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Abstract

The interaction between fully nonlinear water waves in a wave tank and fixed or floating structures with vertical and flared
side surfaces is investigated. The higher-order boundary element method is used to solve the mixed boundary value problem
in an Eulerian formulation at each time step. The time stepping scheme updates the boundary conditions on the free water
surface and body surface, based on a Lagrangian description. In order to increase the efficiency of the calculation, the domain
decomposition technique is implemented, with continuity conditions enforced on the interface between adjacent subdomains
by an iterative procedure. For the calculation of wave forces acting on structures, some auxiliary functions are used, instead of
predicting the time derivative of the potential directly. By means of these auxiliary functions, the coupled fluid-structure
interaction can be decoupled easily, so that the calculation of body motions becomes independent of the hydrodynamic force.
In addition, mesh regridding using the Laplace smoothing technique and interpolation are applied on the free surface to avoid
possible numerical instabilities. Numerical results are obtained for the wave interactions with vertical cylinders and flared
structures at different wave numbers, in which the bodies are fixed, freely floating in one direction and totally freely floating

respectively. The effect of different flared shapes on the forces, wave run-up and body motions is also studied.
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1. Introduction

In ocean engineering, the development of increasingly accurate and efficient numerical models for highly
nonlinear free surface wave interactions with offshore structures remains a challenge. During the last two
decades, the time domain method has gradually replaced the traditional frequency domain method in
parallel with the rapid growth of computer power. Among various methods, the second-order time-domain
method can be regarded as a hybrid of the time domain and frequency domain methods: it has been used by
Kim et al. (1997) for the wave diffraction problem, and Isaacson and Ng (1993, 1995) for wave radiation

and interaction with floating bodies. The most widely used time domain method, however, is the Mixed
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Eulerian Lagrangian (MEL) time stepping technique introduced by Longuet-Higgins and Cokelet (1976).
By this method, the free water surface satisfying the fully nonlinear boundary conditions can be tracked in
the Lagrangian frame, and the flow field equation in the Eulerian description is solved at every time step.
The application of this method in two-dimensional wave propagation has been studied by, among others,
Wang et al. (1995) using a boundary element method (BEM); while Wu and Eatock Taylor (1994) and
Turnbull et al. (2003) used a finite element method (FEM). Grilli et al. (2001) and Xue et al. (2001) have
used the higher-order boundary element method to investigate three-dimensional overturning waves.

To investigate the problem of fully nonlinear wave diffraction, Ma et al. (2001a, 2001b) developed a
numerical wave tank based on the FEM. The alternative BEM was used by Boo (2002), Ferrant et al. (2003),
and Bai and Eatock Taylor (2007) for simulations of three-dimensional wave diffraction. Lee et al. (1994),
and Wu and Eatock Taylor (1995) calculated the wave radiation due to prescribed oscillations of a
submerged sphere and a submerged circular cylinder respectively, using a fully nonlinear time domain
method. Maiti and Sen (2001) obtained two-dimensional results for vertical structures undergoing forced
motions at the free surface. Hu et al. (2002), and Bai and Eatock Taylor (2006) calculated the radiated wave
field around three-dimensional (3D) surface piercing structures.

The fully nonlinear wave interactions with freely floating 3D structures are investigated in the present
paper. This fluid-structure interaction problem requires the treatment of the coupling between hydrodynamic
force and body motion; therefore a highly accurate calculation of the wave force is demanded. Direct
evaluation of the force requires the time derivative of the potential, ¢, which it is known can affect the
stability of the entire computation when the body is free to move. Contento (2000) adopted numerical
differencing of the total material derivative of the potential, and thereby obtained ¢. Another method uses
the acceleration potential method, as shown by Tanizawa (1996), and subsequently Koo and Kim (2004),
where an additional equation for ¢ was solved. Wu and Eatock Taylor (1996) proposed an alternative
method, in which some auxiliary functions were introduced and solved, in place of computing ¢ directly.
The effectiveness of this method was demonstrated by Wu and Hu (2004) in their finite element simulation
of three dimensional floating body responses.

