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ABSTRACT
The structural behavior of a deformable hydrofoil in

forced pitching motion is analyzed through an experimen-
tal and a numerical approach. The experimental study is
based on the measurement of the wall pressure on a rigid
hydrofoil and the tip section displacement of an equiva-
lent deformable hydrofoil. The numerical computations
are carried out through a weak coupling between a CFD
finite volume code and a CSD finite element code. The
structural response appears to be strongly linked to hydro-
dynamic phenomena such as boundary layer laminar to tur-
bulent transition and leading edge vortex shedding. The in-
fluence of pitching velocity is discussed. Finally, the paper
presents preliminary results on Cavitation Structure Inter-
action (CSI).

INTRODUCTION
The knowledge of the hydrodynamic loading and de-

formation on lifting bodies operating in transient regimes
is very important for marine structure design and sizing of
rudders, stabilizers or marine propellers. Many efforts were
made in the past decades in order to approach through sim-
ulations the real loading for which some complex hydro-
dynamic and fluid structure interaction phenomena occur
(Young (2008)). The possibility to take into account those
phenomena comes from the recent development of numer-
ical methods and models which allow to compute complex
flows with reasonable CPU time (Menter et al. (2006)).
The unsteady nature of the flow in the case of transient
regimes can have impact on load predictions (Triantafyllou
et al. (1993)). The knowledge of the pressure field dis-
tribution on the body and its evolution in time can then
bring new elements in the understanding of the phenom-
ena of dynamic loading induced by high pitching velocities
(Jumper et al. (1987), Hamdani and Sun (2000)). An exper-
imental study is presented in Lee and Gerontakos (2004)
for an oscillating airfoil at various pitching velocities and
at Re= 1.35×105. For small values of pitching velocity,

boundary layer events produce variations in lift, drag and
moment coefficients. As well, it has influence on boundary
layer transition caused by laminar separation which is de-
layed and promoted when pitching velocity increases.
As far as aerodynamic applications are concerned, many
studies have highlighted that structural deformation of an
elastic solid under static or dynamic loads may be of pri-
mary importance in the evaluation of aerodynamic perfor-
mances (Bhardwaj (1997), Send (1999), Lund et al. (2003),
Engel and Griebel (2006), Patil and Hodges (2004)).
In the context of hydroelasticity, Young (2007) and Young
(2008) presented an approach applied to a cavitating pro-
peller which takes into account the modification of fluid
pressure field induced by the blade displacement. It can
be assumed that structural deformations can have a strong
impact on cavitation behavior. Indeed, the structural defor-
mation and the local incidence variation induced by twist
deformation can modify the cavitation inception and de-
velopment.
The paper focus on an experimental and numerical study of
the hydroelastic behavior of an hydrofoil in transient pitch-
ing motion. First, the experimental set up and the compu-
tation methods are presented. Then, the results of the wall
pressure measurement on a rigid hydrofoil are exposed.
The experimental and computed tip section displacements
of a deformable hydrofoil are then presented. Finally, the
influence of pitching motion and hydrofoil deformation on
cavitation development is examined.

1 EXPERIMENTAL SET UP
Measurements are carried out in the cavitation tunnel

at IRENav. The test section is 1 m long and has a 0.192m
square section. The velocity ranges between 0 and 15m/s
and the pressure range from 30 mbar to 3 bars. The hydro-
foil is a NACA 66 with a camber ratio of 2% and a rela-
tive thickness of 12% (Leroux et al. (2005)). The chord is
c=0.148 m and the span is b=0.191 m.

Two experimental set up are used in this paper. First,
we consider the wall pressure analysis on a rigid hydro-



foil in stainless steel which is mounted horizontally in the
tunnel test section. Pressure measurements are carried out
using piezo-resistive transducers of 10barsmaximum pres-
sure. The pressure transducers are mounted into small
cavities with a 0.5mm diameter pinhole at the hydrofoil
surface. Experiments are led with a sample frequency of
f = 20kHz. An analysis of suction side loading was done
by summing pressure coefficients on the suction side. The
approximation can be written as:

Cl (t) =
10

∑
i=2

Cp(xi/c, t) ∆(xi/c) (1)

whereCp(
xi

c
,t) is the pressure coefficient at location

xi

c
and ∆(

xi

c
) is the non dimensional distance between two

consecutive transducers. The procedure is applied to
numerical data for comparison.

