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Abstract

This paper presents a numerical wave tank based on the overset mesh approach. Overset mesh is favourable
to the moving mesh method owing to its ability to represent complex geometries whilst maintaining a
good quality mesh, especially for large amplitude body motions. The numerical wave tank is developed by
integrating a generic overset mesh functionality with an efficient wave generation library in OpenFOAM R©.
A series of benchmark test cases, including 2D regular waves interacting with a floating cylinder and box-
shaped body with superstructures, 2D water entry of a rigid wedge and a ship hull section as well as the
heave decay of a point absorber wave energy converter and the lifeboat motion in regular waves, are carried
out to evaluate the capabilities of the developed numerical wave tank. The computed solutions agree well
with the experimental data and other reference results reported in the literature, which demonstrates the
capability of the numerical wave tank for modelling flow around structures with complex geometries under
various wave conditions. The parallel efficiency of the solver, effects of the overlapping area on the solution
accuracy and comparisons with the results from a dynamic mesh are also discussed.

Keywords: Numerical wave tank; Overset mesh; Floating body; Slamming

1. Introduction

In the past few decades, computational fluid dynamics (CFD) has increasingly been applied to aid the
design and testing of new offshore and coastal structures. This is mainly due to the rapid development
and advancement of both computing power and numerical algorithms for solving the underlying equations.
Compared to the traditionally applied potential theory based solvers, high fidelity CFD simulations based
on the full Navier-Stokes (N-S) equations can capture highly nonlinear free-surface effects and violent flow
behaviours e.g. wave breaking and high order components of wave forces, which makes the N-S solution
based free surface solvers in the form of a numerical wave tank (NWT) essential, as far as the evaluation of
extreme wave loading on offshore structures and their survivability is concerned.

There have been a number of publications on the development and application of N-S solution based
NWT. Park et al. (2003) developed a NWT based on finite difference schemes, in which a modified marker-
and-cell (MAC) algorithm was applied to track the free surface. Ong et al. (2017) applied a NWT to
investigate free surface waves past two semi-submerged horizontal circular cylinders in tandem. The mod-
elling framework was the open-source toolbox REEF3D, which is based on the finite difference method with
a level-set free surface model. It has also been applied in e.g. Chella et al. (2015) for simulating wave
breaking problems and Kamath et al. (2015) for calculating nonlinear wave forces on cylinders.

In the meantime, the open-source toolbox OpenFOAM R© has gained popularity within the CFD com-
munity and has been adopted as the basis for constructing NWTs. The development of the Naval-Hydro
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Package was such an example and it has since been applied to study various naval hydrodynamic prob-
lems e.g. green sea loads (Gatin et al., 2018). A solution decomposition model was further developed
within the package in Vukčević et al. (2016), where only the perturbation components (equations) were
solved as the incident field was readily available from potential flow theories. Other NWTs based on the
OpenFOAM R© approach include waves2Foam (Jacobsen et al., 2012), IHFOAM (Higuera et al., 2013) and
wsiFoam (Mart́ınez Ferrer et al., 2016), which have become popular choices within the coastal and offshore
research community for the analysis of e.g. ringing forces on a mono-pile (Paulsen et al., 2014), flow in and
around oscillating water columns (OWCs) (Iturrioz et al., 2015) and moving paddle based wave generation
strategy (Mart́ınez-Ferrer et al., 2018).

In deep water conditions, offshore structures are usually floating on the free surface with a mooring
system for station-keeping. Essentially, modelling such flow problems requires coupling between a free
surface flow solver and a rigid body motion solver together with a proper adjustment to the mesh, in order
to accommodate any moving/floating objects. For the latter, a moving or dynamic mesh method is an
effective and popular option, as long as the motion amplitude is relatively small. Thus, the mesh can be
moved/deformed in a stable and smooth manner during the calculation, see e.g. Palm et al. (2016) and Yu
and Li (2013).