Another difficulty arising in the simulation of fluid-structure interactions is the mesh generation,
especially for three-dimensional cases. When the body can move freely, it can travel a relatively large
distance in the direction of wave propagation, due to the nonlinear wave drift forcing. At the same time, the
body motion will normally have six-degrees of freedom. These features can lead to a very complex
computational geometry, of a domain which changes at each time step. In this connection it may be noted
that Contento (2000) and Koo and Kim (2004) only simulated two-dimensional cases; and an artificial
mooring was added to restrict the body motions in Tanizawa (1996), and Wu and Hu (2004). This remains a
difficult problem. A further mesh-related challenge, considered here, concerns the complexity of modelling
structures having flare at the waterline. The intersection line between the flared body surface and the free
water surface is difficult to predict. And finally, the wave around the flared body is more susceptible to

overturning, leading to break down of the computation in smaller amplitude incident waves than would be



the case for wall-sided structures. Wang and Wu (2006) and Wang et al. (2007) have investigated wave
diffraction and radiation by flared structures in two and three dimensions respectively. In their work, the
flared surface was generated by an inclined straight line through the free surface, with a vertical-sided cross
section in the lower part of the body.

This paper is based on a direct extension of the numerical method presented by Bai and Eatock Taylor
(2006, 2007) for wave radiation and diffraction problems respectively (these papers are referred to as I and
IT in what follows). Here, the fully nonlinear wave interactions with fixed and freely floating flared
structures are investigated in a three-dimensional wave tank. The higher-order boundary element method is
adopted, in conjunction with the domain decomposition method used by De Haas and Zandbergen (1996).
This domain decomposition method has been proved to be very efficient in the simulation of wave tanks (II),
and it makes the numerical model in this paper robust for long term simulations in larger computational
domains. In order to deal with the fluid-structure coupling, auxiliary functions are introduced in the
calculation of hydrodynamic forces. Because of the use of the boundary element method, the numerical
model can, in principle, describe very conveniently cases of arbitrary complex bodies moving with
six-degrees of freedom. On the free surface, an unstructured triangular mesh is used, which can be moved
easily when the body travels a large distance by using the Laplace smoothing technique. Numerical results
are first obtained for the wave diffraction around fixed structures with vertical and flared side surfaces at
different wave numbers. The surfaces of the axisymmetric flared structures are formed with a parabolic
generator. Next, for a floating vertical cylinder, the wave force, run-up and body motion are calculated at
different wave numbers. Finally, new results are given for the interactions between waves and freely

floating 3D flared structures.

2. Mathematical formulation

In order to calculate the three-dimensional wave interaction with bodies in a wave tank, a right-handed
Cartesian coordinate system Oxyz having the origin O on the mean water surface and z-axis pointing
vertically upwards is defined as shown in Fig. 1. Based on the potential flow theory, the wave-body
interaction problem can be formulated in terms of a velocity potential ¢(x, y, z, #), which satisfies Laplace’s
equation within the fluid domain £,

Vig=0, (1)
and is also subject to various boundary conditions on all surfaces .S of the fluid domain.

On the instantaneous free water surface S, the kinematic and dynamic conditions in the Lagrangian

description can be written as
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where D/Dr¢ is the usual material derivative, X denotes the position of points on the free surface, and g is the
acceleration due to gravity. The kinematic condition on the instantaneous wetted body surface Sp is
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where n is the normal unit vector pointing out of the fluid domain, and V,, the normal velocity component of
the body surface. The motions of a three-dimensional rigid body about its centre of mass located at X =(x,,

Ve Zg) can be described in terms of six components, and then
Vnz(@rax(X—Xg)J-n, (5)

where E=(&, &, &) is a vector denoting the displacements of surge, sway and heave, while a=(&, &, &) is
a vector indicating the angles of roll, pitch and yaw about X, measured in the clockwise direction. We can
regard the wave maker Sj, as another body surface moving only in the x direction. The boundary condition
on the fixed body surface can be reduced to the same form as that on the side wall Sy and the horizontal
seabed Sp, namely the impermeability condition

o8

—-=0. (6)

