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ABSTRACT

INTRODUCTION

The present work is part of a numerical and experimental program developed to analyze the hydro-elastic
response of deformable structures in cavitating flows. An
objective was to analyze the capability of advanced industrial coupled CFD/CSD solvers to compute such complex FSI problem by comparing the simulation results to
experimental ones. The present work was performed on
a rectangular cantilevered flexible hydrofoil in a hydrodynamic tunnel. A segregated method is used to couple a
Finite-Element Method solver to a Finite-Volume URANS
solver including a cavitation model. The flow and the hydrofoil response are analyzed experimentally through a
high speed camera and strain gauge measurements. It is
shown that the coupled CFD/CSD solvers are reliable, to
a certain extent, to compute the flow structure interaction
with a good agreement with the experimental results.

Innovative naval engineering shows interest for the
design of nonmetallic structures as composite naval propellers for instance, [1]. While considering the mechanical resistance of the structures that undergo strong operating conditions in naval applications, expected advantages are a weight reduction, a corrosion resistance, together with a decrease of the production cost. Another
point but a very challenging one, is to take benefit of
the structure flexibility to control the performance of the
system by passive or active means. This is found to be
studied for aerodynamics applications but very few for
hydrodynamics applications. From an academic point of
view this gives rise to open fundamental questions about
Fluid Structure Interaction between lightweight flexible
structures and a heavy fluid in a potentially cavitating
flow. This needs the development of mathematical for1

approach, the fluid and the structure problems are iteratively resolved until convergence on both forces and displacements at the fluid-structure interface were achieved.

mulations and advanced coupled CSD/CFD numerical
tools to simulate the behavior of these structures in order to analyze flow induced vibration, noise and fatigue
as well. Sigrist [2] presents the general concepts of Finite
and Boundary Element Methods for Fluid Structure Interaction, from the mathematical formulation to the physical interpretation of numerical simulations. The challenge is to solve fluid-structure interaction taking into account the structure flexibility while simulating complex
physical phenomenon such as turbulent flow or cavitating
flow. Nowadays two main methods are mainly developed.
The first one are useful at a pre-design step, and is related to combinations of relatively fast CFD/CSD solvers
and coupling methods. They are powerful for parametric
studies and the definition of the structural main characteristics (Young [3], Young [4], Liu and Young [5]). The
second one at a more advanced design step is related to
more powerful numerical methods and more physically
realistic model but generally with a long CPU time (He et
al. [6], Ducoin and Young [7]). For solving fluid-structure
problem, the more accessible methods and compatible
with industrial constraints are the segregated ones. The
work presented on this paper originates from a collaborative program performed at the French Naval Academy
Research Institute [8–10]. The present paper addresses
an attempt of validation of a coupling between CFX and
Ansys-Mechanical based on a joint experimental and numerical study performed on an academic configuration of
a flexible lightweight cantilevered hydrofoil undergoing
an unsteady cavitating flow. In the following, the formulation of the fluid-structure problem and the numerical
methods are addressed and the experimental setup is described. Finally, the numerical and experimental results
are compared and discussed for both subcavitating and
cavitating flows.

FIGURE 1: CFD/CSD coupling algorithm

Ansys Multiphysics drives the exchange and synchronization between CFX and Mechanical. The method used
a synchronous time advance with an iterative process, figure 1. First, the fluid part is solved. Then, the forces on
the interfaces are send to the structures codes. Mechanical solves the structure part and send the displacement
at the interface to the fluid solver. These exchanges are
performed for one time step until a convergence on the
exchanged data are reached.
As the two meshes are not coincident, two methods
were used to map and to interpolate the displacements
and the forces on the meshes. First the displacements
were transferred from the mesh of the structure domain
to the mesh of the fluid domain. The mapping consisted
in the normal projection of the structure nodes on the fluid
mesh, figure 2. The displacements, known at the structure
nodes, were interpolated on fluid nodes with a linear interpolation.
The transfer of forces from the fluid nodes to the
structure nodes is based on a General Grid Interface
method.
The flow computation is based on the URANS approach coupled with the k-ω SST turbulence model.
The cavitating flow was computed through a mixture
model adding a transport equation of the vapor fraction
to the URANSE equation system. The source term of
the equation 1 shows a vaporization term Re and a condensation term Rc including constants. The definition
for Re and Rc are obtained by the Zwart-Gerber-Belamri

