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Simulations of Hydro-Elastic Impacts Using a Parallel SPH Model

 dedicated to the development of a Smoothed Particle Hydrodynamics (SPH) solver able to simulate hydro-elastic impacts with strong fluid/structure coupling. Further developments have been made to integrate the fluid/structure SPH solver in an industrial SPH platform named SPH-Flow. These developments have mainly focused on the parallelisation of the fluid/structure solver and the implementation of solutions to avoid the so-called Tensile Instability. They enable the simulation of liquid impacts on complex structures such as MarkIII or NO96 containment systems. The paper first describes the theoretical core of the SPH fluid/structure solver. Various academic test cases are presented for validation of the recently implemented SPH structural model, such as the free vibration of a beam and wave propagation through a heterogeneous material. Recent developments on the parallelisation and solutions implemented to avoid Tensile Instability are described. The final validation case allows a comparison of the results of the fluid/structure SPH solver with analytical model results on a deformable beam wedge impacting the free surface at very high velocity. This last test case highlights the interest of the strong fluid/structure coupling developed.

INTRODUCTION

Sloshing impacts in LNG carrier tanks must be considered a multi-scale problem:

• Global scale, namely the tank scale, is that used to define the general flow in the tank • Local scale around the location of each impact is the area where various different physical phenomena take place, among which gas escape, rapid change of the liquid momentum to avoid the obstacle, compression of the partially or completely entrapped gas fraction, possible condensation, and fluid-structure interaction [START_REF] Braeunig | Phenomenological Study of Liquid Impacts Through 2D Compressible Two-Fluid Numerical Simulations[END_REF][START_REF] Brosset | Upstream R&D Program in GazTransport & Technigaz (GTT) for a Better Understanding of Sloshing Phenomenon[END_REF].

The global flow, ruled by Froude number, is well predicted by different numerical methods such as finite volumes with improved VOF techniques to track the free surface. Pressure estimation derived from these global simulations is far from the complexity that can be observed, for example, during sloshing model tests, because the dominant local phenomena are not modelised.

Today few numerical software programs are able to simulate simultaneously some of the phenomena described above that interact during a sloshing impact. They are able to do this correctly only for very simplified impact conditions, but with long and expensive calculations. For example, it is possible to take into account the compressibility effects of the gas during the escaping phase, which changes significantly the pressure pulse on the wall.
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But for the time being, no code can take into account simultaneously all the phenomena that can be involved in a single real impact even for simplified conditions, not to mention simulating together the global flow and the local impact with sufficient mesh refinement. When it becomes possible, this means that the simulation results will be as sensitive to the initial conditions as the sloshing model tests. So, just as for the model tests, very long simulations will be needed in order to obtain the thousands of impacts necessary for a statistical analysis. This should be necessarily longer and much more expensive than tests, at least in a first stage.

Nevertheless, we consider that local simulations of impacts in simplified, even very academic, conditions allow for the understanding of the weight of the different physical phenomena involved for different types of impacts, and hence can help evaluate scaling factors that are needed for a good use of model test results.

Among the various numerical models available, the SPH method displays some very interesting advantages for simulating local impacts. Indeed, its compressible and explicit features result in the imposition of small time steps that are of interest because of the short typical duration of impacts. Another advantageous feature of SPH resides in its natural multi-fluid and multi-physical predisposition, allowing the modelling pf biphasic problems with low density ratio (gas to liquid), possibly with the occurrence of fluid/structure interactions.

The mid-term (about 12 months) objective of GTT is to have at its disposal a SPH compressible bi-fluid/structure solver in order to be able to simulate all phenomena involved in sloshing model tests (no change of phase for these tests). The developments presented here represent an important stage in the reaching of this objective: The fluid-structure coupling is now included in the SPH-Flow platform enabling the capture of the hydro-elasticity effects during sloshing impacts.

