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ABSTRACT

The paper discusses the development of the combined semianalytical (fluid flow) and numerical FEM (structure) models for hydro structure interactions during the sloshing impacts in the tanks of the membrane type LNG carriers. This is a very challenging problem and lot of work, both experimental and numerical, has been done in the past. However, it is fair to say that no fully consistent solution exists up to now. Indeed, the small model tests, which are usually conducted in this context, suffer from scale effects and numerical CFD calculations suffer from numerous numerical problems and prohibitive CPU time requirements. There is a clear necessity for full scale measurements with the real LNG and the real containment system. Unfortunately this is technically extremely difficult and, up to now, there is no documented work on this, at least not in open literature. In the absence of the real full scale measurements, some "quasi" full scale measurements were performed. These measurements consist in impacting the real containment system structure through the drop tests technique Kim et all (2008), or through the more sophisticated wave generated impacts (Sloshel project - [START_REF] Malenica | Full scale experiments and new methodology to assess the structural behavior of a membrane LNGC containment system under breaking waves. Project Sloshel[END_REF], [START_REF] Brosset | Overview of Sloshel project[END_REF]). The developments which are discussed in this paper were conducted within the Sloshel project which concentrated on the structural response of the real (full scale) containment system under the breaking wave impacts. Very rich and ambitious project objectives have been defined, with the final goal of improving the current methodologies used in the structural assessment of the containment system and the supporting ship structures. At the beginning of the project, it was decided that the effort in the numerical part would be concentrated on the development of semi-analytical methods for the local fluid flow, which will be combined with the complex structural FEM models for containment systems. The use of the classical CFD methods for the local analysis of extremely complex sloshing phenomena was avoided at the beginning of the project, but was included later. The simplified semi-analytical models for fluid flow, keeping the main physical parameters allow for the assessment of the phenomena within the reasonable computational effort. The drawback is that the impact situations should be highly simplified. In that respect, the sloshing impacts were preliminary classified i n t o3m a i ng r o u p s :

INTRODUCTION

Transportation of Liquified Natural Gas by membrane type LNG carriers is rather safe and cost efficient at present. However, the increased size of the recent LNG carriers (up to 240 000 m 3 ) and new operation requirements (partial fillings) introduce the important challenges with respect to safety and structural integrity of LNG tanks. Structural integrity is of concern, in particular, in terms of the so called sloshing-slamming loads which are induced by violent liquid motion inside the LNG tanks. Due to the fact that these impact loads are most often characterized by extremely high pressure peaks localized in space and in time, the evaluation of the structural response can not be decoupled from the evaluation of the fluid flow and coupled hydro-structure numerical models are necessary. Usually we talk about the 1 Combined Semi-analytical and Finite Element Approach for Hydro Structure Interactions during Sloshing Impacts -"Sloshel Project"

fully coupled or hydroelastic analysis, in contrast to the most common quasi static approach where the hydrodynamic loading is calculated independently by assuming the rigid structure, and the resulting pressure field is simply applied to structural model as a static loading at each time step. Unfortunately most often, it is not possible to avoid the complex hydroelastic calculations in the present context where the duration of impact load is very short so that the dynamic amplification factor can significantly vary. This can be clearly seen from Figure 1, where the well known dependence of the maximum dynamic response of an elastic system on the impulse duration, is presented. The main parameter here is the ratio of the impulse duration to the natural period of the elastic system. In sloshing impact situations this parameter can take any particular value. This Figure also

shows that the hydroelastic effects can be both beneficial or dangerous, depending on t1/T0 ratio. In order to address these challenges and resolve the difficulties associated with the hydroelastic analysis, combined approach based on semi-analytical hydrodynamics and FEM structural analysis, is proposed. This approach accounts for physical effects such as hydroelasticity, mixing processes between the LNG and the gas, compressibility of the fluid and other effects only then and there when and where they are of primary importance. The overall methodology of the combined approach was developed for a general case of violent sloshing in LNG tanks (see Korobkin A.A. & Malenica Š., 2006 for more details). In this paper the methodology for the sloshing assessment at low fillings is presented. Low filling situation is characterized by possible formation of steep and breaking waves, which hits the tank walls and produce very high impact pressures. This was of main concern in the Sloshel Project.