However, the moving mesh technique may significantly reduce the mesh quality, or even cause the
simulation to diverge when the motion amplitudes become large. When rotation is the dominant motion,
the arbitrary mesh interface (AMI) can be applied, where the sliding interfaces between grid blocks are
employed. Otherwise, re-meshing of the local or even the entire grid may become necessary, where a new
set of good quality meshes is generated and the data are transferred from the old mesh. Even with this
approach, problems can still exist. Firstly, additional errors can be introduced during the interpolation
of the data from the old mesh, which may already contain large errors in the solution due to the poor
quality of the deformed mesh, to the new mesh. The problem can be further exacerbated for free surface
flows, where sharp changes of fluid properties e.g. density and viscosity exist at the material interface
(Bihs and Kamath, 2017). Secondly, frequent re-meshing can also have some adverse effects on the parallel
efficiency of the underlying solver. Alternatively, an overset mesh approach can also be applied to model flow
problems with moving objects. It is favourable to the moving mesh method owing to its ability to represent
complex geometries whilst maintaining a good quality mesh, especially for large amplitude body motions.
The overset mesh consists of sub-grids, which overlap one another; each one represents a different feature
of the flow problem or separate body. This means that the features/bodies can be modelled independently
of one another, and data can simply be exchanged between them. The method has long been developed for
aerospace engineering applications (Chan, 2009). In recent years, it has also been adopted for solving some
specific free surface problems (Ma et al., 2018).

Overset mesh functionality has been included in some of the commercial software, e.g. Star-CCM+ (Yang
et al., 2018). However, it was not available in many of the major open-source toolboxes for a long time,
which limited its usage by the researchers in the community. In the recent release of OpenFOAM R© (ESI
version v1706), an overset meshing functionality has been provided as an alternative to the existing dynamic
mesh functionality for modelling moving objects. It has been applied in the recent works for modelling of
some specific problems, e.g. Windt et al. (2018) and Paolo et al. (2018). In the present work, we are mainly
concerned with a thorough evaluation of the new overset meshing functionality for modelling flow problems
involving a free surface with moving/floating structures, which are widely encountered in many areas of the
coastal and offshore engineering. This is achieved by integrating this functionality into an existing NWT
based on OpenFOAM R©. It is hoped that the capability of the NWT can be further enhanced, and the
NWT can be ultimately applied to model realistic free surface hydrodynamic problems involving highly
nonlinear incident and scattered waves interacting with structures having complex geometries undergoing
large amplitude motions.

The developed NWT has been validated against five cases covering a wide range of applications. The
first three cases are 2D problems, where the main focus is to compare the results from the overset mesh and
the moving/dynamic mesh, and check the sensitivity of the numerical solutions on the overlapping areas
between the grids. Then the numerical model is further validated against two 3D cases, namely heave decay
of a self-reacting floating point absorber and a lifeboat model in regular waves. Attention will be given on
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the performance e.g. accuracy and efficiency of the numerical model for modelling free surface flow problems
with complex wave systems and geometry of structures.

2. Description of the numerical model

The present numerical model utilizes the well-known two-phase flow solver in OpenFOAM R©, namely
the interFoam solver. Both air and water phases are considered in the numerical model, and the volume of
fluid (VOF) method is used to track the free surface. Furthermore, to solve the floating body motion, a six
degree of freedom motion solver is also adopted. The detailed mathematical formulations are given below.

2.1. Governing equations

2.1.1. Free surface flow solver

The governing equations in the fluid domain are the mass and momentum conservation for two incom-
pressible, isothermal and immiscible fluids:

∇ · u = 0 (1)

∂ρu

∂t
+∇ · (ρu)u−∇ · µ∇u = −∇p∗ − (g · x)∇ρ (2)

where x is the position vector, u is the velocity field, g is the gravitation, ρ is the density field and µ is the
viscosity field. p∗ is the excess pressure defined as:

p∗ = p− ρg · x (3)

where p is the total pressure field. In order to capture the free surface, the VOF method is applied in the
numerical model. Hereby a transport equation for the volume fraction field α is solved:

∂α

∂t
+∇ · uα+∇ · (urα(1− α)) = 0 (4)

Eq. (4) is a variant of the original transport equation, where the last term in the left-hand side is introduced.
Here ur is often referred as the compressive velocity field. In general, this term lacks physical meaning,
since no relative motion between the water and air phase should exist in the VOF model at the free surface.
However, it can efficiently prevent smearing of the interface whilst having a negligible effect on the accuracy
of the solution, see Márquez Damián (2013).