The nominal free stream velocityV∞ is 5m/s, corre-
sponding to a Reynolds number based on the foil chord
length ofRe= 0.75×106. The hydrofoil rotates about an
axis located atx/c = 0.25. The angle of incidence varies
from 0◦ to 15◦ and then comes back to 0◦, with at least
2 periods of acceleration and 2 periods of deceleration. As
shown in figure 1, four pitching velocities are defined, from
a slow pitching velocity to a high one. The average rota-
tion velocity is α̇ = 2αmax/t f , wheret f the total time of
transient motion. A reduced pitching velocity is introduced

α̇∗ =
α̇×c
V∞

(Figure 1). Upward angles of incidences are

notedα1 and downward angles of incidences are notedα2.

Figure 1. Pitching velocities, angle of incidence versus time,

V∞ = 5m/s

For fluid-structure coupling analysis, we consider a de-
formable hydrofoil with a plastic material (POM Polyac-
etate, E=3000 MPa). The hydrofoil root section is clamped
and the tip section is free (Figure 2). Experiments are per-
formed with a visual system to estimate the tip section dis-
placement. A video camera is used in order to get a side

view of the hydrofoil and then measure the dynamic free
tip section displacement by image processing. A set of pic-
tures is recorded at a frequency of 100 Hz which allow us
to measure the structure displacement during the pitching
motion. The image processing uncertainties correspond to
the precision of the method used to capture the foil posi-
tion. It is about 2 pixels, which leads to an uncertainty of
about∆ = 0.14mmon the hydrofoil displacements.
In the last section, the pressure into the tunnel test sec-
tion is decreased in order to obtain cavitation for the same
free stream velocities and the same pitching velocities. It

is based on the cavitation number defined asσ =
P0−PV

1/2ρU2
∞

whereP0 is the pressure in the tunnel test section andPV is
the vapor pressure.

Figure 2. Deformable hydrofoil set up

2 COMPUTATIONAL METHOD
The fluid structure problem is solved with the finite

volume technique using the CFD codeCFX c© for the fluid,
and the finite element code using the CSD codeANSYSc©

for the structure. In this section, the fluid structure equa-
tions are given and the numerical discretization and resolu-
tion is described.

2.1 Governing equation for the fluid and the
structure

One one hand, the fluid flow is described with the mass
and momentum conservation equations which read for an
incompressible and viscous fluid:

∂v j

∂x j
= 0 (2)

∂(ρFvi)

∂t
+

∂(ρFviv j)

∂x j
= −

∂p
∂xi

+µ
∂2vi

∂x2
j

(3)

On the other hand, the structure behavior is described in the
frame of linear elasticity, using a displacement formulation:

ρS
∂2ui

∂t2 −
∂σi j (u)

∂x j
= 0 (4)



The structure is subjected to imposed local fluid forces
which are derived from the fluid stress tensor; boundary
condition of the structure problem on the fluid structure in-
terface reads:

σi j (u) ·n j =

[

−pδi j +µ

(

∂vi

∂x j
+

∂v j

∂xi

)]

·n j (5)

A more complete resolution at the fluid structure interface
is to take into account the structure displacement and then
add a boundary condition for the fluid. It is not considered
in this study for computer time cost reason, but this will be
take into account in future works.

2.2 Discretization and resolution of the fluid
structure domain

A coupled ”one way” computation is shown in Figure
3. At each physical time step, the flow is resolved, then the
pressure field is exported from the CFD code to the CSD
code at the fluid structure interface using an interpolation
procedure. When a new time step begin, the fluid domain is
remeshed resulting from the rotation imposed on the fluid
and a new computation is performed.