NUMERICAL SET-UP

The Ansys solution for solving fluid-structure interaction problems in cavitating flow is based on three softwares : CFX software for the fluid including turbulent and
cavitation models, Mechanical software for the structure
and Multiphysics software for the coupling. The fluidstructure interaction problem is solved with a partitioned
or segregated method. This method was found to be the
best compromise between accuracy and computational
time for moderate deformation of the structure. In this
2

Rb

Bubble radius

10−6 m

αnuc

Nucleation volume fraction

5 × 10−4

Fvap

Vap. coefficient

500

Fcond

Cond. coefficient

stable: 0.05

Fcond

Cond. coefficient

instable: 0.01

TABLE 1: Constant values of the cavitation model. Stable

and instable refers to cavity dynamics
Turbulence Model is used near the wall with a value of
the non dimensional wall distance of first cell Y+ close
to one. The inlet condition is given by an uniform flow
velocity. The outflow is driven by the absolute pressure
in the tunnel section of the experiments. A no-slip condition is applied on the top and bottom sides to take into
account of the walls of the tunnel test section. A non-slip
condition and a kinematic coupling condition is applied
at the hydrofoil surface by setting the flow velocity to the
structure velocity.

FIGURE 2: Mapping and interpolation method used for

displacements transfer from the mesh in the structure domain to the mesh in the fluid domain
model [11].
∂ αvap
+ ∇· (αvap v) = Re + Rc
∂t

(1)

s

3αnuc 1 − αvap ρvap 2 |pb − p|
Re = Fvap
Rb
3 ρl

(2)

3αvap ρvap
Rc = Fcond
Rb

s

2 |pb − p|
3 ρl

FIGURE 3: Mesh in the fluid domain

(3)

The values of the constants, proposed on table 1, are defined from several trials and were found to be the most reliable values to be consistent to experiment observations
and results and to observe stable and instable sheet cavitation behavior particularly.
The numerical model validation was achieved by convergence analysis related to mesh quality and time resolution that are detailed in [10]. The mesh quality is controlled in terms of aspect ratio and expansion factor. The
mesh in the fluid domain used for the present work is
about 3 millions of hexaedrals cells with a regular repartition of 50 sections along the span. The figure 3 and 4
shows the mesh for the fluid domain. As shown the grid
is refined close to the hydrofoil structure to take into account of the boundary layer. A Low-Reynolds-Number

FIGURE 4: Details of the mesh in the fluid domain

The structure solver ANSYS Mechanical uses a Finite Element Method for solving the Navier equation. The
reference mesh of the structural domain, for this case, is
composed of 8910 quadrangular elements, figure 5. The
non-coincidence between the meshes for the fluid domain
and for the structural domain is clearly visible on figure
3

sured by processing images from a lateral high frequency
camera with the method described by Ducoin [9].
Strain gauges are embedded in the structure in a
square hole of 1 mm depth drilled on the pressure side
close to the root section. The planar Von Mises stress is
computed from the strain gauge response. It was considered as a pertinent local physical value to compare numerical and experimental results as it results from the overall
fluid structure interaction through hydrodynamic forces
and structural response.

6.

FIGURE 5: Mesh of the structural domain

σV M =

q

σI2 + σII2 − σI σII

(4)

Experimental campaigns were conducted in both non
cavitating and cavitating flow for comparison to the numerical study.

RESULTS AND DISCUSSION

Convergence analysis, grid size dependency in both
the structure domain and in the fluid domain were carried
out carefully in [10] and are not reported here. Based on
this validation analysis the CFD/CSD coupled computation was performed for subcavitating and cavitating flows
and the main results are given herein.