2.1.2. Rigid body motion solver

The native rigid body motion solver in OpenFOAM, i.e. sixDoFRigidBodyMotion is applied to solve the
six DoF (degree of freedom) motion for the floating body. The motion equation is formulated based on the
linear and angular momentum conservations as:

af = Ff/mf (5)

θf = I−1
f ·Mf (6)

where the subscript f denotes the quantities for the floating body. Therefore, af and θf are the linear and
angular acceleration of the floating body, mf and If are the mass and moment of inertia of the floating
body. Ff and Mf are the external force and moment, which are calculated as:

Ff =

∫∫
S

(pI + τ ) · dS + Fmooring +mfg (7)

Mf =

∫∫
S

rCS × (pI + τ ) · dS + rCM × Fmooring + rCG ×mfg (8)
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Figure 1: An example of an overset mesh for a 2D problem. The whole domain is overlayed by a background mesh and a single
or multiple body-fitted component grids. Fringe cells/points are used to exchange information between different grids. Left:
an overview of the domain; Right: a close view of a receptor and its donors.

where I is the identity matrix, τ is the viscous stress and S denotes the surface of the boundary patch for
the floating body. Fmooring is the mooring force, while rCS , rCM and rCG are the arms of the hydrodynamic
force, mooring force and gravity force, respectively. However, when the centre of mass and centre of rotation
are identical, rCG = 0. Based on the acceleration from Eq. (5) and Eq. (6), the Newmark integration
scheme is applied to obtain the velocity and position/orientation. For instance, the linear velocity uf and
position xf are updated as:

uk+1
f,n = uf,o + ∆t(γakf,n + (1− γ)af,o) (9)

xk+1
f,n = xf,o + uf,o∆t+ β(∆t)2akf,n + (0.5− β)(∆t)2af,o (10)

where ∆t is the time step, γ and β are two parameters introduced in the Newmark scheme. We adopt a
set of commonly used parameters with γ = 0.5 and β = 0.25, which yields the so-called constant average
acceleration method. The second subscript for xf and uf indicates the value at either old time step (i.e.
uf,o) or new time step (i.e. uf,n). Moreover, this scheme allows implicit sub-iterations within one time step,
and the superscript k indicates k-th sub-iteration.

2.2. Overset mesh

The advantage of the overset mesh method is that it allows the use of several overlapping meshes to deal
with complex integrated or separated geometries. Each component mesh can handle a part of the domain
and has the freedom to move freely or as prescribed. A simple example of two overlapping meshes for a
single cylinder is shown in Fig. 1. A background grid is firstly generated to discretise the whole domain
without considering the geometry. Then a body-fitted grid dealing with the cylinder is generated on top of
the background mesh. For complex problems, multiple component meshes can be generated and introduced
into the whole domain. Before solving the flow equations, all the component meshes need to be assembled
to determine the domain connectivity information. This includes several key steps: (1) hole cutting, (2)
fringe search and (3) donor search.

• Hole cutting : Points/cells in (and close to) the objects, usually called hole points/cells, should be
located and deactivated. As shown in Fig. 1, a part of background mesh close to the cylinder is
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blanked out. A common practice to “cut out” hole points/cells is to mark them with a tag i.e.
IBLANK=1 to indicate their exclusion from the the actual flow calculation.

• Fringe search: The points/cells surrounding the hole, usually named fringe points/cells, should be
selected and used to exchange flow information between component meshes. As shown in Fig. 1, the
black points on the background mesh and the red points on the front mesh are chosen as the fringe
points.

• Donor search: For each fringe point/cell, one or several points/cells from a sibling mesh need to be
selected as the donor(s) to send the information to the receptor. A demonstration is given in the right
part of Fig. 1, which shows a receptor point on the front mesh and its donor points on the background
mesh.

Algorithm 1 gives the detailed process of the overset mesh assembly implemented in the solver over-
InterDyMFoam. This solver utilizes a distance based implicit method aided by a regular voxel mesh to
quickly cut out the hole from all the component meshes. A detailed description of this hole cutting method
can be found in the works of Chan and Pandya (2015) and Druyor (2016). For fixed boundary problems,
the assembly algorithm needs to be executed once only before the flow calculation. For deforming and/or
moving boundaries, the assembly needs to be carried out for every time step.