HYDROELASTIC MODELS

Basic principles of coupling

In the developed hydroelastic models it is assumed that the global kinematics of the sloshing is independent of the tank flexibility but the local impact pressures and their distributions are affected by the elastic properties of the containment system and the associated ship structure. The wall elasticity is accounted for only during the impacts and only near the places were such impacts happen.

It is assumed that the analysis of global fluid motion in LNG tank by using CFD simulations has been performed, and both the places and times of the different impacts were identified. Alternatively this can be also done by proper analysis of the small scale model tests which are believed to be representative of the overall sloshing motion inside the tank in spite of the possible scale effects.

The local hydroelastic models are valuable also on their own and can be used independently. Indeed, the local analysis provides reference cases, which distinguish dangerous impact types and impact conditions with respect to the failure modes of the containment system. Moreover, the results of the local analysis may help to distinguish the most important failure modes. The local hydroelastic models can be validated independently by comparing their predictions with the laboratory experimental data.

The local hydroelastic models are applicable only during the impact stages, when the hydrodynamic loads are high and the elastic response of the structure is maximal. By definition the impact stage is of short duration. This makes it possible to disregardmanyeffects,whichareofmainconcernintheCFDanalysis, such as large dimensions of the tank and its real shape, real profile of the free surface far from the impact region, viscosity of the fluid, its surface tension and gravity effects. However, some effects, which are believed to be of minor importance in the CFD analysis, should be taken into account in the local analysis. These effects are compressibility of the fluid, presence of the gas above the fluid surface and in the impact region, aeration of the fluid in the impact region, jetting and fine details of the flow in the jet root region, rapid increase of the wetted surface of the tank wall and the flexibility of the wall. Short duration of the impact stage allows us to simplify the local analysis and to use a combination of analytical and numerical methods instead of direct numerical calculations as in the global sloshing analysis by CFD. By introducing small time scale and appropriate scales of other variables and unknown functions which describe coupled hydrodynamics and structural response, we arrive at the complex boundary-value problem of hydroelasticity with a small parameter (see Korobkin A.A. & Malenica Š., 2006, section 2.3). The small parameter has the order of the ratio between the liquid displacement and the length scale of the original problem. This ratio is small for impact situations. This fact allows us to use perturbations methods of asymptotic analysis to distinguish effects providing minor contributions and formulate the coupled problem of hydroelasticity with proper account for physical effects providing the most important contributions to the local loads and structure response.

The asymptotic analysis of local fluid-structure interaction in the impact region is performed only for the hydrodynamic part of the problem. The structural part is presented by the original FEM model. Computations for simple structures were done by FEM and by analytical models with the aim to verify the local models of hydroelasticity [START_REF] Korobkin | FEM-Wagner coupling for hydroelastic impact problems[END_REF], Malenica Š. et al. 2006, Korobkin A.A.et al. 2006[START_REF] Ten | Steep wave impact onto a complex 3D structure[END_REF].

It is well accepted that fine details of the fluid flow and pressure distribution are not very important for the stress distribution caused by the impact. Even the measured or calculated pressures vary significantly, the stress evolution is believed to be much less sensitive to such variations. Unfortunately, the proper sensitivity analysis has not been performed so far for the hydroelastic problems of fluid impact onto the containment system or even for hydroelastic problems with simplified structural characteristics in 2D. There is a necessity to perform this analysis in order to verify if the stress distributions in a structure are weakly dependent on the impact details but strongly dependent on the impact type, because this might allow for further simplification of the different models by using only few parameters specifying, approximately, the initial conditions of the impact. This idea is rather attractive because it allows us to perform the local analysis in semi-analytical way with full control of the results. Reasons for such simplifications are discussed by [START_REF] Korobkin | Hydrodynamic loads during initial stage of floating body impact[END_REF] with respect to numerical solutions of water impact problems (see also other papers by Iafrati on this subject). This idea is also attractive because the numerical results for sloshing in LNG tanks by classical CFD codes are available with the spatial accuracy of the order of 0.5m. This means that actually the fine details of both the free surface shape and velocity field are not available, and the initial conditions for the impact stage are known very approximately. This implies that, in some sense, attempts to reproduce all details of the flow and pressure distribution during the impact have no meaning in practice, even if they lead to very interesting mathematical problems [START_REF] Malenica | Hydroelastic impacts in the tanks of LNG carriers[END_REF].

