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Abstract. The 6DOF algorithm implemented in the open-source computational fluid dynamics
(CFD) model REEF3D is used to simulate a horizontal cylinder in heave motion around the free
surface and the motion of a freely floating rectangular barge in waves. The numerical model uses
a staggered Cartesian grid. The free surface is obtained with the level set method. The floating
body is described with a primitive triangular surface mesh neglecting connectivity. A ray-tracing
algorithm is used to determine the intersection of this surface mesh with the underlying Cartesian
grid. In this way, the model avoids re-meshing the domain while calculating the motion of the
floating object. The moving fluid-solid boundary is treated with the immersed boundary ghost
cell method. In order to validate the model, two test cases are presented. First, the damping
of the heave motion after providing an initial excitation by raising the center of gravity of the
cylinder slightly above the free surface is calculated and the numerical results are compared
to experimental data. Then, the motion of a freely floating rectangular barge is simulated
under different wave conditions. The barge is free to move in surge, roll and heave motions.
The numerical results are compared to the experimental results to validate the algorithm. The
results show that the numerical model REEF3D represents the motion of floating objects well,
with good agreement with the experimental results.

1 INTRODUCTION

A large number of engineering problems in various fields involve fluid-structure interaction.
In the field of marine and coastal engineering, the fluid structure problem is further challenging
due to the presence of the free surface. The free surface interaction plays an important role in
the hydrodynamics of a floating structure. With several important economic activities in the
domain of marine engineering, it is essential to develop a better understanding of the interaction
of the floating bodies on water such as ships, floating piers, floating breakwaters or floating ice
floes. Such investigations have been traditionally carried out using physical experiments. With
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the advances in computational modelling, deep insights into the fluid-floating body hydrody-
namics can be obtained through numerical modelling. Here, solving the Navier-Stokes equations
can calculate complex physical processes involved in the interaction problem such as the viscous
effects from turbulence, complex free surface phenomena due to the impact of an object and
non-linear effects on the body due to non-linear wave events.
An earlier approach to fluid-structure interaction Navier-Stokes solvers has been to use Arbitrary
Lagrangian-Eulerian (ALE) methods [17], [21]. When the structure is moving, the underlying
mesh is re-adjusted in order to track the movement of the solid. For complex flow situations as
often encountered in the field of marine engineering, this can limit the applicatbility of the al-
gorithm. More flexibility is achieved, when two individual grids are used, one for the underlying
fluid flow and another for the moving solid. The overset mesh implementation (e.g. [5]) avoids
re-meshing at the cost of continuously re-mapping the overset region. Yang et al. [22] presented
a two-phase flow solver with a sharp interface immersed boundary method for embedding the
moving solids in the fluid flow. This way, the grid remains fixed and avoids re-meshing as well
as the operations needed for the overset mesh approach.
In the current study the 6DOF algorithm in REEF3D is present. REEF3D is an open-source
CFD code, developed at the Department of Civil and Environmental Engineering at Norwegian
University of Science and Technology (NTNU), Norway. The software has been successfully used
for several marine applications, such as wave forces and free surface analysis around horizontal
cylinders in tandem[15], waves forces and wave elevation around vertical cylinders [13] or break-
ing wave forces [4]. At first, the model is validated with a free heaving of a circular disk case.
Then, the free floating of a rectangular box is investigated for wave conditions.

2 NUMERICAL MODEL

The numerical simulations in the present paper are performed with the open-source CFD code
REEF3D [3]. For the hydrodynamics of the flow, the continuity equation and the incompressible
Reynolds-Averaged Navier-Stokes equations are solved:
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where u is the velocity t, ρ is the fluid density, p is the pressure, ν is the kinematic viscosity,
νt is the eddy viscosity and g the acceleration due to gravity. For turbulence, the two-equation
k−ω model is selected. Additional limiters for the eddy-viscosity [8] and turbulence at the free
surface [14] are included to avoid turbulence over-production typical for oscillatory two-phase
flow, see [3] for details. The convective terms of the Navier-Stokes equation are treated with the
fifth-order accurate conservative WENO (weighted essentially non-oscillatory) scheme in a finite
difference framework [12]. The second-order TVD Runge-Kutta scheme is used for the temporal
discretization [19], while the time step is selected adaptively based on the CFL number [7]. The
transport equations of the turbulence model are solved implicitly, in order to avoid the time step
restrictions arising from the large source terms for turbulence production and dissipation. The
pressure is treated with the projection method [6] and the resulting Poisson equation is solved
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using HYRPE’s geometric multigrid PFMG [1] preconditioned BiCGStab solver [9].
The free water surface aspect of the flow is considered through a two-phase flow approach. For
the interface capturing, the level set method is used [16]. The free surface is then the zero-contour
of the signed distance function φ with the following properties:

φ(�x, t)




> 0 if �x ∈ phase 1

= 0 if �x ∈ Γ

< 0 if �x ∈ phase 2

(3)

The level set function is propagated with a simple convection equation, where the Hamilton-
Jacob version of the WENO scheme [11] is used for spatial discretization:

∂φ

∂t
+ uj

∂φ

∂xj
= 0 (4)

Under the flow propagation, the level set function tends to loose its signed distance property,
making re-distancing necessary. The current approach uses the PDE based level set reinitializa-
tion [20]:
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)
= 0 (5)

Both equations Eqs. 4 and 5 use the third-order TVD Runge-Kutta scheme [19] for advancing
in time. For the simulation of the free floating box, waves are generated using the relaxation
method [3].