THEORY FOR SPH FLUID/STRUCTURE COUPLING

SPH Theory for Fluids

SPH is a meshless and Lagrangian model aimed at solving the Navier-Stokes equations through a convolution-based discretisation. Note that viscous effects are neglected in this paper, so that the equations to be solved reduce to the following Euler equations:

d x dt = v d v dt = g - p d dt = -• v (1)
where x, v, p and are the position, velocity, pressure and massper-unit volume respectively. The original SPH method treats any fluid as compressible, so that a specific equation of state is used to close the above set of equations. In order to approach the behaviour of water, the following Tait equation of state is used:

P -P 0 = 0 c 2 0 7 0 7 -1 (2)
where 0 , P 0 and c 0 correspond respectively to the nominal massper-unit volume, the reference pressure and the nominal speed of sound. Note that the use of the physical speed of sound of water (c 0 = 1500 m/s) leads to its actual compressible behavior. Yet, for a wide range of applications where compressibility effects are negligible, the speed of sound is often chosen low enough to limit the CPU time imposed by the CFL condition related to sound wave propagation, while respecting the weak-compressibility condition Ma < 0 1 everywhere in the fluid domain at any time.

The main originality of the SPH method resides in the absence of mesh, providing a large flexibility. In this context, the interpolation of the differential operators applied to the pressure and velocity fields is achieved by a convolution of the discrete variables through a kernel function W :

f r ≈ D f x W r -x h d x (3)
where D is a compact spheroidal support for W , and h its measure. The kernel function used in the model is a combination of cubic splines [START_REF] Monaghan | Smoothed Particle Hydrodynamics[END_REF]) defined as:

W q = r h = C              2 3 -q 2 + q 3 2 if 0 ≤ q ≤ 1 1 6 2 -q 3 if 1 ≤ q ≤ 2 0 else (4)
By extending Eq. 3 using an integration by parts, the gradient of any function can be approximated applying:

f r ≈ D f x W r -x h d x (5)
in which the kernel gradient is known analytically. The surface integral neglected in Eq. 5 is zero inside the domain since the support D is chosen to be compact. Plus, the above integrals are approached using the following quadrature formula:

D g x d x ≈ i g i i (6)
where the subscript i refers to each interpolating point within the domain D. The weighting term i corresponds to the discrete volume attributed to i, and evolves according to:

d dt = • v (7)
One can note from Eqs. 1 and 7 that the product i i remains constant and corresponds to the mass of point i, justifying the concept of particle. Finally, the following SPH discretisation for the Euler equation is applied [START_REF] Colagrossi | Numerical Simulation of Interfacial Flows by Smoothed Particle Hydrodynamic[END_REF], including a 4th-order Runge-Kutta scheme for time integration:

d x i dt = v i ( 8 
)
d v i dt = g - j m j p i + p j i j W r i -r j h (9) d i dt = i j m j j v i -v j W r i -r j h (10)
Following [START_REF] Vila | On Particle Weighted Methods and SPH[END_REF], it is possible to rewrite the SPH formalism in a slightly different manner inspired by the Finite Volumes formalism. Following this process, the pairs of particle-to-particle interactions (i, j) in Eqs. 9 and 10 can be seen as the result of a flux acting at the middle of (i,j , leading to:

dm i dt = -w i j∈P w j 2 E v E -v 0 x ij • W r ij h ( 11 
)
dm i v i dt = m i g -w i j∈P w j 2 E v E ⊗ v E -v 0 x ij + p E 1 • W r ij h (12)
where v 0 is a transport velocity, equal to the fluid velocity v in a Lagrangian framework and set to zero in an Eulerian framework.

The terms E and v E are the solution of the exact Lagrangian Riemann problem solved at the middle of each pair of particles i and j. Combined with the MUSCL (Monotone Upwind Centered Scheme for Conservation Law) extrapolation [START_REF] Van Leer | Towards the Ultimate Conservative Difference Cscheme V[END_REF], this scheme provides some very stable and low-diffusive results and appears to be a very interesting alternative to Eqs. 9 and 10.

SPH Theory for Structures

We outline here the multi-physical feature of SPH, with the possibility of modeling structures (deformable solids) through the methodology previously described, and by adapting the equation of state as follows:

P = c 2 0 -0 (13) 
In this condition, the equation of state must respect the Hook condition, linking stress and strain rates in the medium, by imposing c 0 such that:

c 2 0 = E 0 ( 14 
)
where E corresponds to the Young modulus of the material to be studied.

