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Abstract 
Investigations into Hydroelasticity theory commenced in the 1970s. It has since been employed to predict the responses of a wide range of marine structures, namely ships, offshore structures, VLFS and aquaculture structures. A dedicated conference on Hydroelasticity in Marine Technology takes place once every three years, with the next one at Southampton, in 2009. These are indications that hydroelasticity is an established method. The aims of this keynote paper are to illustrate some of the applications of hydroelasticity theory to ships, with particular reference to recent and ongoing developments and, particularly, on the effects of nonlinearities and viscous flows, and discuss possible future developments.
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1. INTRODUCTION

Hydroelasticity of ships was brought to the attention of the scientific and engineering world in the seventies through the work of Bishop and Price and colleagues, culminating with the publication of the synonymous book in 1979 [1]. The overriding aim of this new concept was to improve the accuracy of fluid-structure interactions modelling by describing more accurately the physics of the system, namely allowing the structural characteristics of the ship influence and interact with the fluid forces. The new theory, within the assumptions of two-dimensional (2D) potential flow analysis and linear beam structural dynamics, offered the possibility of assessing the influence of symmetric (i.e. vertical bending) and antisymmetric (i.e. coupled horizontal bending and twisting) distortions on wave-induced loads. The unified nature of the hydroelasticity theory allowed for the inclusion of both rigid body motions and distortions. Furthermore it provided the means of evaluating global wave-induced loads due to transient bottom impact forces, using convolution integral techniques [2, 3]. The successful working of hydroelasticity theory was illustrated through applications to naval vessels and a wide range of merchant ships, such as tankers, bulk carriers and containerships, together with comparisons with available full-scale measurements [4-12].
The three-dimensional hydroelasticity theory was developed in the late eighties to include applications to non-beamlike marine structures, such as multi-hulled vessels [13]. This theory employed either beam or three-dimensional structural idealizations, through finite element (FE) modelling, together with three-dimensional (3D) potential flow analysis using pulsating source distribution over the vessel’s mean wetted surface. Applications ranged from SWATH and trimaran vessels to simple submarine models and the problem of towing a jack-up rig [13-17]. Furthermore, comparisons were made between two-and three-dimensional hydroelasticity analyses, for a minehunter, bulk carrier and containership in order to mainly assess the influence of beam structural modelling [9-12].
The aims of this paper are threefold: (i) brief background to hydroelasticity illustrated with a few applications, comprising comparisons between two- and three-dimensional hydroelasticity analyses for a bulk carrier [10, 11] and slamming of a trimaran [16], (ii) recent and ongoing developments, comprising the influence of nonlinearities [18], and viscous flow effects [19, 20], and (iii) discuss the possible future developments for hydroelasticity.
2. EVALUATION OF GLOBAL WAVE-INDUCED LOADS

In recent decades the treatment of ships as rigid bodies responding to waves has continued to be largely in use and the prediction of seaway induced dynamic loads has been approached by two distinct procedures, namely hydrodynamic analysis and quasi-static structural safety assessment [21]. In both these approaches bodily motions imply that the structure is a rigid body experiencing neither strains nor stresses. Therefore, concepts such as mode shapes, natural and resonance frequencies, fatigue, etc are not encompassed by the rigidity restriction. Although the traditional methodologies have been successful to a certain extent and are continuously striving to improve, they still do not prevent catastrophes happening as a result of excessive wave-excited hull responses of ships in rough seas [7,8]. Traditionally, the study of the hydrodynamic behaviour of a vessel in waves can be investigated through seakeeping and strength analysis. Seakeeping determines the responses of a rigid ship, moving in regular sinusoidal waves or random seaway, while strength analysis is used to determine the loading experienced by the vessel under static or quasi-static conditions [21].

