Experiments are performed in the flume of Ecole Centrale Marseille (ECM) in order to analyze the fluid structure interactions occurring at a flexible vertical wall impacted by a breaking wave. Characteristics of this flume are perfectly suitable to this kind of experiments: transparent walls and competencies in PIV techniques at great frequency.

This study leads to create a large database for validation of models. Those models are devoted to highly nonlinear wave generation on one side and devoted to structural behavior on the other side. Strong fluid structure interactions occur and therefore those models must be coupled.

Theoretical and numerical developments are then presented. Free surface tracking techniques are implemented. The corresponding hydrodynamic codes are based on potential theory and require very few computational resources. The structural models are based on linearized elasticity theory of thin shells.
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INTRODUCTION

State of the art shows that there is a need to provide new experimental results. That is one of our goals to provide the scientific community with a reliable database as a reference. Scientific challenges are great since they concern:

• catching the pressure distribution on a flexible wall • measure the deflection of the wall and the deformations as well,

• determine the kinematics of the fluid and catch the fine details of the flow.

Already performed studies so far are rather devoted to coastal engineering, for dimensioning coastal structures submitted to waves. Structures are hence rigid. In his review, Peregrine ( 2003) reports several circumstances where the pressure may reach great level on a vertical wall. In the same direction the project BWIMCOST (Breaking Wave IMpacts on steep fronted COastal STructures) is a reference in the domain. In this project, experimental campaigns were carried out in Large Wave Flume (GWK) of Hanover. These tests consisted in studying the impact of regular wave on a jetty at full scale. A specific instrumentation was developed, it allowed not only to provide measurements of pressure, but also to evaluate the fluid aeration (concentration of air bubles). Research works by Kirgöz et al (2004Kirgöz et al ( ) (starting in 1987) ) are the first approach to study the hydroelastic coupling. Their results do not give insights into the kinematics of the fluid. Sloshel Project (largely presented in this conference) aims at reproducing sloshing of liquid in LNG carriers at full scale. In any case the structures are slightly elastic, that is why in the present study, we emphasize the flexibility of the structure in order to get higher hydroelastic effects. In addition some attention is paid on the kinematics into the fluid.

Experimental campaign

Figure 1 : Side view of the wave tank with the 1/15 sloping beach.

The experiments are carried out in the flume of Ecole Centrale de Marseille. Figure 1 shows the facility. At one end a wavemaker generates a soliton which propagates over a 1/15 sloping beach, then breaks on a vertical and flexible wall. The soliton generation follows from the theoretical considerations by Guizien and Barthelemy (2002). A theoretical solution is chosen : Two laser sheets are used to lighten the plate and the whole process of water impact. For all thicknesses visualisation of the free surface and the plate deflection was recorded. To allow the visualisation of the free surface, fluorescein was mixed in water. For the thickness 8mm, velocity field in the water was measured with a Particles Image Velocimetry (PIV) technique. The water was seeded with 6 µm diameter silver coated hollow glass spheres with a density 1.1 g/cm 3 . Up to our knowledge it is not possible to combine fluorescein and seeding for PIV at the same time. Therefore repetitivity of the tests are checked since two series of perfect identical tests must be performed to get on one hand the free surface profile and on the other hand the kinematics. The next figure shows the repetitivity of two tests in terms of temporal variation of the pressure. That means that the wavemaker motion is perfectly controlled and the mean water level must be controlled with precision of half millimeter. That is done by observing the meniscus formed at the tip of a spike which touches the water.