The main difference between the SPH scheme for fluid and structures relies in the adjunction of a deviatoric part in the stress tensor as:

= -P Ī + S (15)
based here on the Jaumann rate S [START_REF] Shintate | Numerical Simulation of Hypervelocity Impacts of a Projectile on Laminated Composite Plate Targets by Means of Improved SPH Method[END_REF], that is:

dS dt = 2 ˙ - 1 3 tr ˙ + S -S ( 16 
)
where is the shear modulus, and ˙ and are the strain rate and the rotation tensor, respectively, defined as:

˙ = 1 2 v x + v x = 1 2 j j v j -v i W ij x + j j v j -v i W ij x = 1 2 v x + v x = 1 2 j j v j -v i W ij x - j j v j -v i W ij x SPH Fluid/Structure Coupling
Thanks to its Lagrangian formalism and its natural multiphysical capabilities, the SPH method is very well adapted to FSI simulations. Relevant works on this topic can be found in the literature, for example in [START_REF] Potapov | Modeling Accidental-Type Fluid-Structure Interaction Problems with the SPH Method[END_REF] where interesting works on 3D simulations involving shell models are presented. See also [START_REF] Antoci | Numerical Simulation of Fluid-Structure Interaction by SPH[END_REF], [START_REF] Farahani | A Fluid-Structure Interaction Simulation by Smoothed Particle Hydrodynamics[END_REF] and [START_REF] Rafiee | An SPH Projection Method for Simulating Fluid-hypoelastic Structure Interaction[END_REF], where various SPH schemes dedicated to fluid-structure coupling are proposed.

The SPH model previously discussed for fluids and structures has been adapted to fluid/structure interaction problems through a PhD Thesis (GTT/ECN) [START_REF] Deuff | Extrapolation au Réel des Mesures de Pressions Obtenues sur des Cuves Modèle Réduit[END_REF]. The present implementation (integrated in SPH-Flow Software) is based on these works, and it relies on the respect of kinematic and dynamic conditions at the fluid/structure interface. Noting n, the local normal to this interface, and V f and V s , the fluid and structure local velocity respectively, we must respect:

V f • n = V s • n (17)
for the kinematic condition, and:

f • n = s • n = -p f • n (18)
for the dynamic condition. These conditions are naturally fulfilled by the kernel convolution interpolation between the fluid and the solid phase, without any distinction of medium. Note that the Godunov scheme is not employed at the fluid/solid interface, in order to ensure Eqs. 17 and 18.

VALIDATION TEST CASES

The validation cases presented below are focused on the structural part as this is the new part of the code with the fluid/structure coupling, but note that fluid SPH validations addressed to impact problems can be found in the literature; see, for example, Dor- ing (2005), Oger (2006) andDeuff (2007) surface is just the envelope of the liquid particles. Thus no special validation is shown here, but different application cases will be presented below.

The 2 validation cases for the structural SPH model proposed here are the vibration of a beam embedded at one end and free at the other; and the propagation of a shock wave through 2 beams strung together with a material discontinuity at the interface.

Vibration of a Beam

The beam under consideration is L = 0.5 m long and e = 0.04 m thick [START_REF] Deuff | Extrapolation au Réel des Mesures de Pressions Obtenues sur des Cuves Modèle Réduit[END_REF]. This beam is fixed at its left extremity, is free at its right, and is excited following its first natural frequency by imposing the corresponding initial velocity field, as exposed at left in Fig. 1.

This beam is made of steel, with 0 = 7800 kg/m 3 , E = 200 GPa and = 0.3, for its nominal mass-per-unit volume, Young modulus and Poisson coefficient, respectively. The nominal sound speed imposed in the SPH input should then be c 0 = 5063.69 m/s.

In order to respect the small deformation hypothesis, the maximum deformation amplitude has been arbitrarily imposed as = 0.0004 m, resulting in the analytical solution of Fig. 1 (right). The discretisation used in the SPH calculation is h = 0.0024 m, involving 5.320 particles. Fig. 1 (right) shows a comparison of the analytical and SPH beam deformation time history, showing very good correlation. Amplitude is found to be identical to the reference solution, and no time difference has been observed between the 2 solutions, proving SPH's ability to easily solve this academic problem. Still, despite the high quality of the results obtained, some prints of instability could be observed at the right end of the beam, responsible for discrepancies in the calculated fields, namely for the stress field (Fig. 2). This instability is well known as the Tensile Instability and can possibly lead to wrong solutions. In the present test case, it appears quite late, so that the first calculations do not suffer from errors, but a longer calculation would be strongly affected, justifying the specific developments further presented below. 