In addition, a proper far field condition should be implemented to avoid the unwanted wave reflection

from the downstream end of the domain; this will be discussed later.
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Fig. 1. Definition sketch
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3. Higher-order boundary element formulation

In this paper, the higher-order boundary element method is used to solve the mixed boundary value
problem at each time step. In this numerical approach, the surface over which the integral is performed is
discretised by quadratic isoparametric elements. For cases in which the body and the simulated flow are

symmetric about the x-z plane, and the seabed is horizontal, the simple Rankine source and its images with



respect to the symmetry plane and the seabed can be chosen as the Green's function. Thus, the integral only
needs to be evaluated over half of the computational boundaries, and the seabed is excluded. This leads to

discretised matrix equations of the form:

A AT [@D] (O
A A |e? [ 1B@ [ )

where

(. . 2 _ % % %
OO =ld i@ (anj[anj ’(anlv,, | ®

The terms in the coefficient matrix A and the right hand side vector B are given in 1.

To improve the computational efficiency of the boundary element method, we have used the idea of
domain decomposition, through implementation of the D/D-N/N iterative scheme (De Haas and Zandbergen,
1996). This may be summarised as follows. Firstly, we solve Laplace’s equation in every subdomain with a
Dirichlet condition on the interface between subdomains. After averaging the obtained normal derivative of
potential on either side of the interface, Laplace’s equation with a Neumann condition is recalculated in
every subdomain. We finally average the resulting potential on the interface, and repeat the process until
convergence is obtained. During this iteration, therefore, we are solving within each subdomain with
Dirichlet and Neumann conditions on the interfaces at alternate iterative steps, while on the free surface
another Dirichlet condition is specified. This suggests the use of double nodes on the intersection line
between the free surface and the interface. But because such double nodes would share the same position
and the same type of boundary condition, identical rows would be formed in the matrix A of Eq. (7),
resulting in a singular system of algebraic equations. To deal with this difficulty, semi-discontinuous
elements are used, as described in II. With such boundary elements, the collocation nodes are placed inside
elements, while the geometric nodes and unknown nodes are still located on their edges.

As a result of using the domain decomposition method, the number of unknowns in each subdomain
becomes much smaller compared with the system of equations corresponding to the original domain.
Because the memory and the computation time for assembling the coefficient matrix required by the
boundary element method depend quadratically on the number of nodes, the total required memory and the
computation time can be reduced considerably. There is a similar reduction of the required computation
time for solving the linear algebraic system at each iteration step. Thus, the domain decomposition method

leads to an efficient algorithm for large-scale numerical simulations.
4. Hydrodynamic forces
Once the potential has been found by solving the mixed boundary value problem at each time step, the

pressure on the body is expressible using the Bernoulli equation. The hydrodynamic forces F = {F, F,, F3}

and moments M = {F,, Fs, F¢} can consequently be obtained by integrating the pressure over the wetted



body surface,

1
F, =—p£j(¢t +EV¢-V¢+gzjnids (i=1....6), )

where p is the density of the fluid, and »; are the six components of the generalised normal unit vectors n
and Xxn. In the above equation, the main difficulty is the evaluation of the time derivative of the potential,
¢ Estimating this quantity by a simple backward difference scheme is inaccurate and prone to instabilities,
particularly in the more general case when the body is free to move.

An effective method for calculating the hydrodynamic force is to solve a separate boundary value
problem, as used by Wu and Eatock Taylor (2003). In this approach, some auxiliary functions are introduced,
in place of computing ¢ directly. These functions satisfy Laplace’s equation and the same combination of
Neumann or Dirichlet boundary conditions on the same boundary surfaces as the boundary value problem
for ¢ (but with different right hand sides): hence these two different problems share the same influence
coefficient matrix. It does not therefore take much additional computer time to calculate the hydrodynamic
forces by using this auxiliary function method, compared with using a backward difference scheme in time

to approximate ¢. The resulting transformed expression for the force is of the general form (II)

F; :—Ci,jsgj +0;, (10)
where again & is the body displacement in the jth generalised direction, c¢;;is equivalent to an added mass
coefficient (obtained from the auxiliary functions), and Q; is a complex expression involving ¢, the
components of displacement, and the auxiliary functions.