η th = A sech 3A 4h 2 0 (A + h 0 ) ( g(A + h 0 )t -x)
The free surface profile are post-processed by analyzing the video recording. A fast video camera is used. The sampling frequency is 1000 frames per second. The following picture shows an example of the free surface detection. On the other hand from PIV measurements, we get the kinematics in the water during the whole fluid structure interaction as illustrated below For the different thicknesses comparisons can be made for both the free surface and the deflection as shown in the next figure. The 20mm case is assumed to be rigid. (2007). The tank is basically rectangular and filled with a liquid up to a moving free surface. In order to reduce as much as possible the numbers of unknowns, the boundary conditions on impermeable and fixed boundaries are accounted for by introducing a Green function which satisfies those boundary conditions. To this end conformal mapping are used. The physical domain is a semi infinite strip of width L. It is described by the complex number z and its transformed complex coordinate is w. These num-bers are linked by the relation w = -cos πz L and the fluid is now contained in the upper half w-plane; the real axis ℑw = 0 thus being the impermeable walls. The complex potential of any flow in this half plane can be described by means of sources arranged in a suitable way. The elemental complex potential of a source located at w = ω behaves as F = log(wω). Here a desingularized technique -as proposed by Krasny (1985)-leads to place sources at a small distance ǫ in the normal direction from the actual position of the free surface. The resulting velocity potential concatenates the influence of a large enough number (noted N ) of such sources, the velocity potential is the real part of the following expression

φ(x, y, t) = ℜ N j=1 q j (t) log w(x, y) -ω(X j (t), Y j (t), ǫ) + log w(x, y) -ω(X j (t), Y j (t), ǫ) (1) 
where (X j (t), Y j (t)) are the source location at time t in the physical z-plane and q j is the strength of source j. The overbar denotes the conjugate of a complex number. The source line is located outside the fluid, at a distant ǫ from the marker line defined by the discrete cartesian coordinates (X, Y ) in the physical plane. The numerical experiments show that ǫ = L 2N is an "excellent arbitrary choice". The source intensities are calculated by solving the time differential system as follows

           dΦ dt = 1 2 (u 2 + v 2 ) -g(Y -h) dX dt = u dY dt = v (2)
where g is the acceleration of gravity, h the liquid depth and ∇φ = (U, V ) are the cartesian coordinates of the velocity in the physical plane. A classical algorithm of Runge-Kutta (precise up to fourth order) is used to forward in time.

The elaborated computational code is not only robust (no smoothing is required) but also needs few computational resources. As an example of the speedness of the algorithms, we evaluate the average CPU cost of a time step for 200 markers on the free surface: T cpu ∆t ≈ 0.19s on a standard processor. Half time is spent in routine for solving the linear system and some gains are still expected. Hence few seconds are needed to simulate a sequence and parametrical studies are feasible.

Generation of breaking waves is performed by starting from initial deformed free surface. We hence avoid to simulate the whole process from wave-maker up to breaking. It is shown that starting from suitable initial shape, we can reach, realistic profiles of overturning crest. Most surprisingly, the kinematics beneath the free surface seems to mainly depend on the shape. As an example, we use the experimental data obtained during the campaign IDAO-PATOM project (see Kimmoun and Branger, 2007). A soliton is generated by the wavemaker. It propagates along a mild slope (1/15) up to breaking. The target of this numerical study is to artificially reproduce the following free surface profile and its corresponding kinematics. The results below are experimental ones As initial condition, we use η(x, 0) = h + Ae -R(x-L) 2 . The parameters L = 2m A = 0.31m, h = 0.122m and R = 4.3m -2 are identified to produce a profile at time t ≈ 0.86s which is superposed to the previous experimental ones The relative error on the modulus and direction of the velocity are about 5 % and 15 % respectively, except in the tip of the crest where the PIV measurements are delicate.

We further develop the model in order to match a longer sequence of the overturning crest.

Structural model

To tackle the structural problem, a modal-based model is developed. As a first step, we check that the measured pressure is consistent with the measured deflections of the plate. The PDE for the deflection w(r, t) of the plate reads

EIw ,r 4 + ρ d H ẅ = p(r, t) (3)
where r is the position along the plate, p is the hydrodynamic pressure, H is the thickness of the plate, ρ d is its density, EI denotes the bending stiffness with E the Young modulus and I the area moment of inertia of the beam about the neutral axis. For a beam of width b it reads I = bH 3 12 . The double dot stands for the second time derivative. The boundary conditions at both ends of the plate are w(r, t) = w ,r (r, t) = 0 at r = 0 (clamped plate) and w(r, t) = w ,r 2 (r, t) = 0 at r = L (freely supported plate). The deflection is sought in the form

w(r, t) = ∞ n=1 A n (t)w n (r) (4)
where A n (t) denote the amplitudes of each mode shape.