Wave Propagation Within Heterogeneous Medium

A second test case involving a beam is presented here to complete the validation of the structure SPH solver, namely in the presence of 2 interfaced materials [START_REF] Deuff | Extrapolation au Réel des Mesures de Pressions Obtenues sur des Cuves Modèle Réduit[END_REF]. Indeed, this case involves the propagation of a longitudinal wave through a beam composed of 2 interfaced parts made of aluminum and copper, as described in Fig. 3.

While the right extremity of this 2-m-long composite beam remains stress free, the following monochromatic axial displacement is imposed at its left extremity:

u 0 t = A 1 -cos t (19)
during a period = 10 -4 s, where u x t is the axial displacement, and A = 5.10 -5 m and = • 10 4 rad/s, the amplitude and frequency, respectively. These conditions result in the propagation of an axial stress 11 along the beam.

x (m) S11 (Pa) The SPH simulation of this problem involves a space discretisation of h = 0.0024 m, corresponding to 21.840 particles. Note that as a natural advantage of the SPH formulation, no specific treatment has been made of the aluminum/copper interface in the present computation (no interpolation distinction has been made between these 2 materials). Some simple algebra leads to the analytical solution of this axial wave propagation problem, allowing some comparisons with the SPH solution obtained, as given in Fig. 4. As shown in these graphs, the SPH results display some good correlation with the analytical solution of this problem, in amplitude as well as in time. Some residual oscillations are however observed for t > , due to the halt of the imposed movement at t = (oscillations visible at t = 2 ). Of course, these oscillations keep on propagating all along the simulation, and they are transmitted from aluminum to copper.

0 0.5 1 1.5 2 -4E+07 -3E+07 -2E+07 -1E+07 0 1E+07 Analytical solution SPH-Flow solution Τ = τ x (m) S11 (Pa) 0 0.5 1 1.5 2 -4E+07 -3E+07 -2E+07 -1E+07 0 1E+07 Τ = 2τ x (m) S11 (Pa) 0 0.5 1 1.5 2 -4E+07 -3E+07 -2E+07 -1E+07 0 1E+07 Τ = 2.5τ x (m) S11 (Pa) 0 0.5 1 1.5 2 -4E+07 -3E+07 -2E+07 -1E+07 0 1E+07 Τ = 3τ x (m) S11 (Pa) 0 0.5 1 1.5 2 -4E+07 -3E+07 -2E+07 -1E+07 0 1E+07 Τ = 3.5τ x (m) S11 (Pa) 0 0.5 1 1.5 2 -4E+07 -3E+07 -2E+07 -1E+07 0 1E+07 Τ = 4τ

INTEGRATION OF FLUID/STRUCTURE MODULE INTO PARALLEL SPH-FLOW SOFTWARE

SPH-Flow is a 2D and 3D parallel SPH solver developed by Ecole Centrale Nantes and HydrOcean [START_REF] Doring | Développement d'une Méthode SPH pour les Applications à Surface Libre en Hydrodynamique[END_REF][START_REF] Oger | Aspects Théoriques de la Méthode SPH et Applications à l'Hydrodynamique à Surface Libre[END_REF][START_REF] Deuff | Extrapolation au Réel des Mesures de Pressions Obtenues sur des Cuves Modèle Réduit[END_REF][START_REF] Guilcher | Contribution au Développement d'une Méthode SPH pour la Simulation Numérique des Interactions Houle-Structure[END_REF], capable of solving complex fluid and multi-physical problems through massive HPC resources. Displaying some parallelisation efficiency from 70% to 90% (depending on the problem to be solved and the number of particles and processes involved), this deals with complex geometries in free or forced motion, including a variable space discretisation (variable-h) solver for increased resolution simulations.

