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SUMMARY

A six degrees of freedom (6DOF) algorithm is implemented in the open-source CFD code REEF3D. The
model solves the incompressible Navier-Stokes equations. Complex free surface dynamics are modeled with
the level set method based on a two-phase flow approach. The convection terms of the velocities and the level
set method are treated with a high-order WENO discretization scheme. Together with the level set method
for the free surface capturing, this algorithm can model the movement of rigid floating bodies and their
interaction with the fluid. The 6DOF algorithm is implemented on a fixed grid. The solid-fluid interface is
represented with a combination of the level set method and ghost cell immersed boundary method. As a
result, re-meshing or overset grids are not necessary. The capability, accuracy and numerical stability of the
new algorithm is shown through benchmark applications for the fluid-body interaction problem. Copyright
© 2015 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Coupled fluid-structure interaction plays a major role in many engineering disciplines. In the fields
of coastal, ocean and arctic engineering, fluid-structure interaction problems occur in the presence
of a free water surface and result in complex floating body dynamics. Some examples are floating
piers, floating oil platforms, ship motion prediction or floating ice floes. Advanced solutions for the
hydrodynamics, which include more complex free surface phenomena such as wave breaking or
water jets and viscous effects from turbulence, require the solution of the Navier-Stokes equations.
In earlier studies, fluid-structure interaction problems based on the Navier-Stokes equations have
been calculated with Arbitrary Lagrangian-Eulerian (ALE) methods ([25], [31]). Then the interface
location between the solid and the fluid is tied to the numerical mesh. When the location of this
interface changes, the numerical mesh needs to be adjusted in order to account for this. The re-
meshing procedure can have a detrimental effect on the numerical accuracy and stability, especially
for more arbitrary solid body movements. Also, for free surface flows, this method can become
prohibitively complex.

A way to avoid constant re-meshing is the usage of dynamic overset grids. The method consists
of a base mesh, which covers the full flow domain. The overset mesh is placed in the vicinity of
the solid structures and overlaps with the base mesh. Then the overset mesh follows the movement
of the solid. Carrica et al. [9] presented a complete framework for the modeling of ship motion
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using dynamic overset grids. The free surface was treated with a single-phase level set method.
The dynamic overset mesh approach has numerical stability advantages over ALE, as constant re-
meshing of the solution domain is not necessary. The challenge of the method lies in an accurate, yet
stable scheme for establishing the connections between the overset mesh points and the underlying
grid points in the overlapping region. Later, Yang and Stern [33] showed an extension of the dynamic
overset mesh approach, where the solid-fluid interface was treated with a sharp interface method
instead of overset grids. The free surface was treated with a two-phase level set method. A further
iteration of the dynamic overset mesh approach featured a direct forcing immersed boundary method
for the fluid-solid interface [34]. Special attention was given to the field extension method, which
was earlier presented for one-phase fluid-structure interaction [32]. When the solid moves through
the flow field, solid cells becomes fluid cells and vice versa. With the field extension, unphysical
values for the pressure and the velocities are avoided, through interpolation and keeping the physical
pressure gradients intact. More recently, Calderer et al. [8] presented a level set based two-phase
flow solver for the simulation of floating structures. A curvilinear immersed boundary method
was used for the fluid-solid interface [6]. Chen et al. [10] presented a strong, two-way, fluid-solid
coupling algorithm, based on a variational-type cut cell methodology, implemented within a hybrid
Eulerian-Lagrangian framework.

Smoothed Particle Hydrodynamics (SPH) methods have also been used to calculate fluid-floating
structure interaction by Bouscasse et al. [7] using a ghost fluid method to enforce the solid-fluid
boundary for two-dimensional problems. Omidvar et al. [22] used an SPH implementation for 3D
floating bodies using variable mass distribution to make the model computationally efficient. A
large number of particles are required to accurately simulate the hydrodynamics of floating bodies
using these methods. Glowinski et al. [15] presented a Lagrange multiplier based fictitious domain
decomposition method for the simulation of an airfoil and sedimentation of circular particles.
Sueyoshi et al. [27] simulated wave induced nonlinear motions of a two-dimensional box-shaped
floating body using a moving particle semi-implicit (MPS) method but had difficulties with shorter
period waves in sway and heave motions and a phase shift in the wave elevation.