Impacts classification

The detailed classification of the impact types can be found in Korobkin and Malenica (2006) and here below we briefly summarize the main ideas. Three basic types of the impact (steep wave, breaking wave and aerated wave) are defined in Figure 2. It was shown that the fully coupled hydroelastic equation for incompressible liquid impact can be written in the following form:

∂ 2 ∂t 2 n [M + S(b)]W o +KW = Q r (b), (1) 
where b(t) defines the dimension of the contact region, M and K are structural mass matrix and stiffness matrix of the structure, S(b) is the added mass matrix, which is calculated at each time instant during the impact stage, Q r (b) represents the generalized hydrodynamic loads with respect to the natural modes of the structure calculated without account for the structure deflections. There are also additional equations for the dimensions of the contact region between the fluid and the elastic structure. These equations are not shown here. Once the added mass matrix S(b) is known, the problem of hydroelasticity is reduced to a system of ordinary differential equations with respect to the dimensions of the contact region and the generalized coordinates W(t) of the structure response.

In the models with compressible fluid one needs to solve a system of integro-differential equations of the form

∂ 2 ∂t 2 n M W + Z t 0 S(t -τ )W(τ )dτ o + KW = Q r (t). ( 2 
)
It is important to notice that equations ( 1) and ( 2) do not require calculations of the hydrodynamic pressures but the time integrals of the pressure distribution is used instead. This highly improves accuracy and robustness of hydroelastic computations. Moreover, for several configurations the added mass matrix S was calculated analytically which allows the use of very large number of modes.

Steep wave impact

Within the model of steep wave impact two cases were distinguished with: (1) almost vertical front of the wave approaching the vertical elastic wall and (2) the wave front inclined from the wall (Wagner type of steep wave impact). Wagner type of steep wave impact was covered in [START_REF] Korobkin | Wagner theory of steep wave[END_REF]. Second order loads acting on a rigid surface during wave impact were investigated in [START_REF] Korobkin | Second-order Wagner theory of wave impact[END_REF]. The generalized Wagner approach which account for actual geometry of the impact, was studied by [START_REF] Malleron | Some aspects of a generalized Wagner model[END_REF]. Three-dimensional Wagner problem was analyzed by [START_REF] Gazzola | Three-dimensional Wagner problem using variational inequalities[END_REF] for rigid bodies and by [START_REF] Gazzola | Hydro-elastic Wagner impact using variational inequalities[END_REF] for elastic structures.

Here we restrict ourselves to the first case where the wave front comes into the contact with an elastic vertical wall almost instantly. In this case the fluid compressibility has to be included into the hydroelastic model. However, the corresponding model is the simplest hydroelastic model of wave impact. The hydrodynamic parameters of the problem are the fluid depth H,t h e wave height Hw, and the sound speed of the fluid c0 (see Figure 2). The wave speed V is actually not a parameter in this linear problem because all unknown quantities are proportional to the wave speed. In this model the incident wave is two-dimensional but the structural response and the distribution of the hydrodynamic loads can be three-dimensional. Two-dimensional problem of step wave impact was studied by [START_REF] Korobkin | Steep wave impact onto elastic wall[END_REF]. [START_REF] Ten | Steep wave impact onto a complex 3D structure[END_REF] considered 3D problem of wave impact onto a complex elastic structure. In [START_REF] Korobkin | Steep wave impact onto elastic wall[END_REF] it was also shown that the wave impact problem can be treated within the incompressible fluid model but only for very flexible structures. Note that the actual panels of LNG tanks are rather stiff with the period of the lowest mode being comparable with the acoustic time scale. Within the acoustic approximation the flow is described by the velocity potential ϕ(x, y, z, t). The prob- lem is formulated in non-dimensional variables which are chosen in such a way that the fluid depth, impact velocity, sound speed and fluid density are equal to unity. The boundary-value problem with respect to the velocity potential has the form (0,y,z,t) ,

8 > > > > > > > > < > > > > > > > > : ϕtt = ∇ 2 ϕ in flow domain, ϕy =0 y =0a ndy = l, ϕ =0 z =1, ϕz =0 z =0, ϕx = -χ1(y, z)+wtχ2(y, z) x =0, ϕ = ϕt =0 t =0, q(y, z, t)=-ϕt
where w(y, z, t) is the deflection of the elastic panel, q(y, z, t)isthe hydrodynamic pressure distribution over the wall, and χ1(y, z), χ2(y, z) are characteristic functions of the impact region and the region of the panel, respectively. The panel deflection is represented as

w(y, z, t)= ∞ X n=1 an(t)Wn(y, z),
where the principal coordinates an(t) satisfy the differential equations