3 6DOF ALGORITHM

An overview of the fluid-structure interaction algorithm for the floating body is presented [2].
A triangular surface mesh without connectivity is created to define the geometry of the body. A
ray-tracing algorithm, calculating the shortest distance to the closest triangle for the grid point,
is used to determine the intersections of the surface mesh with the underlying Cartesian grid.
The level set method is used to define the solid boundary of the floating object. The standard
reinitialization algorithm is used to obtain signed distance properties for the level set function
in the vicinity of the solid body. The forces on the surface Ω are determined for each direction
i separately with the pressure p and the viscous stress tensor τ :

Fi,e =

∫

Ω
(−nip+ ni · τ)dΩ (6)

The moments around the center of gravity can be calculated with the following equation:

Li,cg =

∫

Ω
rcg × (nip+ niτ)dΩ (7)

As the outer geometry of the floating body is represented through a level set function, the
discrete surface area can be determined with a Dirac delta function:

dΩ =

∫
δ(φ)|∇φ|dx (8)
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The dynamic rigid body equations can be solved based on the forces X,Y, Z, the moments
K,M,N and the moments of inertia Ix, Iy, Iz:

Fi = J−1
1 Fi,e = [X,Y, Z]

Li = J−1
1 Li,e = [K,M,N ]

(9)

with the equations of motions for the six degrees of freedom:

[m(u̇− νr + ωq)] = X

[m(ν̇ − ωr + νq)] = Y

[m(ω̇ − νr + ωq)] = Z

[m(ω̇ − νr + ωq)] = Z

[Ix(ṗ+ (Iz − Iy)qr] = K

[Iy(q̇ + (Ix − Iz)rp] = M

[Iz(ṙ + (Iy − Ix)pq] = N

(10)

where u, v, w are the linear velocities and p, q, r the angular velocities. Then u̇, v̇, ẇ, ṗ, q̇ and ṙ
can be calculated in an explicit manner.
The generic linear or angular velocities ϕ̇ and the generic position or orientation vector ϕ of
the floating body can be calculated with a second-order Adams-Bashforth scheme for the new
time-step:

ϕ̇n+1 = ϕ̇t +
∆t

2

(
3ϕ̈n+1 − ϕ̈n

)

ϕn+1 = ϕn+
∆t

2

(
3ϕ̇n+1 − ϕ̇n

) (11)

The dynamic rigid body equations are solved in the floating body reference frame, while the fluid
forces and moments are calculated in the earth-fixed reference frame. As a result, coordinated
transformations in both directions are necessary [5][2].

4 RESULTS

4.1 Heaving of a Circular Cylinder

For validation purposes, a 2D free heaving body is simulated. The movement of the body
is limited to the vertical degree of freedom and it is allowed to oscillate freely. Experimental
studies has been performed by Ito [10] with a circular cylinder and the data will be used for
comparison with the numerical model. The spatial domain of the numerical wave tank (NWT)
is 10m long and 1.8m high. The water depth is d=1.22m and the water is initially still. The
density of the water is ρ=1000kg/m3.
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Figure 1: Comparison of three grids with experiment data

The configuration of the body position follows Ito’s [10] set up where the object is located
in the centre of the tank. The body is a horizontal circular cylinder with a radius r=0.0762m
and half of water density, ρ=500kg/m3. The cylinder is partially submerged with its centroid
at h1=0.02454m above the free surface. The cylinder is released from this initial position in a
free fall and enters the water. A uniform grid in the domain is used for the simulations, there
are three different mesh sizes used: 0.025m, 0.02m and 0.01m with a grid size of 400x72, 500x90
and 2000x180 in the horizontal and vertical directions, respectively.

Results presented in Fig. 1 have a normalized Z-axis subtracting the water depth and dividing
by the initial displacement hi while the X-axis represents time.