In the present manuscript the open-source CFD code REEF3D is used. The model has been used
extensively for complex wave hydrodynamics problems in the field of coastal and ocean engineering
such as breaking waves [2] [1], wave energy converter devices [21], non-breaking wave forces [20]
and breaking wave forces [5]. A novel approach for the geometry description for the 6DOF (six
degree of freedom) algorithm is proposed. With the combined use of triangular surface meshes
and the level set method, the fluid force and momentum can be integrated in a straightforward
manner. The solid body is immersed into the fluid and re-meshing or overset grids are avoided. This
is achieved with the local directional immersed boundary [4] in this study. The presented results
are all obtained with a weakly coupled scheme. In combination with an already robust two-phase
flow solver, this results in a stable fluid-structure interaction model. Numerical results for a disc
entry problem, a free falling wedge and roll decay and roll motion of a rectangular barge under the
influence of waves are presented.

2. NUMERICAL MODEL

The governing equations of the numerical model are the continuity and the incompressible Navier-
Stokes (NS) equations presented in compact tensor notation:

(’)ui
8%1'
ou; ou, 1 0p 0 Ou;  Ou;
Z . P _— i 2
3t +’LL] 8xj p@xi + al’j [V <6$j + le +g ( )
where u is the velocity averaged over time t, p is the fluid density, p is the pressure, v is the kinematic
viscosity and g the acceleration due to gravity.

A Cartesian grid is used to discretize the spatial domain, providing easy implementation of
higher-order discretization schemes.The model employs a staggered numerical grid to ensure

=0 (1)
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better pressure-velocity coupling and avoid numerical instabilities. The convective terms of the NS
equations are discretized with a fifth-order WENO (weighted essentially non-oscillatory) scheme by
Jiang and Shu [18] in the conservative finite-difference framework. The conservative WENO scheme
is used to treat the convective terms for the velocities u;, while a Hamilton-Jacobi version [17] is
used for the variables of the free surface algorithm. The Hamilton-Jacobi version approximates the
spatial derivatives at integer grid points rather than at half-integer points in the conservative version
and is more suitable for the approximation of the gradients in the level set function.

For the time treatment a second-order accurate TVD Runge-Kutta scheme is employed, solving
the Poisson equation two times per full time-step consisting of two Euler steps [26]:

o) = @™ + AtL (")

1

1 1 3)
Son 4 2o 4 ZALL (@“))
p T ¥ s

P+l —

Adaptive time stepping is used in order to control the time steps and ensure numerical stability by
maintaining the required CFL number. Chorin’s projection method for incompressible flow which
is first-order accurate, is used for the treatment of the pressure [12]. During the solution of the
NS equations at each Euler step of the Runge-Kutta time stepping procedure, the pressure gradient
is excluded. Based on the resulting divergence of the flow, a Poisson equation for the pressure is
formed with the right hand side containing the continuity defect xl in Eq. 4, where u is the
transient velocity. The Poisson equation is solved using the fully parallelized Jacobi- precondltloned
BiCGStab algorithm [30]. The gradient of the new pressure field is then used to correct the velocity

field, making it divergence free.
_9 1 Op\_ 10y 4)
dx; \ p (@) dx; )~ At Oz

The location of the free water surface is represented implicitly by the zero level set of the
smooth signed distance function ®(Z,¢) [23]. The level set function gives the closest distance to
the interface and the two phases are distinguished by the change of the sign. This results in the
following properties:

> 0if & € phase 1
(T, ) =0iffel %)
< 01if ¥ € phase 2

In addition, the Eikonal equation |V¢| =1 is valid. When the interface I" is moved under an
externally generated velocity field ¥, a convection equation for the level set function is obtained:

0P . o
el il
at 7 8:r ]
When the interface evolves, the level set function loses its signed distance property. In order to

maintain this property and to ensure mass conservation, the level set function is initialized after each
time step. In the present paper a PDE based reinitialization equation is solved [28]:

=0 (6)

S S (@) (Ve -1) =0 a)

where t,, is psuedo time and S (®) is the smoothed sign function [24]. The material properties of
the two phases can be then be determined for the whole domain. Close to the interface, the density
p and the viscosity v are smoothed out by calculating the density at the cell face with a regularized
Heaviside function with an interface thickness of € = 2.1dx:

pi-‘r% :le ((I)H_%) +p2 (I_H(q)z-&-%)) (8)
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The level set function at the cell face is obtained using:

= % (5 + Piy1) &)

P

nl=

3. 6DOF ALGORITHM

For the calculation of fluid-structure interaction, the geometry of the solid body needs to be defined.
In the current model, it is described by a primitive triangular surface mesh neglecting connectivity.
By design, this resembles the structure of the STL format, a standard for surface meshes, available
in most CAD and meshing softwares [13].