Figure 3. One way coupling between a CDS and a CFD code

The fluid calculations are carried out with the CFD
RANS based code CFX. This is a finite volumes code
where equations 2 and 3 are integrated over a control
volume, using the Leibnitz rule and the Gauss theorem.
Concerning the hydrodynamics models, thek − ωSST
is used because it appears to be an accurate turbulence
model for boundary layer detachment prediction (Menter
(1993),Menter et al. (2003), Haase et al. (2006)).
The k−ωSSTturbulence model is coupled with a transi-
tion modelγ−Reθ which uses experimental correlations
based on local variables (Abu-Ghannam and Shaw (1980),
Steelant and Dick (1996),Menter et al. (2006)). A previ-
ous study Ducoin et al. (2008) have highlighted the im-
portance to take into account the transition in the hydro-
dynamic loading prediction in the present case. This tran-
sition model use local variables to activate the production
term in the intermittency equation. It allows us to capture
major transition effects in the case of separation induced
transition. The intermittency is modified to accept values
larger than 1 at separation in order to have a correct predic-
tion of transition length. Complete transition model formu-
lation is given in Menter et al. (2006).

The 3D domain correspond to the tunnel test section
at IRENav. The inlet velocity is set toV∞ = 5m/s and the
taken outlet reference pressure is set to zero. Symmetry
conditions are set on horizontal walls and a no slip
condition is imposed on the hydrofoil surface. Transient
computations are initialized with a stationary converged
computation.
As shown in figure 4, the mesh is composed of 3 500 000
elements and 30 layers are used in the structured near
wall zone. The other part of the domain is discretized
with unstructured triangle elements. The boundary layer

is discretized in order to satisfyy+ ≈
yuτ

ν
= 1. This

ensures a low Reynolds resolution. Mesh refinements
are performed at the leading edge, at the trailing edge
and in the wake. The 3D mesh has been done in order
to reproduce the events like laminar separation bubble,
transition and massive stall prediction which has been
investigated in a 2D study in witch we consider a rigid
hydrofoil (Ducoin et al. (2008)). The hydrofoil motion is
taken into account using a changing boundary condition at
the wall. To do that, foil mesh coordinates are calculated
at each time step and the whole domain is then meshed
again. This technique uses a diffusivity parameter applied
in the mesh displacement equation which induces a mesh
stiffness (Maman and Farhat (1995)). This one is set to be
inversely proportional to the wall distance in order to limit
mesh distorsion in the wall region. The RANS equations
are solved in an arbitrary referential with the Arbitrary
Lagrangian Euler formulation (ALE) Farhat et al. (1998).

Figure 4. 3d mesh of the fluid domain

The structure is solved with the CSD finite element
code ANSYS. The hydrofoil is discretized with three-
dimensionnal ten-node tetrahedral elements of quadratic
behavior. The fixation system of the foil is rigid. For this
reason, it is not considered in the calculation and a clamped
condition is set on the root section, whereas the tip section
is free. The structure computation is assumed to be dy-
namic at each time step and the pressure field computed
from the CFD transient simulation is interpolated at the
fluid structure interface.



3 RESULTS AND DISCUSSION
The Figure 5 show the suction side loading for the four

pitching velocities. The impact of laminar to turbulent tran-
sition is clearly shown. It induce a significant slope mod-
ification atα+ = 5◦ for the slower pitching velocity. The
transition is caused by a laminar separation bubble at the
leading edge, Ducoin et al. (2008). As shown, increasing
pitching velocities have an impact on boundary layer tran-
sition. It is observed that the transition is delayed. This
results in an increase of the hydrofoil loading and a much
higher value at stall. Overshoots are observed during stall
resulting from leading edge vortex shedding, at approxima-
tively f = 6Hz. During the downward motion toα2 = 0◦, a
strong hysteresis effect is observed for the highest pitching
velocity .
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Figure 5. Experimental suction side loading for 4 pitching veloci-

ties, Eq.1

The tip section displacement was measured on a
deformable hydrofoil. An exemple of tip section displace-
ment is show in Figure 6 forV∞ = 7m/s at α = 15◦. The
dashed line is the non-deformed tip section (V∞ = 0m/s).
As shown, the displacement increase with an increase
of the pitching velocity, see Figure 6 (a)α̇∗ = 0.12 and
Figure 6 (b)α̇∗ = 1.35. The maximum displacement has
been measured for the static case and for the four pitching
velocities atV∞ = 5m/s (Figure 7) . The comparison of
Figure 5 and 7 shows that the tip section displacement is
directly linked to the hydrodynamic loading. Five steps
can be noticed during the pitching motion (Figure7):

1. Fromα+ = 0◦ to 5◦: displacements increase linearly
as well as the hydrodynamic loading whatever the
pitching velocity.