The shape functions w n (r) are determined from the homogeneous equation ( 3) where p ≡ 0 and from the boundary conditions listed above. They read

w m (r) = -tanh k m cosh( k m r R ) -cos( k m r R ) + sinh( k m r R ) -sin( k m r R ) , r ∈ [0 : L] (5) 
They form a complete family for the inner product

L 0 w m w n dr = L tanh k m δ mn = U m (6)
Equation ( 3) is projected onto the orthogonal family, and it is turned into

Äm + EI(k m /L) 4 ρ d H A m = 1 ρ d HU m L 0 p(r, t)w m (r)dr (7)
Once the pressure is determined, it can be projected on the orthogonal family by performing the integral in the RHS of (7). Integrands must be expanded in a careful way so that no numerical difficulties occur at high values of wavenumbers k m . The time differential system is integrated by using a partially implicit scheme.

In the present study, we do not try to elaborate any model for the pressure. Basically there are two phases which follow the instant at which the fluid touches the plate. The first one (extremely short) is the impact phase and depends mainly on the velocity (direction and intensity) of the arriving fluid mass and the local shape of the fluid mass itself. These data are easily identified from either the experiments or from the numerical simulation. Depending on the size of the tip of the crest Wagner models could be used but this model is not general enough to cover arbitrary configurations. The second phase could be called the splash phase. This phase starts when the fluid smears over the plate. The figure above shows the wave profile at the instant of impact and the following profiles. These results are obtained from post-processing the video recording. It should be noted here that the lower free surface part does not evolves in time due to the existence of an entrapped air pocket.

Existing models are based on some idealization of the turnover points on the both sides of the expanding wetted surface. Borisova et al (1959) or Cumberbatch (1960) first dealt with a symmetric fluid wedge impacting a flat plate. The solution is self-similar. This model is further developed by Zhang et al (1996) for asymmetric wedge and carefully applied by Greco (2001). We are obviously aware of the necessity to properly couple structural and hydrodynamic models as done in Korobkin and Khabakhpasheva (1999) or Scolan (2004).

The implementation of an hydrodynamic model is planned in future works. Up to now, we focus on the intervalidation of the measurements. Therefore the experimental pressure is used. Nine sensors cover a zone which is 9 cm long from 4.3 cm up to 13.3 cm measured from the clamping point. As described previously their are not necessarily on the same vertical direction, but twodimensionality of the flow is controlled. The following figure shows the free surface profile juste before impact After impact, the kinematics, the pressure and the deflection can be plotted (and even animated) on a same sketch as drawn below The shape of this envelop shows that the peak is not well caught in space. However, as explained earlier, the sampling frequency is high enough to properly catch the temporal variation. Here the frequency is more than 16 KHz. The envelop also shows that the variations of pressure in the air pocket plays an important role in the excitation of the elastic plate. In fact the lowest pressure sensor remains unwet for a long duration, until a maximum of pressure in the pocket is reached. As a result of this type of excitation, the deflections of the plate follow from the time integration of (7). As an illustration, the deflections are calculated at two points: at the upper limit and in the middle of the video recording frame: namely 12 cm and 24 cm from the clamping point. The agreement is good at the early stage, roughly during ∆t ≈ 0.03 s when the pressure sensors are strictly covered by the fluid. As soon as the wetted surface largely expands over the plate, discrepancies are important. There is hence a crucial need to investigate models which can simulate the fluid motion after impact. 

Conclusions

An experimental campaign devoted to hydroelastic effects has yielded a large database in terms of:

• pressure distribution on a flexible wall

• deflection of the wall,

• kinematics of the fluid and fine details of the flow (air pocket).