(a) Triangulated box with mesh and level (b) Signed distance field with the zero
set function level set for the fluid-solid interface

Figure 1. Representation of the solid body with a level set function.

The intersections of the surface mesh with the underlying Cartesian grid are determined with a
ray-tracing algorithm [35]. Here, inside-outside information and the shortest distance to the closest
triangle for the grid points along the coordinate axis can be calculated in a very efficient and reliable
manner. After this step, the standard reinitialization algorithm [24] is used to get signed distance
properties for the level set function in the vicinity of the solid body, see Fig. 1. In current literature,
the level set method has been employed to represent moving solid bodies by [11] and [3]. It is
important to mention, that the ray-tracing algorithm calculates the distances in an exact manner
close to the solid boundary, which results in a sharp representation of the solid-fluid interface. The
moving solid-fluid interface is treated with the ghost cell immersed boundary method [4].The forces
acting on the surface {2 of the floating body can be determined for each co-ordinate direction ¢
separately using the pressure p and the viscous stress tensor 7 in the following way:

Fie= /(—nip +mn; - 7)dQ (10)
Q

The distance of the center of gravity from the origin of the body-fitted grid can be determined
using the following equation 11:

1
rCQZE/VrpadV (11)

where r is the distance from each surface cell to the origin of the body-fitted co-ordinate system.
Assuming that the origin of the body-fitted co-ordinate system is at the center of gravity of the
floating body, r is the distance of each surface cell to the center of gravity and the moments are
determined as follows:

Lic= / rx (—m;p+mn;-7)dQ (12)

Q
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Through the level set representation of the solid surface, the calculation of the discrete surface area

in each grid cell can be accomplished with the help of a Dirac delta function [24]:

aQ = /5(@) V| dz

(13)

The advantage of the level set description for the surface area of the solid body is, that the
intersections of the surface mesh with the underlying grid do not need to be calculated explicitly. The
implementation of the level set function was relatively easy, as all numerical routines are already

available from the free surface algorithm and only small adjustments were required.

A free floating body has six degrees of freedom. The translation consists of the three linear
velocities u, v, and w. The rotation has the three angular velocities p, ¢, and r [14]. The location
and the orientation of the floating body are given by the position vector and the Euler angles:

77 = (771a772) = (xcgaycgaZCgad)aaaw)

(14)

The calculation of the six degrees of freedom for the solid body can be simplified with respect to
the moments of inertia by introducing two separate coordinate systems. The fluid flow is calculated
in the inertial coordinate system, and the floating body in the non-inertial coordinate system. Then
the forces X, Y and Z and moments K, M and N acting on the body can be calculated in the inertial
coordinate system. When the origin of the non-inertial coordinate system coincides with the center
of gravity, the moments of inertia can be calculated by considering only the main diagonal of the

moment of inertia tens

or:
I, 0 O mr2 0 0
I=|0 I, 0]=]0 mTf/ 0
0 0 I 0 0 mr

(15)

where 7, ry, and 7, are the distances of a point from the center of gravity along the z—, y— and z—

directions.

