 2D hydrofoil (left) and near the wing tip of the 3D hydrofoil at an important depth = 3.5 * ¢,
Fr; = 0.42 (centre) and at alow depth = 0.875 * ¢, Fry = 0.83. The hydrofoil is represented as a dark grey area
and the light grey mask corresponds to a zone where data could not be obtained accurately.

Lift coefficient against angle of attack at Re. = 20 000

150
B depth =0.875*c

1251 wmm depth = 175%c +
100 | mmm depth = 3.5%¢

075 1

050 1
0.25
000 ~

—0.25 1

Litt coethcient L

—0.50 4

0 2 4 & i 10 12 14 1&
Angle of attack a [°]

Figure 7: Box plots of lift coefficients measured with the loads sensor as a function of the angle of attack a
and depth.
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