Fully nonlinear solitary wave interaction with a freely floating vertical cylinder
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Highlights:

° A higher order BEM for the potential flow problem with fully nonlinear conditions on the moving
boundary is developed.

] Interaction of fully nonlinear solitary wave with a freely floating body is simulated.

1. Introduction

The present work aims to shed some lights on how a nonlinear transient wave will interact with a freely floating
structure, as this is believed to be the main cause for ringing of a TLP or GBS. We shall use a vertical cylinder in solitary
wave as an example. There has been extensive research on the propagation of the solitary wave, based on KdV equations
with first, second, third and higher order theories, as well as the fully nonlinear theory [1]. For its interaction with a
stationary body, Zhao et al. [2] carried out numerical simulations wave scattering by a circular cylinder group using the
FEM. Cao & Wan [3] took into account the viscosity of the fluid and used the Reynolds-Average Navier-Stokes (RANS)
model. For interaction of solitary wave with a free floating body, Isaacson [4] considered a vertical cylinder. However,
only very limited results were given and only vertical motion was considered.

In the present work, an initially vertical cylinder is placed in the wave and it will be free to respond to wave
excitation in multi degrees of freedom. The accuracy of the present numerical model is verified by comparing wave
propagation of a solitary wave with the fully nonlinear solution from [1]. Simulations are then made for solitary wave

interaction with a truncated cylinder.

2. Mathematical model and numerical procedure

We consider the problem of wave interaction with a vertical cylinder in water of depth d. Two right-handed Cartesian
coordinate systems are defined. One is the space-fixed system 0xyz with the 0xy plane on the undisturbed free surface and
the z-axis pointing upwards. The other is a body-fixed system 0'x'y'z' with its origin 0' placed at the centre of mass of the
body. These two sets of coordinate systems are parallel to each other when the body is at its equilibrium position. The
centre of mass is located initially at Xco in the space-fixed coordinate system, and X(=Xco+¢) subsequently. Here £{=(¢i,
&, &3) denotes the translational displacements of the mass centre in the X, y and z directions respectively. The rotation of
the body is defined through the usual Euler angles 0=(¢, £, »)=(<s, s, &6), to illustrate rotational displacement about X’, y’
and z’ directions respectively.

Based on the assumption that the fluid is ideal and incompressible, and flow is irrotational, the velocity potential ¢X, v,
z, 1) satisfies the Laplace equation in the fluid domain R
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At the side surface Sc of the computational domain, the seabed surface Sp and the far left and right surfaces Sr in the
direction of the incident wave, the impermeable condition is given, or d@/0n=0. On the free surface Sg, the fully nonlinear
kinematic and dynamic boundary conditions can be given in the following Lagrangian form
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where ¢ represents the acceleration due to gravity, X=(X, Y, z) denotes the position vector of a fluid particle on the free
surface, 7 is the elevation of water surface measured from its mean level, D/Dt=0/0t+u-V is the total derivative with u
being the velocity of the fluid particle. The boundary condition on the body surface Sg is
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where V is the velocity of the body surface, n is the normal of the surface pointing out of the fluid domain. The body
surface velocity can be expanded as

V=U+Qxr, 5)
where ry=X'" is the position vector in the body-fixed coordinate system, U=d{/dt=(U,, U,, Us) is the translational velocity
of the centre of mass, Q=(U,, Us, Us) is the rotational velocity.

The undisturbed solitary wave [1] is used at far upstream of the body as the boundary condition, where the disturbed
potential can be assumed to have not arrived. Some auxiliary functions y (i=1, ..., 6) are introduced to decouple the
nonlinear fluid-structure interaction problem. These functions satisfy the Laplace equation in the fluid domain. They are
zero on the free surface and their normal derivatives 0yi/On=n; on the body surface and are zero on the other rigid

boundaries. Through the use of these functions, the equation of motion can be written as [5]
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Mij, Mix3,j+3, 1, j=1, 2, 3 in Eq.(6) are mass and rotational inertias, &;=1(i=j) and &;=0(i#j) and f.i are the external force
and moment.

The higher-order boundary element method is used to solve the mixed boundary value problem described above at
each time step. The boundary surface is discretized by the higher-order elements based on quadratic shape functions.
After solving the boundary value problem and obtaining the fluid velocities on the free surface, the 4th-order
Runge-Kutta scheme is adopted to advance the fully nonlinear free surface boundary conditions in time. For the case
without the body, mesh can be generated based on the conventional orthogonal elements. For the case with the body, the
mesh on the free surface can be divided into several parts. The element distribution far away from the body is generated
by the conventional orthogonal grid. The mesh near the body is generated based on the elliptic differential equations in
each part. In the Lagrangian form of the free surface boundary condition, the nodes of elements move both horizontally
and vertically. It is possible that elements become distorted as time progresses. When the overall fluid boundary does not
change significantly, mesh rearrangement on the free surface is implemented by adopting the spring analogy method to
obtain the horizontal coordinates of new nodes on the free surface. Those nodes on the intersections with the body
surface and the boundary are treated separately. Interpolation is then used to update the vertical coordinates as well as the
potential at each new node. The details can be found in Zhou et al. [6] and Zhou & Wu [7].