2. At α+ ≈ 5◦: differences can be seen. For the low-
est pitching velocity and the static measurements, an
inflection of the displacement is observed. It is de-
layed and reduced when pitching velocity increase. It
is almost suppressed for the highest pitching velocity.
It agrees with the pressure inflection due to transition
shown in Figure 5. As a consequence, the structure

Figure 6. tip section measuement for 4 pitching velocities at α =
15◦, V∞ = 7m/s

Figure 7. maximum displacement for 4 pitching velocities, V∞ =
5m/s

behavior is affected by the transition from laminar to
turbulent.

3. Fromα+ ≈ 5◦ to 13◦: the displacement level increases
with pitching velocity. Around 13◦, the maximum
displacement is aboutδy = 0.018 for α̇∗ = 0.18 and
δy = 0.024 forα̇∗ = 1.89.

4. Fromα+ ≈ 13◦ to α− ≈ 13◦(return step): displace-
ment fluctuation are observed . Three peaks are ob-
served forα̇∗ = 0.18: a high amplitude peaks atα+ =
14.5◦ followed by two lower peaks at respectively
α− = 14.5◦ andα− = 13◦. Again it agrees with the
pressure measurements showing high amplitude pres-
sure fluctuations resulting from stall and leading edge
vortex shedding.

5. Fromα− ≈ 13◦ to 0◦: an hysteresis is observed when
pitching velocity increases. As an example, atα+ =
α− = 5◦, the displacement are bothδy = 0.0183 for
α̇∗ = 0.18 whereas displacements are respectivelyδy =
0.0183 andδy = 0.0068 forα̇∗ = 1.89.

One way computations are performed through the



method described in Figure 3.Experimental results for
maximum displacement of the tip section are given in Fig-
ures 8 and 9 and compared to the computanional results ob-
tained by the one way computations. For the two pitching
velocities considered, results are in good agreement. The
difference is weak for small angle of incidence, and tend to
increase after the transition, starting atα = 5◦ for α̇∗ = 0.18
andα = 9◦ for α̇∗ = 1.89. The displacement fluctuations
due to stall are observed by computations. Leading edge
vortex shedding appears to have the same influence for the
lowest pitching velocitẏα∗ = 0.18 whereas a stronger hys-
teresis effect is observed in computation for the highest
pitching velocityα̇∗ = 1.89. The difference between ex-
periments and computations can be attributed to damping
which is not taken into account in the structure model.

Figure 8. Computation versus measurement for maximum dis-

placement during pitching motion, α̇∗ = 0.18

Figure 9. Computation versus measurement for maximum dis-

placement during pitching motion,α̇∗ = 1.89

An investigation of Cavitation Structure Interaction
(CSI) was carried out experimentally forα̇∗ = 0.18 and
α̇∗ = 1.89. Displacements are measured with the same

method than for non cavitating flow and another video cam-
era is used in order to observed cavitation.

The cavitation is obtained by decreasing the pressure
in the tunnel test section in order to obtained the cavitation
inception at a static angle of incidence ofα = 8◦, this cor-
responds to a cavitation numberσ = 3. The cavitation pat-
tern is characterized by a band at the leading edge (Figure
10). Then, the cavitation inception is observed for transient

Figure 10. Cavitation inception at the leading edge for a fixed an-

gle of incidence, α = 8◦, σ = 3

pitching motions. For the lower pitching velocity, the cav-
itation inception is the same as in the static case but it is
delayed of about 1◦ (Figure 11 (a)). For the highest pitch-
ing velocity α̇∗ = 1.89 (Figure 11 (b)), the cavitation in-
ception is delayed up toα = 11◦ and appear as an attached
cavity at the leading edge. The delay and modification of
cavitation pattern is due to the delay of laminar to turbu-
lent transition at the leading edge when pitching velocity
increases. Whereas Reynolds number and pressure in the
test section are the same, differences exist in the cavita-
tion patterns for the two pitching velocities. The lowest
pitching velocity is characterized by intermediate cavities.
The length increases up to 0.15c and has a relatively stable
behavior. Shedding of small vapor structures is observed
at high angle of incidences which has a few influence on
structure deformation. The highest pitching velocity shows
a relatively long sheet cavity which develop from the lead-
ing edge up to 0.4c. Moreover, 3D effects appear through
the span.