αn d 2 an dt 2 + dn " an + γ dan dt « = Z S q(y, z, t)Wn(y, z)dS, an(0) = ȧn(0) = 0.
Here the normal modes Wn(y, z) of the panel vibration in air and coefficients αn, dn (n =1 , 2, ...) are computed by 3D FEM code ABAQUS, γ is the coefficient of structural damping. The integral term is calculated analytically which makes it possible to reduce the coupled problem to the following system of integro-differential equations d 2 bn dt 2 + dn

" an + γ dan dt « = Pn(t), αnan + ∞ X m=1 Z t 0 am(τ )Knm(t -τ )dτ = bn(t),
where the functions Knm(t)a n dPn(t)a r eg i v e nb ya n a l y t i c a l formulae. This system is solved numerically.

The developed numerical codes (2D,3D plate, 3D complex elastic structure) were validated with respect to: a) convergence with respect to the time step of integration and number of modes retained; b) comparison between predictions by 2D and 3D models; c) comparison of the results obtained within the compressible and incompressible fluid models; d) comparison of the 3D results obtained for uniform elastic plate by normal mode method and by coupling with 3D-FEM code.

The detailed validation procedure allowed us to select optimal parameters for numerical integration of the derived system 

Breaking wave impact

Breaking wave impact occurs when the approaching wave is overturning in front of the wall and the cavity filled with air or gas is closed at the impact instant. The presence of the cavity is a main feature of this type of the impact. After the time instant, when the cavity is closed, it starts to be compressed and oscillates later on. These oscillations are of relatively large periods, which are defined by the volume of the trapped cavity and the properties of the gas in the cavity.

In general case this problem is very complicated and requires a solver with extremely high resolution. However, during the stage of high hydrodynamic loads the problem can be simplified assuming that the shape of the cavity does not change significantly during this initial stage. This implies, in particular, that the projection of the cavity onto the wall does not change during the stage of interest.

We consider a wave in a channel with vertical wall at x = 0. The wave breaks in front of the wall and traps a cavity. In the projections of the wave and the trapped cavity onto the wall shown in Figure 5, all regions are assumed rectangular. In the hydroelastic analysis it is suggested to use the Bagnold model of breaking wave impact. This model was generalized to 3D case of wave impact onto elastic structures. Within the Bagnold model the cavity projection onto the wall does not change with time and thickness of the cavity is assumed to be a function of time only. The cavity is modelled as a chamber covered with a piston of small mass m. Motion of the piston is governed by the hydrodynamic pressure in the fluid and the aerodynamic pressure in the cavity. The pressure in the cavity pc(t)i sc a l c u l a t e da s where s(t) is the thickness of the cavity, s0 = s(0) and γ is the adiabatic index of the gas in the cavity. The hydrodynamic pressure in the fluid is calculated with the help of the acoustic model from previous section but now the boundary condition on the wall has the form

pc(t)=patm[(s0/s(t)) γ -1],
ϕx = -χ1(y, z)+wtχ2(y, z)+[v(t) -v(0)]χ3(y, z) x =0,
where v(t) is the time derivative of the cavity thickness and χ3(y, z) is the characteristic function of the cavity projection onto the wall.

Balance of forces acting on the free surface of the cavity provides differential equation for the cavity thickness s(t), which can be integrated once the hydrodynamic pressure over the wall is known. Therefore, we calculate the hydrodynamic pressure, the cavity thickness and the deflections of the elastic panel mounted into the wall at the same time. The problem is solved by using the method of normal modes. The normal modes of a structure are computed by 3D-FEM code. The obtained nonlinear system of integro-differential equations with respect to the principal coordinates of the structural vibration and the cavity thickness is integrated in time numerically. The numerical procedure and the method were properly validated. Examples of structure responses to breaking wave impact computed with the help of this hydroelastic model (with account for the gas cavity) and with the help of the model from the previous section (without cavity) are shown in Figure 6.