Hydroelasticity theory provides an alternative. In its two- or three-dimensional form it is unified in the sense that it subsumes the principles of structural theory and marine hydrodynamics (conventional seakeeping and strength) by studying the behaviour of a flexible body moving through a liquid [1, 13]. When applied to a ship hull it may be used, within the concepts of linearity, to determine the inherent motions, distortions and stresses under the actions of external loading arising from the seaway, as well as other dynamic sources of excitation, if required. A typical example for incorporating hydroelasticity in the design process of mono-hulled vessels is shown in Fig. 1 [22]. The relatively simpler two-dimensional analysis, comprising beam structural idealization and strip theory for the fluid forces and fluid-structure interactions, can be used during preliminary design. On the other hand, a more detailed FE structural idealization combined with source distribution over the mean wetted surface can be used for the detailed design, where detailed structural FE models are usually available. From a design point of view, it is always of interest to estimate the ship responses in certain sea states as well as the extreme responses a ship may experience in her whole life. Statistical analysis is then required by post-processing the responses from regular waves with wave spectra and wave data of the service area within the interested time scale [21]. Although throughout the years, the recommended wave spectrum functions or wave data might have changed, the general procedure remains almost the same. Obviously, the accuracy of the response to regular waves forms the basis to carry out such statistical analysis.

[image: image31.emf] 


Fig. 1 Example for use of hydroelasticity theory in the design process of mono-hulled vessels [22]
3. THEORETICAL BACKGROUND TO HYDROELASTICITY ANALYSIS

The equations of motion for a ship travelling in regular waves encountered at arbitrary heading (, are as follows:
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Here a, b and c denote the n(n generalised mass, structural damping (assumed diagonal) and stiffness (diagonal) matrices. a and c are obtained from the “dry” or “in vacuo” analysis where the free-free ship structure is considered excluding external forces or internal damping. The natural frequencies and corresponding mode shapes (i.e. vertical and horizontal displacements wr and vr and twist (r) and internal actions (e.g. vertical and horizontal bending moments, twisting moment; prying and yaw-splitting moments for multi-hulled vessels or, when using 3D structural modelling, direct and shear stresses) are obtained during the dry analysis, idealizing the ship’s structure either as a beam or using three-dimensional FE modelling - as shown in Fig.1. A(ωe), B(ωe) and C are the n(n generalised added inertia, fluid damping and fluid restoring matrices, respectively. Ξ(ωe,() denotes the n(1 generalised wave excitation vector, containing both incident wave and wave diffraction contributions. These comprise the “wet” analysis, whereby the ship is divided into a number of strips (2D) or panels are distributed over the mean wetted surface for the allocation of pulsating sources (3D), and subsequent determination of the hydrodynamic coefficients and wave excitation takes place. In the 2D case the underwater sections can be represented using Lewis or multi-parameter conformal mapping. Equation (1) represents the wet analysis and its solution is the n(1 principal coordinate vector expressed as p(t)=p exp(iωet) where p represents the complex principal coordinate amplitudes and ωe the wave encounter frequency. The total number of modes allowed in the analysis is defined as n=6+N, where N corresponds to the total number of distortional modes; r=1,2,…,6 denote the rigid body motions (surge, sway, heave, roll, pitch and yaw) and r=7,…,n the distortions. It should be noted that in the case of 2D hydroelasticity the symmetric (heave and pitch motions and distortions in the vertical plane) and antisymmetric (sway, roll and yaw motions and distortions involving coupled horizontal deflection and twisting) are solved separately, ignoring surge (r=1) [1, 13]. 

Following the solution of equation (1) evaluation of global wave-induced loads is carried out through modal summation, e.g. the vertical bending moment My at a cross-section at distance x, measured from stern, and the direct stress at a position s (x,y,z) are as follows:
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Designers prefer the use of wave-induced loads, such as bending moments and shear forces in mono-hulled vessels and prying moment in multi-hulled vessels, when using 3D structural modelling. This, consequently, requires transformation between stresses and bending moments, shear forces etc. This is carried out by introducing transverse cuts along the vessel (typical case for mono-hulls) and longitudinal cuts athwartships (typical case for multi-hulls) [22].
In the time domain a long-crested irregular seaway can be modelled as a combination of R regular waves of amplitude aj, j =1,2,…,R, corresponding to wave frequency (j, obtained from a prescribed wave spectrum, and using random phase angles. The steady state response in the time domain, excluding transients, is obtained by equation (3), which is a modified version of equation (2), accounting for all the regular wave components, namely


[image: image5.wmf])

t

(

p

)

x

(

M

a

)

t

,

x

(

M

rj

n

7

r

yr

j

R

1

j

y

å

å

=

=

=

. 