Figure 12 shows the cavitation pattern obtained for
the maximum angle of incidenceα = 15◦. For the low-
est pitching velocity, the cavitation is induced by vortex
shedding at the leading edge (Figure 12 (c)). It is charac-
terized by transversal streaks along the span. In that case,
the impact on structural displacement is close to the sub-
cavitation case as shown in Figure 12 (a). The highest

pitching velocity exhibits an instable sheet cavity in-
ducing a large shedding of vapor-filled structure (Figures
12 (d)). In that case the cavitation has a strong impact on
the structure behavior. Indeed, the tip section with cavita-
tion shows higher displacement than the tip section without
cavitation, Figure 12 (b).
The impact of cavitation on displacement during the pitch-
ing motion is shown in Figure 13 foṙα∗ = 0.18 by compar-



Figure 11. Effects of pitching velocity on cavitation inception at

the leading edge, V∞ = 5m/sand σ = 3. Dotted white line is the

non deformed section

ing maximum displacements for cavitating and non cavitat-
ing flows. The range of angle of incidence where cavitation
appears are shown by a dashed square. Displacements are
quite the same at the beginning of the motion up to the cavi-
tation inception, except from 6 to 8◦ where a difference can
be seen after transition. Intermediate cavities increase dis-
placement between 10◦ ≤α+ ≤ 13◦. This effect disappears
when vortex shedding occurs, then displacements with and
without cavitation show fluctuations of the same order of
magnitude. When the flow reattaches, a slight difference is
observed. When cavitation disappears, the same evolution
is observed to the backward motion.

The displacement analysis forα̇∗ = 1.89 in Figure 14
shows that the instable behavior of the sheet cavity has
more influence on the structure. Displacements are higher
than the casėα∗ = 0.18 and the cavity inception at the
leading edge induces a global increase of displacements.
When the cavity develops, displacement stop to increase
until the cavity collapse. A peak is then visible on Figure
14 at α = 15◦, followed by a stronger hysteresis effect
0◦ ≤ α− ≤ 6◦.

CONCLUSION
Experiments and computations on a deformable hy-

drofoil in a transient pitching motion have been carried out.
It was shown that the structure responds linearly to the tran-
sient hydrodynamic loading. The hydrofoil displacements
are affected by the laminar to turbulent transition for small
values of pitching velocity whereas the highest pitching
velocity suppresses the effect. Fluctuating displacements
have been observed when leading edge vortex shedding oc-
curs during stall, for both numerical and experimental ap-
proaches. It is followed by a strong hysteresis when the

Figure 12. Effects of pitching velocity on cavitation developpe-

ment, α = 15◦,σ = 3, Re= 750 000, V∞ = 5m/s, white dashed

line: non deformed tip section, black dashed line: non-cavitating

deformed tip section

hydrofoil returns to its initial angle of incidence 0◦.
Similar measurements have been carried out in the case of
cavitating flows for the lowest and the highest pitching ve-
locity. Displacements have been measured and the cavita-
tion behavior is observed at the same time. Different types
of cavitation were observed. For the lowest pitching veloc-
ity, it is characterized by intermediate cavities with a rel-
atively stable behavior and shedding of small vapor struc-
tures are observed at higher angles of incidence. In that



Figure 13. Effect of cavitation on maximum displacement, α̇∗ =
0.18, Re= 750 000, V∞ = 5m/s

Figure 14. Effect of cavitation on maximum displacement, α̇∗ =
1.89, Re= 750 000, V∞ = 5m/s

case, the impact on the structure displacement is weak. For
the highest pitching velocity shows a relatively long sheet
cavity which develops from the leading edge up to 0.4c.
The cavity has a unstable behavior and has a strong impact
on structure displacements. Moreover, the structure dis-
placement probably has an impact on cavitating behavior
too. This point is under investigation under investigation
through experimental and numerical approaches.
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