Aerated wave impact

The fluid of depth H, see Figure 3 where the functions Vm(y, z)a n dWn(y, z) are orthonormal, respectively, in the cross section of the flow region, 0 <y<1, 0 <z<1, and the time-dependent coefficients φ k (t)andan(t)are to be determined from the body boundary condition and the wave equation with non-constant sound speed. These time-dependent coefficients are computed as solution to the system of ordinary differential equations 8 > < > :

d 2 φ dt 2 = S -1 • T d a dt -S -1 v -S -1 • D 2 φ α d 2 a dt 2 + K a + γ d K d a dt = -T * d φ dt , where φ = {φ1,φ2, ...}, a = {a1,a2, ...}, v = {v1,v2, ...}, D = diag{d1,d2, ...}, K =d i a g {βµ 4 1 ,βµ 4 2 , ...}, T = {T kn }, S = {S kl }, d k and µn are eigenvalues which correspond to u n(k) (x)V m(k) (y, z)
and Wn(y, z), respectively. In particular, the elements of the matrix S are given by the integral

S kl = 0 Z -d l Z 0 1 Z 0 c -2 u n(k) u n(l) V m(k) V m(l) dzdydx.
The derived system of ordinary differential equations is written in matrix form dX dt = MX + C, X(0) = 0 for extended unknown vector X(t)={ φ, ˙ φ, a, ˙ a} * .T h em a t r i xM and vector C are given by

M = 0 B B @ 0 I 00 -S -1 • D 2 00 S -1 • T 00 0I 0 -α -1 T * -α -1 K -γ d α -1 K 1 C C A , C = 0 B B @ 0 -S -1 v 0 0 1 C C A .
Note that the matrix M and the vector C are independent of time. This makes it possible to derive the exact solution to this initial value problem. To do this, the matrix M is represented as a product M = R • L • R -1 ,w h e r eR is complex matrix made by eigenvectors and L is the diagonal matrix formed by the corresponding eigenvalues of matrix M. Then, the solution is

X(t)= `R • E L (t) • R -1 -I ´"D -2 v, 0, 0, 0 " * , E L (t)=e Lt .
Convergence of the method was investigated and validated in terms of the number of the modes and time step of integration. The method was also validated by performing several tests comparing the results obtained: a) by using 3D and 2D numerical codes; b) by using analytical and numerical modes for the elastic panel; c) by 3D code for aerated fluid and 3D code for fluid without gas bubbles. In all calculations the sound speed depends on the vertical coordinate z only. The sketch of sound speed as function of the vertical coordinate is shown in Figure 7 (right).

An example of structure response to aerated fluid impact computed with the help of the developed hydroelastic model is s h o w ni nF i g u r e8 .

Steep wave impact using variational inequality

Parallel to the semi analytical models of steep wave impact, the equivalent numerical model based on variational inequality method was also undertaken. The developments are based on the work by [START_REF] Gazzola | Contributions aux problèmes d'impacts nonlinéaires : le problème de Wagner couplé[END_REF] where the basic principles and all the details of the method can be found. The method was developed in the context of the 3D hydroelastic Wagner impact which is much more complicated than the 2D one, because of the difficulties related to the determination of the wetted part of the structure at each time step. This method is extremely strong in applications to truly 3D cases and to complex geometrical configurations. Below we present basic principles of the method and some validation results by comparing the predictions by this method with the previously obtained semi analytical results.

We deal with the displacement potential in this method. The boundary value problem for the displacement potential φ,( w h i c h is the integral with respect to time of the velocity potential) is then

8 > > > > < > > > > : ∇ 2 φ =0 inΩ φ =0 onthefreesurface φn = 0
on the bottom wall φn = f + w -h -s on the wet surface φ → 0 in the far field,

(1)

where the functions f , w, h and s describe respectively the shape of the wall before the impact, deflection of the wall for the hydroelastic case, the wave displacement and the wave shape.

We introduce the quadratic form:

a(u, v)= ZZZ Ω ∇u •∇vdΩ. (2)
and the linear form l :

l(v)= ZZ Impacted wall (f + w -h -s) • vd Σ. (3)
The problem 1 can be reduced to the following variational inequality:

a(φ, v) ≥ l(v), ∀v ∈ K, ( 4 
)
where K is a convex set of functions. The problem is well posed, and has a unique solution.

The structure is assumed elastic. Its deformation W is governed by the classical structural dynamic equation which can be formally written in the following form:

M ∂ 2 W ∂t 2 + C ∂W ∂t + KW = P, ( 5 
)
where M , C and K are the mass, damping and stiffness matrices. P is the pressure linearised term from the fluid onto the structure. We denote by exponent the time step number n (with t = n•∆t).