As freely floating bodies are considered here, the equation of motion needs to be solved to predict the
position of the body at the next time step. Substituting the transformed expression for the force into
Newton’s second law gives:

Z(’"m +cl.jj)§j =0, +m,gd, 5, (11)

Jj=1

where m;; is the element of the mass matrix, m; is the body mass, and &; =1 (i=j) and &;=0 (i#). In this way
the acceleration of the body can be obtained directly once the potential and the auxiliary functions have
been evaluated. By using these auxiliary functions, the fluid-structure problem is decoupled, and can be

solved easily.
5. Numerical implementation

A number of aspects have to be considered in the implementation of this numerical simulation. Many of
the details can be found in I and II, and some issues specific to bodies which are flared and/or freely floating
are discussed here.

In the present method, structured quadrilateral meshes are distributed on the vertical wall surfaces and the



side surface of the body. On the free surface and the bottom of the truncated body, unstructured triangular
meshes are generated by using the Delaunay triangulation method, which is well suited to fitting the
complex computational domain. A double or triple node is employed on the intersections between the free
surface and solid surfaces or the side surface and the bottom of the truncated body. This multiple-node
technique can determine the intersection lines conveniently without the need for additional treatment; we
only need to update the node on the free surface and allow other multiple nodes on the solid surfaces to
move with it. Fig. 2 shows meshes generated by this method for a truncated flared structure in a wave tank,

in which three subdomains are involved.

In order to avoid waves being reflected from the far-field computational boundaries and to simulate a
sufficiently long duration in a reasonably sized domain, an artificial damping layer on the free surface near
the end of the wave tank is adopted to absorb the propagating wave energy. The free surface geometry and
potential are updated by the standard 4th-order Runge-Kutta scheme, and a cosine ramp function is used to
modulate the boundary condition on the wave maker during the initial time steps. As the equation of motion,
Eq. (11), only provides the body acceleration, the standard 4th-order Runge-Kutta scheme is also adopted
here to compute the associated velocity and displacement of the body. The LU decomposition method is
used to obtain the solution of the full and asymmetric influence matrix arising from the mixed boundary
value problem. We compute the matrix factorisations once for the two types of coefficient matrix
corresponding to the problems with Neumann and Dirichlet boundary conditions respectively, which can be
used on all odd and even steps of the iterative process, and subsequently in the back substitution.

The integration of free surface boundary conditions in time will update the intersection lines between the
free surface and solid boundaries, thus the meshes on the solid surfaces have to be adjusted accordingly. On
the fixed solid boundaries, the mesh regridding is simple, similar to that at the initial time step. For a
floating structure, the body motion also needs to be considered in the recalculation of the positions of nodes
on the body surface. To identify the position of a moving body, another right-handed Cartesian coordinate
system O'xy’z" is defined. In this body-fixed coordinate system, the origin O’ is placed at the centre of mass
of the body. When the body is at its equilibrium position, these two sets of coordinate systems are parallel
and the centre of mass is located at X, in the space-fixed coordinate system Oxyz. To illustrate mesh
regridding on the body surface, we can consider the case when its motion involves only three components,
surge, heave and pitch (&, &, &). In such a case, we need to transform the positions of nodes from the
moving body-fixed coordinates to space-fixed coordinates. In matrix form the transformation can be written

as

x| Xg +& cosés —sinés || x'
L}_Lfé}[sin& cos&s }L'] (12)

Based on the definition of the body-fixed coordinate system, the side surface of the axisymmetric flared



geometry investigated is formed from a parabolic generating curve: the radius ” of each circular section in
the vertical direction has the following form:

(z'-i—h)2

0 (=1, (13)

r'=ry+

where 7 is the distance from the bottom of the structure to the still water surface, which would be the water
depth for a bottom-mounted structure; ry is the radius of the circular section on the body bottom and yis a
coefficient used to control the amount of flare. The larger the value of y, the more flared is the body; and if
=1, the geometry reduces to that of a circular cylinder.