This database is used for validation of models. Consistency of experimental pressure and deflection measurements is checked.

Numerical tools are elaborated in potential theory. Their ability to accurately reproduce the kinematics in overturning crest is shown.

In future works, the early stages of the hydrodynamic impact will be modelled. Then it is necessary to simulate the expansion of the wetted surface while entrapped air pocket may play an important role in the hydrodynamic loadings. ASCE, Vol. 2, pp. 1473-1486• Cumberbatch, E. 1960, The impact of a water wedge on a wall, J Fluid Mech. 7 , 353 -374 • Borisova EP, Koriakov P et Moiseev NN, 1959 Plane and axially symmetrical similarity problems of penetration and of stream impact. J. Appl. Math. Mech., 23 pp 490-507 • Scolan YM, 2004, Hydroelastic behavior of a conical shell impacting on a quiescent-free surface of an incompressible J. Fluid Mech.,588; 
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 2 Figure 2 : comparisons for 3 of the 5 wave conditions between measured (blue) and theoretical (red) elevation.

Figure 3 :

 3 Figure 3 : Summary of the 5 wave conditions and the 3 different depths for one plate thickness.

  The wall is made of transparent Polymethylmethacrylate (PMMA). During this experiment, 5 different thicknesses have been tested: 3, 4, 5, 8 and 20mm. The 3mm one is shown in figure4.

Figure 4 :

 4 Figure 4 : View of the experimental setup.Pressure measurements have been performed only for the thickness 8mm. Pressure sensors are screwed on the plate according to the following sketch. It was not possible to screw the pressure sensors on the plates of smaller thicknesses.

Figure 5 :

 5 Figure 5 : View of the 8 mm plate with the pressure sensors.

Figure 6 :

 6 Figure 6 : Sketch of the laser lightening.

Figure 7 :

 7 Figure 7 : Time evolution of the pressure for different sensor altitude and for 2 identical tests (amplitude 8, level middle).

Figure 8 :

 8 Figure 8 : example of contour detection.
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 9 Figure 9 : example of PIV calculations.

Figure 10 :

 10 Figure 10 : Comparison for different plate thicknesses of plate deflections. Case : amplitude 8, level middle, thicknesses 3, 4 and 5mm. The case (topleft) corresponds to the rigid case.

Figure 11 :Figure 12 :

 1112 Figure 11 : Relation between plate deflection and wave phases. Case 4mm, Amplitude 8, level middle. After this first instant, plate starts vibrating. The figure below shows the temporal variations for three thicknesses. The period of oscillations are closed to the first natural mode of the plate.
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 14 Figure 14 : Comparison between experimental (red) and numerical (green) results.
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 15 Figure 15 : Time evolution of the experimental free surface after the impact.
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 16 Figure 16 : Case amplitude 8, level middle, the wave profile at the impact instant.

Figure 17 :

 17 Figure 17 : Example of postprocessing result with at the same instant from left to right : the wave kinematic, the spatial evolution of the pressure and the spatial evolution of the plate deflection. The corresponding temporal and spatial variations of the pressure are plotted in the next figure

Figure 18 :

 18 Figure 18 : time-space diagram of the pressure for case : amplitude 8, level middle.

Figure 19 :

 19 Figure 19 : Deflection at 12 cm above the clamping point. Comparison between experimental (dashed green) and numerical (red).

Figure 20 :

 20 Figure 20 : Deflection at 24 cm above the clamping point. Comparison between experimental (dashed green) and numerical (red).
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Table 1 :

 1 summary of experiments with free surface detection and deflection measurements.

	Amplitude (cm)	4	6	8	10 12
	depth (name)	low middle high	
	depth (cm)	69	70	71	
	thickness (mm)	3	4	5	20
	Amplitude (cm)	4	6	8	10 12
	depth (name)	low middle high	
	depth (cm)	69	70	71	
	thickness (mm)	8			

Table 2 :

 2 summary of experiments with PIV, pressure and deflection measurements.
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