Normalization =
Z − d

hi
(12)

In Fig. 1, the mesh size of 0.025m approximates the experiment in the first oscillation
but diverges from there, having a high oscillation after 1.5s. The 0.02m grid size is closer to
the experiment data, however the oscillations start to differ after 1s. The mesh size of 0.01m
matches the experimental data, representing the behaviour of the cylinder correctly. After 1.5s
the position start to differ slightly, due to the effect of the reflected waves generated from the
left and right side walls. The mesh size of 0.01m will be used for additional analysis.
Snapshots in 0.5s time steps until t=4.0s are shown in Fig. 2 . The cylinder breaks the water
surface, creating a series of waves to the sides that dissipates over time and length of the tank. It
can be seen that the highest velocity occurs at t=0.5s when the cylinder enter and breaks the still
water surface. After that, waves are created at both sides, disappearing at t=3.0s. The release
height is not enough to produce a total immersion of the cylinder which would create a water
jet and separation of the free water surface. The water surface matches well with numerical
simulations carried out by Yang [22]. The vorticity is shown in Fig. 3 with an horizontal line
representing the water level and the boundary between air and water.
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(a) t=0.0s (b) t=0.5s (c) t=1.0s

(d) t=1.5s (e) t=2.0s (f) t=2.5s

(g) t=3.0s (h) t=3.5s (i) t=4.0s

Figure 2: Cylinder velocity with t=0.5s time-step

(a) t=0.0s (b) t=0.5s (c) t=1.0s

(d) t=1.5s (e) t=2.0s (f) t=2.5s

Figure 3: Vorticity around the free heaving circular disc
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4.2 Free Floating Box in Waves

A floating rigid body is simulated in 2D for wave conditions. The degrees of freedom in the
simulation are the movement along the X and Z axis and the rotation around Y axis.
The floating body consists of a box or rectangular barge with a length of l=0.30m and a height
of h=0.20m following the experiment realised at Dalian University by Ren et al. [18]. The water
depth is d=0.4m. The density of the floating body is ρ=500kg/m3. The results will be compared
with the experiment.
The simulation is performed in a 20m long and 1.5m high tank . The tank is divided in three
zones where the initial wave zone is equivalent to one wavelength and the end zone or numerical
beach is equal to two wavelengths, for wave generation and absorption, respectively.
For the simulation, the box is positioned at 7m from the start of the tank so the wave reflection
does not affect the simulation results. The comparison will be done after some time when the
series of waves stabilize and motion starts. For the waves, 2nd-order Stokes theory is used, with
a wave period T=1.2s, a wave height H=0.04m, a wavenumber k=3.245m−1 and a wavelength
of L=1.936m. Three different grids are used in the case: 0.025m, 0.01m and 0.005m with a total
cells of 800x60, 2000x150 and 4000x300, respectively.
The wave elevation is presented in 4, it shows a good agreement between numerical results and
experimental data. The only difference occurs in the trough of the third and fifth wave which is
slightly lower than model results.

Figure 4: Wave elevation

The numerical heave results in Fig. 5a match the experimental measurements well. The re-
sults are accurate in relation to the height except the crests between the first and second waves.
All the grids show a good match with the experiment data. In Fig. 5b a detail of the matching
part is showed with only the 0.005 grid.
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(a) Heave motion with three grid sizes and ex-
periment data

(b) Heave motion between t/T=6.0 and
t/T=12.0

(c) Roll motion with three grid sizes and exper-
iment data (d) Roll motion between t/T=6.0 and t/T=12.0

(e) Surge motion with three grid sizes and ex-
periment data

(f) Surge motion between t/T=6.0 and
t/T=12.0

Figure 5: Movement of the free floating box

8

928



Hans Bihs, Arun Kamath, Jiayi Zheng Lu and Øivind A. Arntsen

In Figs. 5c and 5d, the roll motion of the box is presented. The simulated roll peaks almost
coincide with the experimental observations. It becomes clear from Fig. 5c, that the coarsest
grid with dx=0.025m gives unsuitable results, while the two finer meshes perform well. Similar
to the other degrees of freedom, the two finer meshes successfully capture the surge motion of
the free floating box (Fig. 5e). Fig. 6 shows the contour of the vertical velocity around the
floating box at different points in time of the wave.

(a) t/T=0.0 (b) t/T=0.5

(c) t/T=1 (d) t/T=1.5

Figure 6: Rectangular barge vertical velocity in t/T=0.5 intervals

5 CONCLUSIONS

The floating body algorithm implemented in REEF3D has been presented, validated and
tested for two different cases: a heaving cylinder and a free floating rectangular barge. The
cases have been studied with different grid sizes. It has been noted that a grid size of 0.01m
presents remarkably good results. For the heaving cylinder, the oscillations in the position of the
cylinder match correctly the experimental data. The free floating box matches very well with
the experimental data for all the motions. The present study has shown that REEF3D can be
used for simulations of floating bodies. However, more studies are needed in relation to floating
bodies. The next step would be simulations of floating bodies in a wave field in three dimension
to validate all six degrees of freedoms for wave-body interaction. Many structures are moored
and the motion of a moored floating body in waves will be targeted in future research.
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