FIGURE 6: Non-coincidence of the fluid domain mesh

(blue) and the structure domain mesh (red)

EXPERIMENTAL APPARATUS
Non cavitating flow

The experimental tests were carried out in the hydrodynamic tunnel at the French Naval Academy. The overall facility dimensions are 15 m length and 7 m high flowing 60 .m3 of fresh water. The test section is 1 m length
with a square section of 192 mm.
The structure is a rectangular elastic hydrofoil fully
clamped at the root section and free at the tip section. It
is made of polyacetate (POM) with a Young modulus of
E=3100 MPa. The Poisson coefficient is ν=0.35 and the
density is 1480 kg.m−3 close to the water density. The
hydrofoil section is a NACA66-312(mod.) with a camber ratio of 2%, a maximum relative thickness of 12%, a
chord length C=150 mm and a span B=191 mm resulting
in a clearance of 1 mm between the foil tip and the vertical tunnel wall. It must be pointed out that the clearance
was not taken into account in the fluid computation.
Video recordings of a 25im/s camera or a high frequency video-camera at 2000im/s were carried out to analyze the cavity dynamics and the hydrofoil tip displacement. The displacement of the tip free section is mea-

The comparison of the numerical and experimental
Von Mises Stress is shown on figure 7 for the non cavitating flow. As shown, the numerical and experimental
results are in good agreement. As a matter of fact, the
stress is found to follow a linear behavior as a function
of the angle of incidence. This behavior is very similar
to the evolution of the foil tip displacement and the lift
coefficient.
Stable cavitation

Three cases corresponding to stable sheet cavitation
were computed for σ = 1.57,1.64 and 1.83. The figures 8 shows the cavity shape obtained in the experiments
and in the computation. It is observed that the coupled
CFD/CSD solver computes quite well the cavitating flow
and the results are found to be in a qualitative good agreement to the experiments.
The numerical results shows that the cavity is slightly
influenced by the deformation of the hydrofoil as shown
4

ber decreases (figures 10) and agrees very well with the
experimental results within the min-max values shown by
the vertical bars.
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FIGURE 7: Von Mises stresses as a function of the angle
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FIGURE 10: Von Mises stresses versus cavitation num(a) σ = 1.57

(b) σ = 1.64

ber

(c) σ = 1.83

Unstable cavitation
(d) σ = 1.57

(e) σ = 1.64

This numerical method is applied to the case of unstable sheet cavitation. A typical cycle of the cavity behavior
is shown in figure 11 resulting from the high speed camera. At tcycle=0, the cavity inception is close to the leading edge. Then the cavity length increases to a maximum
value of about 80% of the chord (tcycle=0.225s). The
cavity interface became instable (tcycle =0.25s) and the
cavity broke-down suddenly. The rear part of the cavity is
convected by the flow and collapse rapidly. The residual
cavity length decrease to the leading edge (tcycle=0.255s)
and became a thin cavitation band (tcycle=0.3s). The period of the oscillations was found to be close to 0.3 s.
The figure 12 shows the temporal reconstitution of a
cavity oscillation obtained from the numerical results on
the same time base as in the experiments. The numerical cavity oscillation is found to be qualitatively in reasonable good agreement with the experiments. The numerical time period is very close to the experimental one.
However more pronounced three-dimensional effects are
observed in the computation. As shown, the maximal cavity was around 80% near the wall and 60% at mid-span.
On the other hand the simulation provides a decrease of
the cavity length slower than in the experiments. Furthermore, there is not emission of a cavitating cloud as in the

(f) σ = 1.83

FIGURE 8: Experimental (a, b,c) and numerical cavity

shapes (d, e, f)
on figure 9 exhibiting the void fraction for three vertical
sections for σ =1.57 from the root to the tip.

(a) root

(b) mid span

(c) Tip

FIGURE 9: Vapor fraction in the clamped, median and

free sections for σ = 1.57 - red : water vapor - blue :
liquid water

The figure 10 shows a quantitative comparison of the
Von Mises stress as a function of the cavitation number
for numerical and experimental results. As shown, the
experimental stress slightly increases as the cavity num5

coupled CFD/CSD solver. Experiments show additional
fluctuations as the cavity growths again. The fluctuations
at the beginning of the growing cavity phase coincide
with the collapse of the cloud that could explain the lack
of fluctuations on the numerical results. The difference

Experimental
Computational
Computational - max and min

Von Mises Stress [MPa]