3. Numerical results

The water depth d, acceleration due to gravity g and fluid density p are used for nondimensionalisation. It means that
the velocity is nondimensionalised by (gd)!?, time by (d/g)"? and pressure by pgd. =t/(d/g)"? is introduced to represent
the nondimensional time.

The propagation of a single solitary wave is considered for comparison. The total length of the computational domain
is taken as L=35. The half of the width is W=0.4. The initial wave crest is located at the origin of the space fixed
coordinate system. The distance between the left inlet boundary and the origin of the coordinate system is Lis=15, and
that between the right outlet boundary and the origin is Lyign=20.

The special and time convergence study is carried out and then the element size is chosen as Ax=Ay=0.4 on the free
surface, and three elements are specified and nodes are distributed uniformly in the vertical direction of boundaries away
from the body. The time step is considered as A7=0.04. Fig.1 shows the results for the case of &0.5, where &=H/d, with
H being the wave height. It can be seen that the present simulation gives graphically identical result to that of Clamond &
Dutykh [1] as zincreases when the solution of Clamond & Dutykh [1] is used as the initial condition. However, when the
third order solution [8] is adopted as the initial condition at 7=0, the wave height obtained from the present simulation
decreases and the waveform becomes wider during propagation, and a dispersive tail can be observed behind the wave

peak.
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Fig.1. A comparison of free surface profiles. Solid lines and dashed lines are present results using the fully nonlinear solution and the

third order solution as the initial condition respectively, and dash dotted lines are solutions of Clamond & Dutykh [1]

A freely floating truncated cylinder of radius R=1.5875 and draught B=0.5 is then placed in the wave with its axis
coinciding with the z axis. The mass of the body m is defined as its initial displacement, i.e., m=3.9586. The centre of the
mass is located on the axis of the cylinder at z=0.0 when it is in the equilibrium position. The rotation inertial about y' is
1,=2.5766. L=70 and W=15.0 is chosen. The distance between the left inlet boundary and the axis of the cylinder is
Lier=30. The initial wave crest is placed at x=-15.0. Away from the body, the element size is taken as 0.4 in the horizontal
direction. Twenty quadratic elements are used on the half of the cylinder in the circumferential direction and four in the

vertical direction. The time interval A7z=0.04 is used.

Fig. 2 present the translations in X and z, as well as rotation about y’ for the incoming wave with &=0.4. A large drift
motion in the X direction can be seen because there is no restoring force in this mode. In addition, a relatively small
oscillatory motion is also visible. In the vertical direction, the body is first lifted up with a relatively large peak. Due to
the fact that there is a restoring force in the vertical direction as a result of the difference in the weight and buoyancy, the
motion undergoes several cycles of oscillation. In the rotation about y’, the oscillatory motion is most obvious. Although
all the motions decrease with time as the solitary wave passes away, the motion in pitch is more persistent and its decay is
at a much slower rate. This is because the disturbance of the rotation on the free surface is relatively small when the
rotation centre is on the mean free surface. Thus the radiation damping coefficient in rotation about y’ is relatively small
compared with those in translations in the X and z directions, as has been noticed in [9]. As a result, the decay in rotation
about ¥y’ is much slower than that in the other two modes.
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Fig. 2. Time history of motions of the floating truncated cylinder for £&=0.4: (a) displacement in X direction; (b) displacement in z

direction and (c) rotation displacement about y’

Fig. 3 shows the forces and moment for the fixed cylinder and the moving cylinder. The loading in the case of moving
body is smaller than that on the fixed body. That is because the body response through motion will in general 'soften' the
incoming wave force compared with the fixed body, as a result, the wave loading is usually reduced. However, it should



be noted that the body motion and the incoming wave can be out of phase in some cases. The body can move towards the
wave during its motion and the force for a freely floating cylinder can be bigger than that on the fixed cylinder. From Fig.
3(c), it can be seen that the moment decays to zero faster after the wave has passed the fixed cylinder, while it oscillates
for a longer period of time for the moving body due to the oscillatory rotational motion in Fig. 2(c). Further analysis and
results will be provided at the Workshop.
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Fig. 3. Time history of wave forces and moment of the floating truncated cylinder for &=0.4: (a) horizontal force; (b)

vertical force and (c) moment about y-axis
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