The developments and results of validation cases presented above were obtained by [START_REF] Deuff | Extrapolation au Réel des Mesures de Pressions Obtenues sur des Cuves Modèle Réduit[END_REF]. The fluid/structure SPH code at that time was academic single-processor software with poor pre-and post-processing capabilities. Even a simple model was then difficult to build or post-process; in addition, the duration of such a calculation was prohibitive (several days for the vibration beam case). Further, as was seen with the problem of the vibrating beam, the tensile instability was still present. All these issues strongly limited the possibilities of the software for industrial applications. It was thus decided to integrate the code into the industrial SPH platform named SPH-Flow and owned by HydrOcean and ECN. This platform is a 3D parallel SPH solver with up-to-date pre-and post-processing capabilities. In a first attempt, it was decided to implement a 2D version of the fluid/structure module within the platform. The work performed during this integration process focused on the parallelisation and the implementation of 2 solutions for the tensile instability issue.

Parallelisation of Fluid/Structure Module in SPH-Flow

Due to the high speed of sound in the materials (around 5000 m/s), the CFL condition is responsible for very small time steps, resulting in rather costly calculations. In order to decrease The explicit feature of SPH provides many advantages concerning the parallelisation of the model, since each task is relatively independent from the other, resulting in very good parallelisation performance. It is of interest to describe this performance through the speeding up and efficiency of the parallelisation, defined respectively as:

Sp N = t ref t N N ref (20) Eff % N = 100 • Sp N N (21)
Considering a reference calculation time t ref on a reference number of processes N ref (here N ref = 2), the speeding up Sp N corresponds to the equivalent process number for N actual processes used, resulting in the calculation time t N . Thus a perfect speeding up would be obtained if Sp N = N (corresponding to the black line at left in Fig. 5).

Fig. 5 displays the result obtained for the present scalability study on up to 16 processes, for a calculation involving around 430,000 particles.

This scalability study displays an efficiency higher than 100% which could be interpreted as a more than perfect calculation, with 18 equivalent processes for 16 actual processes used. This phenomenon illustrates 2 facts:

• the MPI communication delays are widely masked within the calculation delays and do not affect the resulting CPU time;

• a reduction of the memory access times can be observed as the number of processes increases, underlying the importance of the memory access times in the total CPU time in SPH, due to the random distribution of data (i.e. particles) within the memory.

The parallelisation of the fluid/structure module within the SPH-Flow platform is a major evolution. Usually the calculations performed by HydrOcean today are made with 16 processors, and our perspectives have changed since a calculation that lasted 1 week a year ago is now performed in half a day. New calculation resources in ECN/HydrOcean (with an access to 200 processors) will again permit a gain of a factor of 10. Possibilities have been explored to access virtual networks with thousands of processors which will open the door to SPH fluid-structure simulations in 3D of impacts on the different membrane containment systems.

Tensile Instability Treatment

A detailed stability analysis by Swegle, Hicks and Attaway (1995) showed that the use of the standard SPH method with an explicit time integration scheme leads to the development Tensile instability can lead to unrealistic numerical fractures in areas of high tension, even under the elastic deformation hypothesis. Hence specific algorithms such as Lagrangian kernels [START_REF] Rabczuk | Stable Particle Methods Based on Lagrangian Kernels[END_REF][START_REF] Bonet | Remarks on Tension Instability of Eulerian and Lagrangian Corrected Smooth Particle Hydrodynamics (CSPH) Methods[END_REF] and artificial stress tensors (AST) [START_REF] Gray | SPH Elastic Dynamics[END_REF] have been introduced to the SPH-Flow solver to cope with this complex instability.

Figs. 6 and 7 display the beam deformation for both techniques in the case of vibratory dynamics with a large excitation amplitude. The Tensile Instability is removed with the 2 techniques, allowing for a good representation of the stress fields, in comparison with the initial results with the standard SPH method.

The beam deformation time history at x = L (Fig. 8) shows a better correlation between analytical and Lagrangian kernel results. In particular, phase shifting and absorption are reduced.