Under most conditions, without regridding the numerically computed wave profile will, after a
sufficiently long time, develop a saw-tooth appearance. To avoid this numerical instability, mesh
regeneration on the free surface is used, leading to the need to specify the horizontal coordinates of the new
nodes. Interpolation is then used to predict the vertical coordinate and the potential at each new node, based
on its given horizontal coordinates. For boundary-fixed problems, the horizontal coordinates are simply
computed at the initial time step, and then can be used at the following time steps. For moving boundary
problems, however, such as the floating body and flared structure cases investigated here, we need to move
the nodes horizontally prior to the vertical interpolation, in order to maintain a uniform distribution of nodes
and good aspect ratios for the elements. This process is achieved by first discretizing the boundary line of
the complete free surface projected onto the horizontal plane. For the part of this boundary line lying on the
vertical side walls, the discretization is direct because the horizontal coordinate is independent of the
vertical coordinate. For nodes on the moving and/or flared body surface, however, the horizontal and
vertical coordinates are coupled (as seen in Eq. (12) and Eq. (13)). An iterative approach is used, starting
from the new position of such nodes predicted by the time stepping integration. The scheme aims to ensure
that the new node is located on the boundary line and the body surface. Once all the new nodes on the
boundary line of the free surface are known, the Laplacian smoothing technique is used to obtain the other

new nodes on the free surface.
6. Numerical results

In this section, the numerical model presented above is employed to investigate different numerical
examples, which can be classified into two main problems. One problem concerns wave diffraction around a
fixed bottom-mounted vertical cylinder or fixed flared structure at various values of kr, where 7 is the radius
of the structure at the waterline. The second problem is the wave interaction with a floating vertical cylinder
or flared structure at various values of k7. The water depth d, gravitational acceleration g and fluid density p
are taken to be unity in all cases discussed below, yielding results and time in non-dimensional form. At the
left end of the wave tank, a monochromatic wave is generated by a piston-like wave maker undergoing the
following motion:

S(t) = —acos(wt) , (14)



where S(¢) is the displacement of the wave maker, and a and w are the motion amplitude and frequency of
the wave maker respectively.

Because of the symmetry of these problems about the longitudinal centre-plane of the numerical tank,
only half of the domain is modelled. The damping zone is situated near the right hand end of the wave tank,
starting at a distance of one incident wavelength away from the end. We specify the non-dimensional
frequency of the incident wave as @=2.0 in all the cases considered here, and as a result the tank length is
the same regardless of the values of kr for which the calculations are undertaken: it is taken as 7.5,
equivalent to 4.7784 where A is the incident wave length. The centre of the body is located at a distance
4.375 (=2.7871 ) from the wavemaker at the left hand end. To realize the variation of kr, we simply change
the size of the structure. The width of the wave tank, however, needs to be adjusted in order to reduce
possible wave reflections from the side walls. In our investigations, the half width of the tank is taken to be
4r. Therefore, for larger kr, a wider tank is required, which results in more elements distributed in the y
direction in order to maintain the same grid density and good aspect ratios for the elements. This is possibly
the reason why there are not more numerical results for larger k7 in previous publications.

The spatial and temporal convergence behaviour of the method has been discussed in I and II. In the cases
considered here, there are six boundary elements in the z direction on the body surface and on the side walls,
the meshes becoming automatically finer near the free water surface. The number of elements around half of
the body is 16. On the boundary lines of the free surface, the element dimensions Ax and Ay are all set to be
approximately 0.125. As the mesh on the free surface is generated using unstructured triangles, local mesh
refinement can be implemented around the body. By way of example, for a truncated circular cylinder this
leads to a domain with 5018, 6434, 8802 nodes, or 1726, 2274, 3190 elements distributed on the complete
boundaries of the computational domain, for the cases k7=0.6, 1.0, 1.6 respectively. The total simulation
time is 157, where T is the incident wave period, and the time step is taken as 0.0257. Mesh regeneration
and interpolation are adopted at every time step. This is to ensure that the calculation remains stable, which
is particularly crucial for the cases involving flare.