For example, W n-1 is the structural displacement at time instant t =(n -1)•∆t. The non linear coupled system of equations takes the following form:

8 > > > < > > > : M W n+1 -2W n + W n-1 ∆t 2 + C W n+1 -W n-1 2∆t +K W n+1 + W n-1 2 ≃-R Φ n+1 -2Φ n +Φ n-1 ∆t 2 , Φ n+1 = H • t R(W n+1 ), ( 6 
)
where R is an operator coming from the fluid-structure nonconforming interface, and H is the fluid operator from the variational inequalities. At time step tn+1 the unknowns are W n+1 and Φ n+1 . The coupled system ( 6)is solved at each time step by using the Newton algorithm. The method is validated by compar- ing the results with the semi analytical predictions for the steep wave impact on steel plate from Figure 3 (y1 =0.5m, y2 =1.5m, z1 =1 .0m and z2 =2 .0m at the instant of impact). The flexible plate is 1 m × 1 m, and its thickness is 2 cm. The plate is 2.0cm thick and is simply supported on its upper and lower boundaries while it is free on the left and right boundaries. The structure is at rest at the initial time instant, Hw =1 .5m and the impact velocity is 1.0m/s. The generalised coordinates of the first and third mode are given in Figure 9. Good agreement is observed.

MODELING OF THE CONTAINMENT SYSTEM AND THE SHIP STRUCTURE

In this work we concentrate on the NO96 containment system only. This containment system is shown in Figure 10. It consists Step: test74

Frame: 174

X Y Z Figure 11: FE model of NO96 box.
of two insulation layers: primary and secondary boxes. Each of them is an assembly of plywood plates attached together by staples. The two boxes are separated by an Invar membrane, which rigidity, being negligible compared to plywoods, is not modeled here. Fixation of the box onto the rigid wall is represented by a clamping boundary condition (all degrees of freedom equal to zero) on the bottom plate of the secondary box. The primary box is the part in contact with the incoming wave. The four side panels are plywood 9mm thick. The box is filled with 7 plywood bulkheads; 2 are 24mm thick and 5 are 12mm thick. Cover plate is composed of two plywood plates 12mm thick assembled with staples; translational degrees of freedom are constrained between these two plates to model the contact interaction. The secondary box is the one located closer to the rigid wall. The four side panels are 9mm thick. The box is filled with 6 transverse bulkheads 12mm thick, oriented 90 • with respect to the primary box bulkheads. The plate in contact with the rigid wall is a plywood 6.5mm thick, and the top plate in contact with the primary box is 12mm thick; translational degrees of freedom are constrained between top plate of secondary box and primary box to model the contact interaction. The bulkheads are assembled to the rest of the box with staples, which allow relative rotations between them.

A simple and efficient way to represent this effect is to constrain the rotations between these parts UR part2

⊥ = χ • UR part1 ⊥ ; χ can
be determined through comparison between calculated buckling eigen-modes and buckling test results.

MODELING OF WAVE PROPAGATION

As mentioned in the abstract, during the SlosHel project, proper modelling of the wave propagation was identified as necessary for definition of impact conditions. This work was carried out in ECM and more details about the different methods can be found in Kimmoun and Scolan (2009).

A desingularized technique combined with conformal mappings of the inner tank lead to an optimized algorithm for free surface tracking method. Basically we use the theoretical developments by Krasny (1985) and [START_REF] Tuck | Solution of nonlinear free surface problems by boundary and desingularized integral equation techniques[END_REF]. The tank is rectangular but may have a bathymetry. Conformal mappings consist af successive changes of variable, so that the inner domain of the tank is simply turned into a half plane or even a quarter of a plan. Green functions are hence calculated in this transformed plan with their additional images with respect to the solid boundaries. The corresponding Rankine sources (log function) are distributed along a line which is at a small distance of the actual free surface but outside the fluid domain. This small distance is determined to get stable numerical results. More details can be found in [START_REF] Scolan | Nonlinear free surface motions close to a vertical wall. Influence of a local varying bathymetry[END_REF] and quite similar works are shown in [START_REF] Bredmose | Wave height? A study of the impact of wave groups on a coastal structure[END_REF]. A time differential system follows from kinematic and dynamic free surface conditions, they read