         (3)
The transient response resulting from bottom slamming over a specified length of the hull’s forefoot (slamming length ls) may be expressed in terms of the time-varying principal coordinate vector as [2, 3]:


[image: image6.wmf](

)

(

)

(

)

(

)

t

t

-

t

=

ò

ò

dxd

x

t

x

F

t

t

0

s

l

0

w

h

p

,

(

 





      

 
         (4)

where 
[image: image7.wmf](

)

t

h

 is the matrix of impulse response functions, 
[image: image8.wmf](

)

x

w

 is the vector of modal deflections of the dry hull and 
[image: image9.wmf](

)

t

-

t

x

F

,

 denotes the total impulsive force per unit length applied to hull on impact (e.g. using empirical formulae by Stavovy and Chuang [23]). Thus, the responses excited by the slamming in the irregular long-crested sea, as well as the total response, are found in the form:
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where tS represents the time elapsed from the beginning of the response record to the start of a slam. 

4. EXAMPLE APPLICATIONS

Regular wave-induced loads for a bulk carrier

An investigation was carried out on 294m, 191000 tonnes bulk carrier using both two-and three-dimensional hydroelasticity analyses [10, 11]. The 3D structural model for this bulk carrier was generated accounting for major structural components such as deck, side, inner/outer bottom, hopper spaces, bulkheads and major longitudinals. Shell63 elements, with four nodes and 6 degrees of freedom per node, in ANSYS 5.4 FE software were used. The resultant model, comprising of 6439 nodes and 3673 shell elements is shown in Fig.2(a), along with a more detailed drawing showing the vicinity of the structural model at amidships in Fig.2(b). As transverse frames and longitudinal stiffeners were omitted, fictitious bulkheads of negligible mass and thickness were incorporated, see Fig.2(b), in order to avoid localised distortions during the dry analysis. It should be noted that this model also contains the deck plating between the hatch openings, shown grey-shaded in Fig.2(a); however, the superstructure is omitted. The mean wetted surface was idealized using 952 four-cornered panels for the 3D model, providing a one-to-one correspondence between the shell finite elements on this surface. This model is identified as “shell3d”. Using this 3D structural model, properties were obtained to assign to the 2D beam model, which is based on the Timoshenko beam theory, with 46 sections of equal length, and corresponding strips, along the vessel. This model is identified as “beamfde”. A third hybrid model, namely “beam3d”, was generated using beam FE idealization for the hull structure, with one-to-one correspondence between beam elements and the sections seen in the FE model in Fig.2(a), and the same mean wetted surface, comprising 952 panels.
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Fig. 2 (a) 3D FE model and (b) transverse section in parallel body region of the bulk carrier [10]
[image: image12.emf]0.E+00

2.E+05

4.E+05

6.E+05

0 0.2 0.4 0.6 0.8 1

x/L

(kNm)

shell3d

beam3d

beamfde

(a)

[image: image13.emf]0.0E+00

4.0E+04

8.0E+04

1.2E+05

1.6E+05

0 0.2 0.4 0.6 0.8 1

x/L

(kNm)

shell3d

beam3d

beamfde

(b)