APPLICATIONS

Introduction

GTT's mid-term objective is to have at its disposal a 3D compressible multi-species (liquid/gas/structure) new version of SPH-Flow software in order to be able to take into account the major physical phenomena involved in a sloshing impact. With this kind of code associated with sufficiently refined models, pressure pulse estimation makes sense. The types of impact conditions targeted for simulation are especially very academic ones, such as the free drop of a rectangle of liquid on a flat bottom [START_REF] Braeunig | Phenomenological Study of Liquid Impacts Through 2D Compressible Two-Fluid Numerical Simulations[END_REF], or drop tests of a wedge onto a liquid free surface at rest. But also more realistic impact conditions are • Influence of the raised edges of NO96 or the corrugations of MarkIII

• Study of scale effects For the time being, the SPH-Flow solver in its industrial version is only monofluid. A multi-fluid version has been developed [START_REF] Grenier | Modélisation Numérique par la Méthode SPH de la Séparation Eau-Huile dans les Séparateurs Gravitaires[END_REF] and is being tested for liquid impact simulations before being integrated in SPH-Flow. Without the presence of gas, the simulation of liquid impacts makes sense only for very specific conditions such as drop-tests with large dead rise angles, where the gas can escape easily and hence has a low influence.

Following are examples showing the ability of SPH-Flow for:

• Accounting for complex structures such as MarkIII or NO96 containment systems

• Simulating a drop-test with an elastic structure • Simulating the last stage of a breaking wave impact

Compression of 2D Model of MarkIII Containment System

MarkIII is essentially composed of a PU foam in a sandwich between 2 plywood plates. Mastic ropes bond the back plywood to the double hull (Fig. 9).

The structure, made of wood, foam and mastic, is compressed between its top and bottom following a specific loading law, detailed in Fig. 10.

This law respects durations of = 3 ms, which is in the range of the typical duration of sloshing impacts. We look here at the local stress in the vertical direction ( yy ) right above a mastic part on the one hand, and between 2 mastic parts on the other hand, as symbolised by the black arrows in Fig. 9. For each of these, the yy stress component is taken along a vertical axis at each centimeter, the vertical origin y = 0 being the bottom of the mastic. Ten gauge points are finally taken for each vertical axis, resulting in the graphics of Fig. 12. Fig. 11 provides a visualization of the yy field calculated by SPH-Flow. As no analytical solution exists for this complex case, the SPH results are compared here to the FEM solution to this problem. The SPH results are here again in good agreement with the expected solution. This calculation lasted 8 h on a 16-processor cluster.

High-Velocity Free-Surface Impact of Deformable Beam Wedge

As a validation test case of this fluid/structure coupling, and in order to evaluate the applicative possibilities provided by this scheme for sloshing-induced impact loads in LNG carrier tanks, we propose here to model the case of a deformable beam wedge impacting a water free surface at a high imposed velocity, as shown in Fig. 13.

At t = 0 s, this deformable beam wedge L = 0.6 m long and e = 0.04 m thick impacts the free surface with a dead-rise angle of 10 . No rotation is permitted at either of its extremities, at which a constant vertical velocity of U = 30 m/s is imposed.

This aluminum beam wedge has the following properties:

Nominal speed of sound c 0 = 5000 m/s Nominal mass-per-unit volume 0 = 2700 kg/m 3 Young's modulus E = 67.5 GPa Poisson coefficient = 0.34 while a speed of sound c 0 = 1500 m/s and a mass-per-unit volume 0 = 1000 kg/m 3 are retained for water.

In order to limit the number of particles while ensuring accuracy in the impact area, a specific particle space distribution is Fig. 13 Impact setup Fig. 14 Initial particle setup used in this simulation. Indeed, as illustrated in Fig. 14, a constant smoothing length is adopted in the impact zone, and a growing smoothing length is imposed from the limit of this zone as far as the tank limit.

The results obtained for this first fluid/structure SPH simulation attempt are compared with a semi-analytical solution provided by Ecole Centrale Marseille and Bureau Veritas [START_REF] Scolan | Hydro-elastic Behaviour of a Conical Shell Impacting on a Quiescent-free Surface of an Incompressible Liquid[END_REF]. The data compared concern the beam deflection and the vertical force time histories, together with the pressure time histories at points A, B, C and D, given in Figs. 16 and17. Note that, in the absence of the specific treatment described above, the Tensile Instability (TI) would appear in the structure resulting in strong discrepancies in the calculated fields, and leading to large errors in the beam deflection prediction for t > 0.0015 s, since it cancels out the natural elastic behavior of the material.