The calculated forces and moments from the inertial reference frame can be expressed in the non-
inertial coordinate system with a rotation matrix J; *, consisting of three elemental rotations around
the axis of the coordinate system (s stands for sin and ¢ for cos):

c) cf s cl —s6

ap,= |—spcop+spshcy) cpcp+spstsyp spch ae:Jflae (16)

s sp+cpshc)p —spcp+coshsy cbco

Here ayy, is a vector in the reference frame of the floating body, and a. a vector in the inertial
coordinate system. With the calculation of the forces, momentum and moments of inertia in place,
the dynamic rigid body equations can be solved [9]:

where

F=J'F,.=[X,Y,Z]
Li :Jl_lLi,e = [KaMaN}

(17

(18)

Here u, v, w, p, q and r are the values for the linear and angular velocities from the previous time
step. Then 1, v, w, p, ¢ and 7 can be calculated in an explicit manner. Any of the linear and angular
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velocities ¢ and any component of the position and orientation vector ¢ of the floating body can be
calculated with a second-order Adams-Bashforth scheme for the new time step:

(pn-i-l (pn (3 n+1 Son)

At . .
('0"+1 _ (pn 4 7 (3(,0n+1 _ (Pn)

As a result, the floating body dynamics are solved in a fully explicit way. Even though the weak

coupling between the 6DOF algorithm and the flow solver has been reported to lead to numerical
stability problems for complex cases (e.g. [9] or [8]), the current implementation shows good
numerical stability throughout the range of applications.
The dynamic rigid body equations have been solved in the floating body reference frame. The
translations and and orientations are also calculated there. They are transformed to the inertial
reference frame with the matrix given in Eq. 16. The angular velocities are transformed using the
following rotation matrix Jo [14] where s, ¢ and ¢ stand for sin, cos and tan respectively:

1 s¢pth cotd
=10 c¢cp —s¢|va=J2v (20)
0 s¢/cl co/ch

Boundary conditions for the velocities on the solid-fluid interface result from the motion of the
solid body with respect to its center of gravity.

ui:ﬁ1—|—7'72><r (21)

Pressure oscillations in the vicinity of the solid body can occur due to solid cells turning into
fluid cells and vice versa. This is avoided by the implementing the field extension method [29][32]
adapted to the ghost cell immersed boundary method. For non-moving boundaries, a zero-gradient
boundary condition is used for the pressure. In order to maintain a physical pressure gradient near
the floating body, the following boundary condition for the gradient of the pressure is given:

3p o 71Dui
ox;  p Dt

In oder to determine u;, one possibility is to evaluate the momentum equations. A simpler way is
to differentiate Eq. 21 with respect to time and use this for the ghost cell values for the pressure:

(22)

%f = % (171 + 72 x 1) (23)

When cells are freshly cleared by the moving body and become fluid cells, unphysical values for
the velocities and the pressure in those cells can cause numerical stability problems. This is avoided
by assigning the velocities the values from Eq. 21 and the value for the pressure is found through

interpolation from the fluid.

4. RESULTS

4.1. Disc Entry

At first the 6DOF algorithm is tested for the well-known disc entry problem. This case has been used
by several authors to benchmark their models (e.g. [33] or [8]). The parameters for the geometry,
the initial boundary conditions and flow parameters of this test are non-dimensional. The disc enters
the water with the fixed vertical velocity of V = —1. The center of the disc is located at H = 1.25
over the free surface at 7' = V¢/H = 0. The cylinder has a radius of R = 1. The two-dimensional
simulation domain has the size 30R x 22R. The uniform mesh size is dz = 0.025, resulting in

Copyright © 2015 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids (2015)
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1200 x 880 grid cells. Acceleration due to gravity is g = —1, the density of the water is pyqter = 1,
the density of the air is p,;- = 0.001, the viscosity of the water is vyt = 0.001 and the viscosity
of the air is v,;, = 0.018. The time step size is controlled with adaptive time stepping using a CFL
number of 0.1. No turbulence model is employed for this case.

The free surface location and contour for the velocity magnitude are shown in Fig. 2. The disc
enters the liquid phase in Fig. 2a. In a symmetric fashion, breaking waves are generated from the
solid impact at the sides of the disc and are traveling away from the disc. A fine enough mesh is
necessary for capturing breaking waves, in general terms [2], but also specifically for the present
case [8]. In Fig. 2b, the post-breaking waves are moving further away towards the side boundaries.
AtT = 3.0, the displaced water has started to return to the location of the disc impact, and the solid
body is now fully submerged in the liquid phase. At 7" = 4.0, the returning water creates a vertical
water jet. The free surface location compares well with other results reported in literature (e.g. [33]
or [8]).