Fig. 3 (a) Vertical bending moment and (b) Twisting moment for the bulk carrier travelling at 14.5 knots in regular waves (L/(=1) encountered at 135O heading [10]
The variation of the vertical bending and twisting moments along the bulk carrier, when travelling at 14.5 knots in regular waves of same length (() as the ship’s length (L) encountered at 135O heading (180O denoting head waves) are shown in Fig.3. As can be seen from Fig.3 (a) all three models produce results which are close to each other, including the hybrid model, for the vertical bending moment. On the other hand it can be seen from Fig.3(b) that there are differences between the twisting moment values produced by 2D structural idealizations (beam3d and beamfde) and 3D structural idealization, namely shell3d. This is thought to be a result of the beam theory, including the effects of warping, to properly account for the influence of discontinuities between the open and closed sections [10]. This was confirmed by further investigations with particular reference to the open deck configurations. The original ships is referred to as “bulker”. An “open ship” was generated by omitting the grey-shaded strips between the hatch openings. Furthermore a “closed ship” was generated by adding deck plating to close the hatch openings. It should be noted that all three configurations have the same mass and mass distribution to facilitate comparison. Beam structural idealizations were generated for the new configurations, as before. The corresponding twisting moments are shown in Fig. 4 (a) 2D, namely beam/strip theory formulations and (b) 3D, namely 3D FE and 3D panel idealization of mean wetted surface. It can be seen from Fig.4 that there is good agreements between 2D and 3D models for the closed ship. The differences for the open ship are, generally, of the order of 30%, though there are differences in the variation of the twisting moment forward of amidships. The largest differences are observed for the bulker where the beam structural idealization overestimates the twisting moment magnitudes by a factor larger than 2 [11]. Work is ongoing towards an improved beam formulation, accounting for discontinuities.
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Fig. 4 Twisting moment for three bulk carrier configurations, travelling at 14.5 knots in regular waves (L/(=1) encountered at 135O heading; (a) 2D and (b) 3D hydroelasticity analyses [11]
Slamming of a trimaran in irregular waves
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(a)                                                                                                   (b)
Fig. 5 (a) Body Plan and (b) underdeck slamming area (port side) of trimaran [16]
Slamming of the trimaran [14] travelling in irregular seas encountered at arbitrary heading was investigated, including bottom slamming of main hull and outriggers and underdeck slamming of the crossbeam structure (see Fig. 5(a)), including the side panels when required [16]. The procedure follows the same principle adopted for bottom slamming when using two-dimensional hydroelasticity [2, 3]. However heave, pitch as well as roll rigid body motions are considered when evaluating the motion of the hull relative to the wave. In addition, the FE idealization of the structure is used to define a “slamming area”, comprising of panels, as shown in Fig.5(b). Once an impact of a panel in the slamming area is detected, the slamming force is calculated using empirical formulae [23] and the transient principal coordinates and responses are evaluated using equations (4, 5). As an example, the trimaran is travelling at Froude number Fn=0.24 in long-crested irregular seas, defined by an ITTC wave spectrum with significant wave height equal to 4% of the trimaran’s length L, encountered at 135O heading. The underdeck slamming area, port side, is shown in Fig.5(b), comprising of 10 panels (5  each for port and starboard) in total. Typical pressures (non-dimensionalised by (g(/L2) for a slam are shown in Fig.6(a). Solid and broken lines represent the pressures on panels at port and starboard sides, respectively, showing the ability of the method to simulate unsymmetric slamming. The corresponding time history of the total prying moment (non-dimensionalised by (g(L), based on equation (6), at the connection between main hull and crossbeam is shown in Fig.6(b). It should, however, be noted that the accuracy of the predictions need to be verified against measurements.


[image: image16] 
(a)                                                                                         (b)
Fig. 6 (a)Impact pressures and (b) Total prying moment for the trimaran in irregular bow quartering seas [16]
5. CURRENT DEVELOPMENTS
Influence of nonlinearities – containership