Fig. 15 displays a visualization of the pressure field in water and the xx stress component in the structure for various instants with and without the artificial stress tensor procedure.

The comparisons of deflection, force and local pressures presented in Figs. 16 and 17 reveal some very good correlation between the semi-analytical approach and the SPH solution, provided that the artificial stress tensor procedure is employed in the structure medium.

This calculation lasted 11 h on a 16-processor cluster. In order to present the ability of the SPH-Flow solver to handle industrial problems, we propose here to solve a fluid-structure drop-test involving a more realistic structure: the NO96 containment system proposed by GTT for LNG vessels.

The standard NO96 primary and secondary boxes are mainly composed of 2 birch plywood boxes consolidated in the orthogonal directions to the tank wall. The boxes are filled with a perlite powder to ensure thermal insulation. Thus the structure is fully 3D, with orthotropic materials. In order to simplify the problem, a 2D geometry representative of the NO96 box was adopted. For each part of the boxes, plywood technical properties such as elasticity and rigidity modulus and speed of sound are chosen according to the thickness and the main deformation mode: bending or tension/compression (isotropy hypothesis).

The test case consists of a bi-dimensional NO96 simplified structure impacting a free surface at rest, with initial vertical velocity of U = 2.96 m/s and initial angle of 0. The computation involved around 10 6 particles, and lasted 24 h on a 16-processor cluster. These figures show strong coupling effects between the plywood structure and the fluid. In particular, the deformation of the plywood box results in the presence of several pressure peaks in the fluid, generating a complex pattern of pressure waves. This application points out the results expected in the case of hydroelastic numerical simulations with the SPH method. Work is in progress to take into account an orthotropic material model, and to achieve a 3D version of the fluid/structure module in SPH-Flow.

Wave Breaking and FSID/SPH Computation

The last application is related to the study of impacting breaking waves onto a rigid wall.

Instead of solving the whole problem with the SPH-Flow platform, the wave generation is first solved with the FSID software and the wave impact with SPH-Flow.

FSID stands for Free Surface Identification and is a code designed to solve the fully nonlinear free-surface equations in order to catch the last stages of a breaking wave close to a wall. The code was developed by Ecole Centrale Marseille in potential theory so as to reduce as much as possible the computational resources [START_REF] Scolan | Nonlinear Free Surface Motions Close to a Vertical Wall. Influence of a Local Varying Bathymetry[END_REF]. In the present formulation, the wave generation is replaced by a specific initial free-surface deformation. Thus, the final wave crest shape can be simply controlled by modifying a few parameters of the initial free surface.

After generation is complete, the computation domain is cut so as to retain only the main part of interest near the wall impact. The FSID solution is then used to initialise the SPH computation (pressure and particle velocity) and to inform the subsonic inflow condition at the cutting boundary.

In order to check the quality of the SPH solution in this problem, Fig. 19 shows the comparison between the FSID and SPH wave propagation solutions. The correlation is very good and reveals the ability of the SPH method to simulate wave propagation. This calculation lasted 24 h on a 16-processor cluster.

Fig. 20 shows the last stages of the impact on the wall. Initially the wave crest impacts the wall (Fig. 20, left), leading to a Fig. 19 Wave propagation comparison between SPH and FSID (dashed line) computations. high pressure area, with a maximum of 16 5 × 10 5 Pa around the vertical position y = 6.1 m (Fig. 21). Then, the fluid splits into 2 flows and entraps an air bubble (simulated with a void here).

The impact phenomenon is quite well described with the monofluid SPH-Flow computation, except when the air bubble begins to vanish and implode, due to the absence of gas in this simulation. Thus, the second step in the SPH/FSID coupling is to model the influence of air by introducing a multi-phase flow formulation. The very interesting flip-through phenomenon is intended to be studied in depth.