dφ dt = 1 2 (U 2 + V 2 ) -g(Y -h), dX dt = U, dY dt = V (7)
where (U, V ) are the cartesian coordinates of the velocity in the physical plane, (X, Y ) are the cartesian coordinates of the markers along the free surface, g is the gravity and h the liquid depth. Elaborated algorithms are very stable and robust. Few computational resources are required: a typical time step for 200 markers on the free surface costs about 0.19s on a standard processor. This technique allows parametric studies even if wavemaker cannot be modeled. In fact, we use an artifact which consists in starting from an initial deformed free surface. This initial condition depends on few parameters. Depending on the mean free surface level and bathymetry a large range of waves can be reproduced. As exposed in [START_REF] Scolan | Nonlinear free surface motions close to a vertical wall. Influence of a local varying bathymetry[END_REF], kinematics beneath the free surface can be accurately reproduced by performing some identification with free surface profile only. That makes it possible to yield kinematics in the overturning crest as initial conditions to impact model. As an example the following initial profile is used with a bathymetry as drawn below (left)

The presence of the bathymetry is necessary to inhibit the strong run-up which unavoidably occurs for this kind of wave generation.

The bathymetry is thus an artifact. In order to avoid this artifact, further development by coupling of Boussinesq model with the present code is under progress. More details are exposed in Kimmoun and Scolan (2009).

COMPARISONS WITH SLOSHEL EXPERIMENTS

Validation of the FEM model comparison of reaction forces shows relatively good agreement.

The strains however show an underestimation of the measured values. The reasons for that lies, both in the inaccuracies of the pressure measurements and their numerical interpolation over the wetted part of the FE model. On the other hand, we should also keep in mind the complexity of the real N096 box so that the FE model can only be approximate.

Direct comparisons with Sloshel experiments

In the following section we present few preliminary comparisons of the numerical results and the Sloshel experiments.

During the experiments, it was difficult to distinguish which case corresponds to Wagner, steep, breaking or aerated wave impact type. For each experiment on the same graph we plotted measured data by all pressure gauges located on one line. It was found three typical behaviors of the pressures shown in Fig. 14 In the different figures each line corresponds to the pressure evolution measured by the gauge PN. The gauges are numbered from highest to the lowest position. From the figure 14 left, we can see that there is a shift between two neighbor gauges. It is due to the angle between the wall and the wave front. On the other hand, if the wave front is almost vertical, all gauges record the change of the pressure almost at the same time, so the figure in the middle corresponds to the steep wave impact. Finally, because of the oscillation of the cavity in the system, there are oscillations after the impact. This is shown in figure 14 right. From the theory, the maximum pressure during the impact is estimated as ρUc, where ρ is the fluid density, U is the impact velocity, and c is the sound velocity in the fluid. If during the steep wave impact, the maximums of peaks happen almost in the same time, but the values are different, then we can suppose that it is because of variation of the sound speed and, thus, aerated wave impact should be considered. Following the described method above, we classified the experimental data to the Wagner, steep, breaking and aerated fluid impacts.

In Figure 15 comparison between numerical and experimental results for breaking wave impact is presented. Both the pressure in the cavity and the strain in the cover plate are shown. Impact parameters are derived from Sloshel iCAMs measurements, which allow us to determine the shape of the wave just before it impacts the wall.

In the present case, the pressure from the experiments is decaying due to some physical effects, while in the theory it oscillates. In order to include the decaying effects, an artificial damping was introduced in the numerical code. The strains are obtained by multiplying the general modal coordinates an by the modal contributions which are obtained by Abaqus. As we can see the agreement is reasonably good. The most violent impacts ob- served during Sloshel measurement campaign were of flip-through type. The code developed using Wagner approximation is used for the simulation of these impacts: actual shape of the wave front just before the impact was used with polynomial interpolation of the iCAMs measurements. In Figure 16 structural response calculated for one impact at two locations on the cover plate of the NO96 box is presented. The numerical results obtained with and without hydroelastic coupling are presented. A fairly good agreement can be observed. 

Calculations

CONCLUSIONS

Sloshing induced impacts are very important in the design of a ship tank. Many physical effects may have to be considered such as gas cushion, liquid compressibility, boiling of liquid cargoes and hydroelasticity. When analyzing sloshing impacts, one must always have the structural response in mind. An important consideration is the time scale of a particular hydrodynamic effect relative to wet natural periods for structural modes contributing significantly to large structural stresses. More structural modes may be included for membrane structures analyses than for steel structures. Some of the important structural modes for membrane structures may have relatively lower natural periods than for steel structures. If the time scale of a hydrodynamic effect as for instance acoustic effects is very small relative to important structural natural periods, the structure has a negligible reaction and therefore the particular hydrodynamic/hydroelastic effect can be neglected. When the hydrodynamic loads occur on the time scale of important structural modes, hydroelasticity must be considered. This implies that the fluid (liquid, gas) flow must be solved simultaneously with the dynamic elastic structural reaction.