It should be recalled that the present numerical model is a direct extension of I and II in which a large
number of results for various wave radiation and wave diffraction problems have been compared with
analytical and experimental data. In addition, few results are available for comparison for the wave

interaction with moving bodies, especially if the body is flared.

6.1 Wave diffraction around a fixed bottom-mounted vertical cylinder and flared structure

We first calculate the wave diffraction around a fixed bottom-mounted vertical cylinder for the three
values of kr indicated above. The whole domain is divided into 6 subdomains of equal size, and the
amplitude of the wave maker motion is taken as a=0.02. Fig. 3 shows the time history of wave force acting
on the cylinder for each case. In all cases considered in this and subsequent sections we divide the

horizontal force by the product of the wave maker amplitude a and the projected area of the body on a



vertical plane. This provides a reasonable basis for comparing the cylinder with bodies having flare. From
this figure it can be seen that the amplitude and phase of the wave force are relatively insensitive to the
variation of the body size. This is consistent with linear theory for wave diffraction by the cylinder,
according to which the force passes through its maximum at kr~1.0, and is 84% and 90% of the maximum
at k= 0.6 and 1.6 respectively. One observes that while the incident wave steepness is the same for all of
these cases, the “crest” of the force time history becomes flatter and the “trough” sharper as the ratio of
cylinder radius to wave amplitude increases. This indication of enhanced nonlinear behaviour is consistent
with the total linear diffracted wave amplitude (the run-up A4p) at the upwave face of the cylinder taking the
values 1.56, 1.71 and 1.81 times the incident wave amplitude for £7=0.6, 1.0 and 1.6 respectively. At the

highest value of kr, the effective steepness parameter would be k4p ~0.3.

The influence of the body size on the wave run-up on the upstream and downstream faces of the cylinder
can be clearly seen in Fig. 4 (the run-up is designated z(¢) here and in subsequent figures). With the increase
in the radius of the cylinder at larger values of k7, the crest on the upstream side reaches the cylinder earlier,
while it appears later on the downstream side. The figure also shows the time history of the incident wave at
the position where the axis of the cylinder is located. On the downstream side of the cylinder, the time
history of wave run-up at each value of 4r investigated here is no longer a sinusoidal curve, and the lowest
run-up is obtained at &7=1.0: nonlinear effects seem to be significant in each case. To illustrate more clearly
the deformed free surface associated with diffraction for the three cases, the wave profile around each
cylinder at the same time instant is shown in Fig. 5. For the case k7=0.6, diffraction is not very noticeable,
and the free water surface does not deform seriously in the presence of such a cylinder. For the two larger
cylinder radii, the wave profiles behind the cylinder look more complex, and cross waves emerge at the

sides of the cylinder.

Next we simulate diffraction around a bottom-seated structure with four different flares based on Eq. (13)
for kry=1.0 and kr¢=1.8. We recall that ry and r are the radii of the bottom of the flared structure and the
waterline respectively. The amplitude of the wave maker is again set to be ¢=0.02. It should be noted that
some care is required in using domain decomposition when a flared structure is situated in the wave tank.
The size of the subdomain which encloses the flared structure must be sufficiently large that, when a wave
crest passes the body, there is a large enough region between the waterline of the body and the adjacent
subdomains to allow for a suitable transition from fine to coarse mesh. For the case kr¢=1.0, we have used a
tank length of 8.75, with five subdomains of equal size. For k7y=1.8 in a wider tank, however, and bearing

mind the increased computational effort required in this wider tank, the total length of the wave tank is



taken as 7.5. Four subdomains are used in this case, but with that surrounding the body being much larger
than the others.