Springing and whipping are the steady state resonant and transient global vibrations, respectively. They increase cumulative fatigue damage to the hull and result in extreme stresses [24]. From this point of view it is important to allow for the hull flexibility, as well as the influence of large motions in terms of associated nonlinearities. Accordingly two methods were developed for the two-dimensional nonlinear hydroelasticity for symmetric motions and distortions [18]. The first method (method 1) uses a combination of linear (i.e. based on mean wetted surface) and nonlinear solutions, denoted by the indices “l” and “nl” in equations (7, 8)
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where Fnl=F1+F2+F3+F4+F5+F6, with F1denoting the, so called, flare slamming force, F2 and F3 the nonlinear modifications of radiation and diffraction force due to added mass and fluid damping variation, respectively, and F4 the nonlinear modification to hydrostatic restoring and incident wave forces. F5 and F6 are included to complete the system forces for green water, using a quasi-static formulation [25], and bottom slamming using empirical formulation [2, 3, 23]. Fw in equation (7) is the generalized wave excitation, using the mean wetted surface. Both principal coordinate vectors are solved using convolution integral techniques, i.e. similar to equation (4).
The second method (Method 2) uses equations of motion with the hydrostatic and hydrodynamic effects evaluated at the instantaneous wetted surface, namely equation (9)
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In this equation F(t) denotes the instantaneous wave excitation. This equation does not contain the effects of flare slamming, or green water and bottom slamming; hence these are added on the right hand side. The solution is obtained in the time domain, step by step, using the Newmark-beta direct integration method [18].
The S175 containership, travelling in regular head waves at Froude number Fn=0.275, is used to illustrate the working of both methods. Predicted heave (per wave amplitude) and pitch (per wave slope) values using different combinations of nonlinear effects are shown in Fig.7 against wave slope ka. As can be seen the linear predictions overestimate heave and pitch RAOs as waves become steeper. Nonlinearities due to F1 and F4 are by and large predominant. Nevertheless, the influence of F2, F3 and F5 can also be important. Both methods 1 and 2 are in agreement with each other and experimental measurements. The non-dimensional vertical bending moments predicted by Method 1 for the S175 containership travelling in regular head waves, (/L=1.2 and Fn=0.25 are shown in Fig.8. In this figure the various calculation types refer to the frequency used in the modifications for F2 and F3, namely encounter frequency (type 1), infinite frequency (type 2) and encounter frequency for diffraction and infinite frequency for radiation forces (type 3). These particularly affect the sagging moment (+) towards the forward end of the ship, i.e. stations 10-14 out of 20. Comparison with experimental measurements is reasonably good, indicating that both methods developed are accounting for the influence of nonlinearities.

Fig. 7 Heave and pitch RAOs for S175 containership in

Fig. 8 Sagging (+) and hogging (-) moment; S175
regular head waves, Fn=0.275 [18]



in regular head waves, (/L=1.2, Fn=0.25 [18]
Influence of viscous flow – flexible barge
The shortcomings of potential flow analysis are well known in the case of roll damping. An investigation has been undertaken to examine the influence of viscous flow on sections heaving, swaying and rolling at the free surface using Reynolds Average Navier-Stokes (RANS) equations, for incompressible flow [19]. The aim is to obtain 2D added mass and damping coefficients that include viscous effects and incorporate this within the two-dimensional hydroelasticity analyses for both symmetric and antisymmetric motions and distortions [1]. 
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Fig. 9 (a) Vertical bending moment (VBM) and shear force (VSF) and (b) horizontal bending (HBM) and twisting moments (TM) at amidships of a flexible barge stationary in regular waves, 60O heading
The methodology developed was applied to a model uniform (rectangular) flexible barge for which experimental measurements for displacements and distortions are available [26, 27]. The RANS method adopts a hybrid approach to allow for mesh refinement, using high quality hexahedral elements in the vicinity of the section and the free surface, while the rest of the domain comprises coarser prismatic elements. The resultant hydrodynamic coefficients showed differences, by comparison to Lewis and 7-parameter conformal mapping approaches, for the sway damping and sway-roll cross coupling and, particularly roll damping [19]. The lowest dry natural frequencies for symmetric and antisymmetric distortions are 5.9 and 5.7 rad/s, respectively. The amidships loads, per m wave amplitude, for this barge stationary in regular waves encountered at 60O heading are shown in Fig.9, comparing RANS, Lewis and 7-parameter conformal mapping predictions – all using the same strip theory. As can be seen RANS and conformal mapping predictions are very close for the vertical bending moment and shear force, shown in Fig.9(a). However, there are differences between the RANS and potential flow approaches for the horizontal bending moment and, especially, the twisting moment, shown in Fig.9(b). The methodology developed needs to be applied to a realistic hull form, in order to confirm the effects observed.
Influence of viscous flow – slamming forces
Work was undertaken, as part of the EU Network of Excellence on Marine Structures (MARSTRUCT), to examine the predictions of impact pressures and forces by various potential and viscous flow methods. Commercial software LS-DYNA and FLOW-3D, Smoothed Particle Hydrodynamics (SPH) and Boundary Element (BEM) methods were compared, in terms of impact pressures and slamming forces for a bow section, shown in Fig.10, impacting at different speeds and various angles of heel [20]. Comparisons were made with available experimental measurements [28]. 
LS-DYNA is an explicit finite element code where the fluid domain is modelled using a multi-materials Eulerian formulation. Each material is characterized by a volume fraction inside each element. It interacts in the calculation of the “composite” pressure for the partially filled cells within a Volume Of Fluid (VOF) method. An Eulerian fluids / Lagrangian solid penalty coupling is used. FLOW-3D solves the transient Navier-Stokes equations by a finite volume/finite differences method in a fixed Eulerian rectangular grid. SPH is a relatively novel Lagrangian meshless CFD method. The continuum is discretised in a number of particles, each representing a certain finite volume of fluid, which are followed (in a Lagrangian way) during their motions induced by internal forces between nearby interacting particles and external mass forces or boundary forces. Internal forces derive from the usual Navier-Stokes and continuity equations, made discrete in space by means of a kernel formulation. BEM is based on two-dimensional solution of velocity potentials when the body has constant or variable downward velocity. Free surface elevation is updated using simplified equi-potential boundary condition on the free surface. It is a zero-gravity potential theory formulation similar to the Wagner method, but with body boundary conditions satisfied on the real body surface. The method accounts for the pile-up of water on each side of the section, but does not model the local jet flow. Pressures are obtained from Bernoulli’s equation. BEM(1) accounts for knuckle flow separation and uses actual velocity profile, whilst BEM (2) approximates the velocity profile [20].
As an example the resultant vertical slamming force is shown in Fig.10, for the bow section impacting at 0.61 m/s and 9.8O heel angle. Predictions by FLOW-3D and SPH provide the better agreement with experimental measurements, for this case. It can also be seen that both methods display small or large oscillations, when using the velocity profile measured in the experiments. On the other hand application of SPH with the freefalling bow section results in a smoother slamming force variation with time and better agreement with experimental measurements, for this case [20]. This investigation demonstrates the difficulties in obtaining accurate impact forces and the differences in the predictions when using different methods. The issue of local structural flexibility further tends to complicate the problem [29-31].
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Fig. 10 Vertical impact force on the bow section impacting at 0.61 m/s at a heel angle of 9.8O [20]
6. THE FUTURE FOR HYDROELASTICITY