In spite of all the efforts which were made in order to properly solve the sloshing impact problems, it is fair to say that still lot of uncertainties persist and it is not fully clear how they could be properly solved. The full scale monitoring of the real LNG ships during their normal operation would certainly be very helpful but, for the time being, it seems to be very difficult to perform these kinds of measurements. Recently reported damages on large LNG carriers clearly show that the important improvements of the methodology for structural assessment of the LNG containment systems are necessary.

In this paper we proposed rational methodology which might represent a step forward toward the final solution of this difficult problem. Indeed, only relatively simple models can afford for a quick sensitivity analysis of the structural responses with respect to the different physical phenomena which occur during the sloshing impacts. In spite of rather important simplifications we believe that these models are representative of what happens in reality. It is hopeless to try to look for quantitative assessment of the structural responses during the lifetime ship operations, because of an infinite number of cases which need to be considered. Only approximate approaches, as those presented in this paper or even simpler approaches based on estimates of loads and stresses but not on their evaluations, seem to be of practical meaning. We believe that the combination of either small scale model tests, or global CFD sloshing analysis, for determination of the impact types, with the simplified local hydroelastic analysis, is the only feasible and practical approach today. Having say that, it is clear that more validations of the present models must be done, and the Sloshel project seems to be a good place to achieve that because, in this project, the complex structure of containment system is represented at full scale.

The opinions expressed in this paper are those of authors alone and do not necessarily represent the views of Sloshel JIP consortium.

Figure 1 :

 1 Figure 1: Dynamic amplification for triangular impulsive loading (t1 impulse duration, T0 -natural period). The loading is symmetrical around t = t1/2 where it takes the maximum value F0 = kx0.

Figure 2 :

 2 Figure 2: Different types of wave impact (steep wave impact, breaking wave impact and impact by aerated wave.

Figure 3 :

 3 Figure 3: 3D configuration of the problem (left) and the wall with mounted elastic panes (right).

Figure 4 :

 4 Figure 4: Deformations of NO96 box during steep wave impact. The box (1.1920 m × 0.99 m) is fitted into a larger cover box (1.655 m × 1.655 m). The centers of the boxes coincide. Wave height Hw =1 .5 m, water depth H =2m,w a l lw i d t hL =2m, center of the cover box y b c =1mz b c =1.1725 m.

Figure 5 :

 5 Figure 5: Projections of the wave and the trapped cavity onto the wall. The cyan stripped area corresponds to the impact region, the white rectangular corresponds to the cavity, the gray rectangular is the elastic panel mounted into the wall.

Figure 6 :Figure 7 :Figure 8 :

 678 Figure 6: Deformations of a steel box during breaking wave impact. Wave height Hw =0 .65 m, water depth H =2 m,w a l l width L =2m,c e n t e ro ft h ebo xi sa ty b c =1mz b c =1.25 m,bo x dimensions 1 m × 1 m, the thickness of the each surface except the front one is 2 cm, the thickness of the front plate is 2mm. The cavity dimensions are L0.5 m × H0.3 m × W 0.1 m.T h ec e n t e ro f the rectangular cavity is at y c c =1mz c c =1.5 m.I m p a c tv e l o c i t y is 1m/s and the initial velocity of the cavity surface is 50cm/s.

Figure 9 :

 9 Figure 9: Generalised coordinates of the first and third structural mode (VI -variational inequality, SA -semi-analytical).

Figure 10 :

 10 Figure 10: NO96 containment system.

Figure 12 :

 12 Figure 12: Bathymetry and corresponding wave profile before impact.
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 13 Figure 13: Comparison of reaction force (left) and strain in the cover plate.

Figure 14 :

 14 Figure 14: Three typical behaviors of the pressures in the experiment: Wagner, steep and breaking wave impacts. Pressure gauges are counted from the top.

Figure 15 :

 15 Figure 15: Pressure in the cavity (left) and strain (right) in the cover plate during the breaking wave impact.
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Figure 16 :

 16 Figure 16: Comparison at strain gauges #5 (left) and #7 (right).
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