Ul
0000 0500 1000 1500 2000

(a) T=0.0 (b) T=0.5 (c) T=1.0

(d) T=1.5 (e) T=2.0 ) T=2.5

(g) T=3.0 (h) T=3.5 (i) T=4.0

Figure 2. Disc entry problem, the contour shows the velocity magnitude.

4.2. Free Falling Wedge

In the previous section, the motion of the solid body was fixed. In this section, the free falling
wedge has all degrees of freedom in the two-dimensional plane. The numerical setup is similar to

Copyright © 2015 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids (2015)
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the experiments by Yettou et al. [36]. The solid wedge has a density of p = 466.6 kg/m>. The bottom
sides have an angle of 25° with respect to the x-axis and the wedge is 1.2 m wide. The time step size
is controlled with adaptive time stepping using a CFL number of 0.1. As this case evolves rapidly
over a span of only a few seconds, no turbulence model is used.

The distance from the tip of the wedge to the free surface is 1.3 m in the initial stage of the
experiment. The water depth is 1 m. In the experiments, the wedge was released into a 27 m long
tank. In the present simulations the length of the tank is 8 m. As a result, some amount of reflections
from the side walls can be expected, while they are negligible in the experiments. The numerical
results are shown in Fig. 3. The wedge is released at ¢ = 0.0 s and then accelerates downwards driven
by gravity. Att = 0.5 s, the wedge is close to impact with the free surface. The contour shows the
velocity magnitude. From this it can be seen that at ¢ = 0.5 s, the velocity is maximum just after
impact. From the impact, the displaced water rapidly moves away from the wedge in the form of
two symmetric waves (Fig. 3e), which are breaking at ¢t = 0.8 s. Then, the waves are reflected by
the side walls at ¢ = 1.35 s. Because the wedge is significantly lighter than the water, the body does
not get fully submerged. Instead, it is floating and moving up and down with the reflected waves.

(a) t=0.0's =0. (c)t=0.5s

(d) t=0.55 s (e) t=0.65 s () t=0.8 s

|
!

(@ t=12s (h)t=14s (i) t=2.0's

Figure 3. Free falling wedge, the contour shows the velocity magnitude.

Fig. 4a shows the vertical position of the center of gravity of the wedge, which is measured from
the still water level. In the first 0.5 s of the free fall, the wedge moves downwards and hits the free
surface, which can also be seen in Fig. 3d. Then the wedge moves into the body of water and starts to

Copyright © 2015 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids (2015)
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oscillate around the still water level. Three different grid sizes are tested in 2D and one simulation
is carried out in 3D. The result for the two finest grids are almost similar in 2D and comparable
to the results in 3D. A marginal difference can be found for the grid with dx = 0.05 m. Here, the
wedge moves slightly deeper into the water after the impact than in the experiments and the fine grid
results. The vertical velocity of the wedge is shown in Fig. 4b. In the free fall phase, the velocity is
increasing linearly under acceleration due to gravity. After it reaches the peak velocity of 5.5 m/s,
the wedge sharply decelerates due to the water impact. When the wedge starts to oscillate around the
still water level, the vertical velocity becomes non-linear. The vertical velocity is modeled accurately
on all three grids, with slight deviations on dz = 0.05 m.

The result from the 3D simulation during water entry of the wedge at ¢ = 0.8 s is presented in
Fig. 5, showing the splash up of the water as the freely falling wedge impacts the free surface. This
scenario involves large pressure gradients as the wedge impinges the fluid surface and typically
requires strongly coupled schemes to solve the fluid structure interaction problem according to
Calderer et al. [8]. In the current study, this complex fluid structure scenario is solved with a weakly
coupled scheme with good results.

1 5; o experiment 5 3 -- experiment
A — 2D dx =0.02m 4; ] — 2D dx =0.02m
1 -—- 2D dx = 0.025m | -—- 2D dx =0.025m
1.0 --- 2D dx =0.05m — 34 --- 2D dx =0.05m
t I U 3D dx = 0.02m g , - 3D dx = 0.02m
= ] = o_{
N 0.5 z |
] 1
O{ ..... e ST od e
] ‘ ‘ —1 T 1T ‘\ T “';"“""“ ‘\ T \‘ UL
0 1 2 0 0.5 1.0 1.5 2.0
t[s] t[s]