6

FIGURE 11: Oscilation cycle of a cavitation sheet ob-

tained from a high frequency video-camera for α=6°σ =1.4 - Re=7.5 ×105
experiments. It is believed, this difference originate from
the cavitation model during the collapse and cloud emission.
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FIGURE 13: Experimental and numerical Von Mises

FIGURE 12: Oscilation cycle of a cavitation sheet build

stress time series α=6°- σ =1.4 - Re=7.5 ·105

from numerical results for α=6°- σ =1.4 - Re=7.5 ×105

between numerical and experimental average value is 8%
in the case of unstable sheet cavitation comparatively to
6% in subcavitating flow . This is due to the prediction of
the minimal value of the stress that is lower than in the experiments. A difference of about 40% is recorded (see table 2). In reality, the decrease of the cavity length is coupled with a cloud emission. This cloud probably maintained a small under pressure on the rear part of the hydrofoil when convecting downstream, so the lifting force
and stress are more important during this phase.
A frequency analysis is shown on figure 14 from both
experimental and numerical time series of the Von Mises

From a quantitative point of view, it is particularly
interesting to observe the numerical Von Mises stress to
the experimental results. Figure 13 shows the time series
obtained for both cases. As shown there is a very good
agreement between computation and experiment both in
terms of time evolution and amplitude even if a small
over-estimation of the numerical frequency and the amplitude of the oscillations are observed. The time series exhibits a sawtooth like wave form due to time scale
difference between the cavity growing and collapse. It
is then found that the evolution of the stress during the
growing and collapse phase are well-estimated by the
6

Minum

Average

Maximum

Test [MPa]

1.5

3.5

4.9

Simulation [MPa]

0.9

3.2

4.6

Difference [MPa]

0.6

0.3

0.3

Deviation [%]

40

8.6

6.1

range as a function of the cavitation number. The mean
stress increases as the cavitation decreases until reaching
a specific point coinciding to the modification of the stability of the cavity. As the cavity becomes unstable, the
mean stress tends to decrease together with a strong increase of the maximal and minimal stress.

Von Mises stress [MPa]

TABLE 2: Values of the Von Mises stresses calculated and

measured in MPa
stress. A very good estimation of the oscillation frequency is obtained. The predicted frequency is 3.9 Hz
± 0,8 Hz and the measured one is 3,8 Hz ± 0,2 Hz. Both
spectrum show clearly harmonics as a a result of the typical sawtooth shape of the time series. A numerical simulation carried out with a rigid hydrofoil showed a cavity frequency similar to the calculated frequency of the
deformable hydrofoil. It indicates that the structure oscillation is driven by the sheet dynamic without strong
feedback effects on the flow. It is believed that the weak
feedback effect is due to the relative small deformation
and that the cavity frequency is relatively far from the
first structure natural frequencies. With more important
deformation, more important coupling effect could be expected.

1.4

Von Mises stress [MPa]

CONCLUSION

The paper addresses a numerical study for solving
fluid-structure interaction in cavitating flow over a flexible hydrofoil by coupling industrial advanced CFD/CSD
codes. The validation is carried out by experimental comparisons on cavity shape and dynamics and stress measurements as well. For small length stable cavities simulations agree very well with the experiments regarding
cavity length and structural stress. For larger unstable
cavities, the simulations show a good agreement as well.
The oscillation of the vapor cavity is quite well reproduced by the computation. The maximal, minimal and
average Von Mises stress compare very well to the experiments. Some discrepancies on the minimal value are
observed due probably to the cloud emission and collapse that is not captured by the computation during cavity breakdown. Moreover it must be pointed out that the
coupling is one way at this time meaning that the deformation does not act on the cavity dynamics. Finally
according to the qualitative and quantitative agreement
between the experiments and the computation observed
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FIGURE 15: Von Mises stress in a deformable structure
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FIGURE 14: Evolution of the Von Mises stress in function

of the frequency for α=6°- σ =1.4 - Re=7.5 ·105

Figure 15, shows the experimental and numerical
mean von Mises stress together with the min-max stress
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herein, it can be pointed out the CFD/CSD solvers was
found to be reliable to compute such complex flow provided that appropriate model constants are selected based
on experimental observations.
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