The four different structures investigated correspond to »/r;=1.00, 1.25, 1.5 and 2.0 (or y=1, 2, 3, 5). The
case krg=1.8 with r/ry=2.0 is not shown, because robust results have not been obtained (in the simulation,
we find that the wave run-up on the body surface becomes very steep and tends to overturn, finally leading
to breakdown of the computation). Fig. 6 shows the time history of dimensionless wave force on these
flared structures at the two values of kry. It can be seen that the wave forces on the different flared structures
are very similar. The main change is an advance in the phase of the force relative to the incident wave as the
body becomes more flared. For the wave run-up on the upstream side of the flared structure, as shown in
Fig. 7, the amplitude is insensitive to the shape of the flared structure at kr;=1.0; it decreases, however, with
increasing flare at krp=1.8. The wave run-up on the downstream side of the flared structure at the two
different values of kry is shown in Fig. 8. Not surprisingly, it is much more affected by the amount of flare.
This would seem to be associated with increased sheltering, particularly at the larger value of kry

investigated.

6.2 Wave interaction with a truncated vertical cylinder

Next, the wave interaction with a truncated vertical cylinder is simulated. The specification of the wave
tank and the division into subdomains are the same as used above in the investigation of diffraction around a
bottom-mounted vertical cylinder. The amplitude of the wave maker is taken as ¢=0.01 in this and the
following sections. The wave diffraction around a fixed truncated vertical cylinder is first studied to
investigate the effect of different drafts on the horizontal wave force and the run-up. Results for the case
kr=0.6 are shown in Fig. 9 and Fig. 10. It can be seen that the different drafts have some effect on the
dimensionless force, but it is relatively insignificant given that the draught has been reduced by 60% in the
extreme case. For the wave run-up, it is very hard to distinguish the difference between the results obtained
with different drafts. We have also checked the values of run-up on the downstream side of the fixed
truncated cylinders with different drafts, which are also found to be very close. All these results are not

unexpected, as most of the wave energy is concentrated near the free water surface.

Next we consider the case when the truncated vertical cylinder with draft 4~=0.6d can respond to waves,
again for k7=0.6. Two cases are investigated: for the body only moving in the x-direction, with all other
degrees of freedom restrained; and for the body moving freely. As only two-dimensional regular incident

waves are considered here, the freely floating body responds only in three degrees of freedom, namely surge,
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heave, and pitch. For the specification of the mass matrix in Eq. (11), the density of the body is defined as
1.0 to guarantee that it floats, and the centre of mass is located on the axis of the cylinder at z=-0.45 in the
equilibrium position.

Fig. 11 compares the horizontal and vertical hydrodynamic forces on the truncated cylinder moving freely
and moving in the x-direction, F; and F3 respectively in Eq. (9), with the force on the fixed truncated
cylinder. The largest horizontal force is that on the fixed body, while the smallest is that on the freely
moving body, as expected. The vertical forces on the fixed body and the body moving in the x-direction are
comparable, which again seems reasonable. The vertical force on the freely floating body, however, is
significantly larger, and it shows very distinct nonlinear effects such as sub-harmonic components. Figure 12
shows the upstream and downstream wave run-up for these cases. The behaviour is seen to be similar to that

of the horizontal forces.

The acceleration and displacement of the truncated cylinder in the x-direction are shown in Fig. 13 and
Fig. 14 respectively. One can observe that the oscillating acceleration of the body restrained to move only in
the x-direction has much larger amplitude compared with the freely floating body, because in the latter case
the incident wave energy is transformed into oscillatory responses in heave and pitch modes as well as in
surge. The larger surge acceleration amplitude corresponds to the larger oscillatory surge displacement seen
in Fig. 14. The horizontal drift motion down the tank, however, is fairly similar in the two cases, being
associated with similar values of mean drift force and mean wave drift damping: the drift in the freely

floating case is possibly slightly larger than the restrained case.