(a) Vertical wedge position (b) Vertical wedge velocity

Figure 4. Motion of a wedge under free-fall

Figure 5. 3D simulation of free falling wedge into water att = 0.8 s
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4.3. Roll motion of a rectangular barge

The case of roll motion of a rectangular barge in waves has been presented by Jung et al. [19]. They
performed experiments in a wave flume with the barge fixed around the rotational direction axis in
the center of gravity of the structure, resulting in a single degree of freedom. The barge is 0.3 m
long, 0.1 m high and 0.9 m wide. It is made of solid acrylic glass with the density p = 1048 kg/m?,
resulting in a moment of inertia I, = 0.236 kg m? for the direction of the roll motion. The wave
flume has a water depth of A = 0.9 m. The center of gravity of the barge coincides with the still
water free surface location.

-o- experiment
— dx=0.01
dx =0.02
XS(: 0.025m

BN

dldeg. %]
o
I
¢[deg. ]

-15 ‘ ‘ ‘ ‘ ‘ ‘ ‘ : ; : ; :
BRI : 4 6 8 10 12 14

0 1 2 3 4 o experiment t[s]
t[s] — numerical

(a) Roll decay (b) Roll motion under waves, dz = 0.01 m

Figure 6. Roll motion of a rectangular barge.

W

02 -0.10 0.00 0.10 0.2
1

(b) T =0.25

W

-0.3-020 -0.10 000 0.10 020 0.3
e

-0.3-020 -0.10 000 0.10 020 0.3
1

(©UT=05 (d) T =075

Figure 7. Roll motion of the rectangular barge, the contour shows the vertical velocity.
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For the roll decay test, the barge is initially tilted to an angle of 15° and then released. In the
experiments, the roll angle is recorded with a rotary position sensor. In the numerical simulations the
case is treated as two-dimensional, as it is symmetric along the width. The numerical domain for the
roll decay test is 5 m long and 1.6 m high, the inflow and outflow boundaries are modeled as walls.
A uniform mesh size of dz = 0.01 m is used, resulting in a moment of inertia of I, = 0.0026 kg m?
for the 0.01 m wide barge. Following [8], the damping coefficient of C' = 0.275 for the three-
dimensional case is used in the rigid body equations and adjusted to the two-dimensional setup,
in order to account for the friction of the experimental apparatus. No turbulence model is used. Fig.
6a shows the comparison between the experimental and numerical results for the roll decay test. For
the acrylic glass barge, the calculated roll angle ¢ for dx = 0.01 m agrees well with measurements
up to around 3 s. Small differences are observed for the roll decay on the coarser meshes. After that,
the numerical results go out of phase.

The roll motion of the rectangular barge under the influence of regular periodic waves is shown
in Fig. 6b. Waves with a length of L = 2.2 m, a wave period of 7' = 1.2 s and a height H = 0.06 m
are generated in the numerical model with the relaxation method [16][2]. The simulation domain is
L = 12 m long, the wave generation zone is 2.2 m long and the numerical beach is 4.4 m long. Fig.
6b shows the roll angle. When the first full wave has propagated to the barge from the generation
zone, the roll angle shows two maximum peaks in the numerical results. After that, the roll angle
maintains a constant amplitude and the measured and computed values from the finest grid show
a good match. In Fig. 7, the rectangular barge is shown at different stages of a wave cycle. The
contour shows the vertical velocity.

5. CONCLUSIONS

The implementation of a 6DOF algorithm in the open-source CFD code REEF3D was shown. In
a novel approach, the floating body is represented by the combination of a surface mesh, a level
set function and the ghost cell immersed boundary method. This results in a method, that does not
require re-meshing or overset grids. The level set method for the description of the surface area of
the floating body has the advantage, that the forces and moments can be calculated without explicitly
defining the intersections between the surface mesh and the grid of the flow domain. In addition,
the numerical model uses the level set method for the capturing of the interface between water
and air. The resulting model proved to be numerically stable and all simulations were performed
with a weakly coupled fluid-structure interaction scheme. The three benchmark cases disc entry,
free falling wedge and roll motion of a rectangular were calculated successfully and a high level
of detail and accuracy was achieved. With the new 6DOF algorithm many interesting problems in
coastal, ocean and arctic engineering can be investigated in the future.
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