It has been more than 30 years since the first scientific publications relating to hydroelasticity. It is by now an established method with a wide range of applications, as illustrated with the examples in sections 4 and 5. However, there is still some way to go for hydroelasticity to be employed as a design support tool. Making it more user friendly and user interactive and benefiting from the advances in information technology is a good first step towards this process [22], but the major step will be to have hydroelasticity as a validated prediction tool for loads at sea, including the effects of slamming, green water and sloshing, capable of providing reliable data for fatigue and extreme load assessment.
Removal of the assumption of linearity is an important step forward. Increasing ship sizes and demands for operations in any weather conditions, including the so-called freak waves, makes this a priority. Prediction of motions and loads in large waves needs to be extended to the two-dimensional antisymmetric case, and in particular to the three-dimensional hydroelasticity. The latter is essential in dealing with arbitrary shaped structures developed for marine renewable energy, as well as aquaculture. This is also important in assessing performance and survivavibility of damaged marine structures. From the point of view of freak waves, it is also important to examine higher order wave formulations and, in particular, their incorporation into methods evaluating motions and loads.
Viscous effects were shown to be important when predicting transient forces, such as slamming, as well as responses in regular waves. Use of CFD techniques in determining motions and loads experienced at sea is, usually, carried out either in isolation (i.e. local loads due to slamming, green water and sloshing) or in combination with existing methods (i.e. use of seakeeping or hydroelasticity methods and CFD techniques) in an attempt to bridge any gaps. Improving predictions of hydrodynamic coefficients and loads due to slamming, sloshing and green water effects are important. However, one needs to adopt a more consistent approach by, for example, properly coupling finite element and CFD techniques for a reliable analysis of fluid-structure interactions.
Comparisons of numerical predictions with experimental and full-scale measurements is a very important stage in the validation process. To this end systematic tests with flexible models are required for various types of mono- and multi-hulled vessels to generate an urgently needed database. The same is also true for full-scale measurements, in spite of the uncertainties associated with the description of seas. It is hoped that as use of structural monitoring systems becomes more prevalent, this can be extended to collect systematic data on seas, motions and loads.
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