6.3 Wave interaction with a floating truncated vertical cylinder at different values of kr

We now investigate the effect of body size by examining results for the freely floating truncated vertical
cylinder at k7=0.6, 1.0 and 1.6. The hydrodynamic forces in the x- and z-directions and the moment about
the y-axis in the free surface are presented in Fig. 15. It is found that with increasing kr, the horizontal force
becomes larger, but the moment is smaller, although their phases are similar. The behaviour of the vertical
force appears to be more complex, with evidence of more higher-frequency components accompanying the
generally reduced values at larger kr numbers. Fig. 16 shows the corresponding wave run-up on the
upstream and downstream faces of the floating cylinder. The tendency with varying &7 is the same as seen in
Fig. 4 for diffraction around the fixed bottom-mounted cylinder at the same values of kr, but we can notice
that the time histories in Fig. 16b are rather more regular than those in Fig. 4(b) and the phase dependence

on kr of the downstream run-up is different.



Fig. 17 shows the surge, heave and pitch motions of the floating truncated cylinder at these three values of
kr. This demonstrates that at larger kr, the effect of nonlinearity is stronger, resulting in relatively larger drift
in the x-direction; whereas the heave and pitch motions decrease. The wave profile around the cylinder at a
particular time instant is shown in Fig. 18. By comparing this with Fig. 5 for the fixed cylinder, we can see
that the free surface becomes much more regular in the case of wave interaction with a freely floating body:

there is much less scattering when the body moves with the waves.

6.4 Wave interaction with floating truncated flared structures at kry=1.0

Finally, we compare the behaviour of the floating cylinder with that of two different floating truncated
flared structures at kry=1.0. For the former case we found that the time histories could be somewhat
irregular, for example the vertical force in Fig. 15. This is partly due to the coupling between the wave and
the body motion: the incident wave induces a drift motion of the body, leading to a change of its position
relative to the wave field. It is of interest to observe whether such behaviour also occurs for flared
structures.

The comparison between the hydrodynamic forces and moment on these three structures is shown in Fig.
19. One can note that the horizontal force on the body with »=1.257, is generally the smallest, and it is much
smaller than the force on the cylinder. With increase of flare, the vertical wave force becomes larger because
of the larger water plane area. But it does not appear to become more irregular. Like the vertical force, the
moment also increases with increasing flare. The wave run-up is shown in Fig. 20. On the upstream face the
maximum run-up is not sensitive to the amount of flare; but the downstream run-up increases with flare
(even exceeding the upstream run-up), and becomes less regular. None of these last effects was found for
the fixed flared structures. Lastly, Fig. 21 shows the body responses, which in general increase with the
increase in the flare. As with the horizontal force, however, the oscillatory component of surge displacement

is smallest for the case r=1.25r,.

7. Conclusions

Fully nonlinear wave interactions with fixed and floating vertical cylinders and flared structures have

been simulated by means of a higher-order boundary element model with the domain decomposition



technique. This method, used in conjunction with auxiliary functions to obtain hydrodynamic forces, has
been found to be suitable for investigating the wave-induced responses of complex floating bodies.
Numerical results have been obtained for wave run-up, hydrodynamic loads and body responses in regular
waves. These have led to the following observations. The wave run-up on the downstream side of a fixed
vertical cylinder is very sensitive to the body size. The horizontal hydrodynamic force on a floating
truncated cylinder is reduced significantly compared with the wave force on a comparable fixed truncated
cylinder. Moreover, with increase in cylinder radius, the dimensionless vertical force at the same frequency
is smaller. More higher frequency components are superposed on the force time history; and the
displacement in the horizontal direction increases. It was found that a fixed structure with flare can virtually
suppress the wave run-up on the downstream side compared with that on the vertical cylinder; and the wave
run-up on the upstream side can also be somewhat smaller as a result of flare. The dimensionless horizontal
force on a fixed structure, however, is not sensitive to the amount of flare, apart from a change of phase. In
the case of a floating structure, the vertical force, the horizontal drift displacement and the wave run-up on

the downstream side all increase significantly as a result of flare.
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