CONCLUSIONS

This paper has presented the latest developments brought to the SPH-Flow Software, related to the fluid structure interaction for sloshing applications. A complete SPH fluid-structure solver has been developed and fully integrated into the SPH-Flow platform. This integration included a very efficient parallelisation and the introduction of the Lagrangian Kernel scheme to avoid Tensile Instability. Some validation cases have been shown that prove the soundness of the chosen solutions. In addition, some examples of simulations have illustrated the ability of the code to:

• Capture the hydro-elasticity effects during a liquid impact on a flexible structure • Account for complex structures such as MarkIII or NO96

• Simulate the last instants of a breaking wave impact on a wall The SPH formulation for both the liquid and the structure proved to be a good choice for the simulation of fluidstructure interaction during liquid impacts. This innovative numerical method has intrinsically multi-physical capabilities. Indeed, it uses the same formalism in all phases, which permits strong fluid/structure coupling or multi-phase simulations. An explicit method leading to very low time steps permits an accurate time discretisation. Further, a Lagrangian formulation limits the fluid interface diffusion.

These achievements represent for GTT an intermediate stage on the path to having a 3D SPH compressible 3-phase (liquidgas-structure) software at its disposal, in order to be able to simulate all the different phenomena involved in a sloshing impact. A bi-fluid SPH solver has already been developed by ECN and is being tested for sloshing applications. Such multi-physical calculations are complex and time-consuming, although it is intended to perform them very soon with a cluster of 500, and later several thousand, processors. The goal is thus to limit the simulations to academic or simplified conditions (conditions responsible for different global flows) such as:

• Free fall of a liquid rectangle on a flat wall • Drop-tests of wedges on a free surface at rest • Breaking wave impacts, including the flip-through impacts These apparently simple conditions are well designed for parametric studies which bring more of an insight on the relative weights of the different local physical phenomena involved during a sloshing impact. They can be used as a support for specific studies:

• Influence of the density ratio • Influence of compressibility (gas pockets or bubbles)

• Study of hydro-elasticity by introducing a flexible wall (e.g. with NO96 or MarkIII containment systems)

• Influence of the raised edges of NO96 or the corrugations of MarkIII

• Study of scale effects GTT possesses an extensive database of various experimental results which includes results of hydro-elastic drop-tests, fullscale impact waves on a wall covered with the NO96 containment system [START_REF] Brosset | Overview of Sloshel Project[END_REF] and small-scale (1/6) impact waves on a flexible wall. It will be used for further validation of SPH-Flow.
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 1 Fig. 1 Initial velocity field along beam (left); beam deformation time history at x = L (right)

Fig. 2

 2 Fig. 2 Presence of Tensile Instability in beam extremity

Fig. 3

 3 Fig. 3 Problem setup: wave propagation within heterogeneous medium

Fig. 4

 4 Fig.4Longitudinal evolution of compressive stress

Fig. 5

 5 Fig. 5 Parallelisation speeding up and efficiency for problem involving 430,000 particles the CPU times, GTT asked HydrOcean to implement a 2D parallel version of the fluid/structure SPH model. The parallelisation in SPH-Flow is based on a domain decomposition strategy, the interprocess communications being achieved via the MPI standard. The explicit feature of SPH provides many advantages concerning the parallelisation of the model, since each task is relatively independent from the other, resulting in very good parallelisation performance. It is of interest to describe this performance through the speeding up and efficiency of the parallelisation, defined respectively as:
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 6 Fig. 6 Left, standard SPH scheme; right, SPH + AST

Fig. 8

 8 Fig. 8 Beam deformation time history at x = L
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  Fig. 9 2D simplified model of MarkIII

Fig

  Fig. 11 SPH-Flow solution of resulting stress configuration

Fig. 15

 15 Fig. 15 Visualisation of pressure field in water and sxx stress in structure at various instants: left, without artificial stress tensor; right, with artificial stress tensor

  5 . The fluid considered here is LNG at -163 C, whose characteristics are: Nominal speed of sound c 0 = 500 m/s Nominal mass-per-unit volume 0 = 474 kg/m 3

  Fig. 17 Pressure time histories at points A, B, C and D

Fig. 20

 20 Fig. 20 Wave impact on wall at different stages; colors depend on liquid velocities
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