Besides the overset mesh assembly, another crucial step of exchanging flow information between com-
ponent meshes is needed to obtain the solution in the whole computational domain. This is accomplished
through the use of fringes and donors. A fringe point/cell, also named receptor, receives solution infor-
mation from its donors on sibling meshes. The flow variables φr at the receptor are obtained through an
interpolation of the donors given by

φr = f(φ1, φ2, . . . , φN ) (11)

in which N is the number of donors. Linear, bi-linear, least square or other interpolation methods can be
used to facilitate the exchange of information between component meshes. In the present model, we use a
distance weighted function given by

φr =

∑N
i=1 φi/di∑N
i=1 1/di

(12)

where di is the distance from a donor i to its receptor. Given the interpolation scheme, the matrix can be
assembled by correcting the off-diagonal elements as shown in Brunswig et al. (2010).

2.3. Applied boundary conditions

The governing equations are discretised by the finite volume method, making use of the IHFOAM toolbox
developed by Higuera et al. (2013) for wave generation and active absorption. For all the simulations
presented in Section 3, the tank bottom is treated as a slip boundary while no-slip condition is imposed on
the floating body surface. Atmospheric condition is used on the top of the wave tank, where the velocity
is set to the so-called pressureInletOutletVelocity, a native boundary condition supplied with OpenFOAM,
which applies zero-gradient on all components of the velocity except where there is inflow, in which case
a fixed-value condition is applied. The pressure boundary condition is set to totalPressure, indicating that
the pressure is adjusted according to the velocity. For 3D problems, extra boundary conditions are needed
on the side walls of the numerical wave tank. Again, slip condition is used, where the boundary layer
development on the wall is safely neglected, since the floating body is sufficiently far away from the walls
and it is unaffected by the local flow near the walls.

2.4. Solution algorithm

The overall flow chart is presented in Fig. 2. The so-called PIMPLE algorithm is used in the numerical
model, which essentially is a combination of PISO (Pressure-Implicit with Splitting of Operators, Issa
(1986)) and SIMPLE (Semi-Implicit Method for Pressure Linked Equations, Patankar and Spalding (1983))
algorithm.
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Algorithm 1: Matrix assemble

Input : Component meshes Mi (i = 1, 2, . . . , N)
Output: Composite grid Mc

begin Hole
Mark boundary faces on helper (voxel) mesh;
Mark any cell overlaying these voxels;
Use flood filling to find any unreachable cell;

end
begin Fringe

Search and mark fringe cells/points surrounding the hole;
end
begin Donor

Search and store the donor stencil for each fringe cell/point on sibling meshes;
end
begin Matrix

Assemble the matrix based on the interpolation scheme;
end

Recall that the algorithm is segregated to couple the free surface hydrodynamic solver and the rigid body
motion solver. Hereby there exists a time lagging between the two solvers. At each time step, PIMPLE
iterations are introduced in order to converge the numerical solution. Within each PIMPLE loop, the six
DOF motion equation is solved first, with the update of the overset mesh. Then the VOF equation is solved
to track the free surface. The velocity-pressure coupling is resolved by the PISO algorithm. However, the
solution of momentum equation (momentum predictor) is optional, which is switched off in the present
numerical model. Therefore, the velocity field from the previous time step is used for the following pressure
correction steps. At the end of each loop, the numerical results are under-relaxed , which is naturally
inherited from the SIMPLE algorithm.

3. Validations and discussions

In this section, we present a set of benchmark cases to validate our overset mesh based numerical wave
tank. They typically cover a wide range of applications in the field of offshore engineering. It should
be mentioned that no grid convergence study is presented in this work due to the limitation of pages.
Convergence analysis has been done prior to the validations, where the background and body-fitted mesh
were refined simultaneously and systematically. This ensured the grid similarity between each grid level.
Adjustable time step was used to accelerate the computational speed with a Courant number limitation
of 0.15 - 0.25, which ensured a proper time resolution for wave generation and propagation in the NWT.
The numerical solution was believed converged when the difference of the floating body motions from two
consecutive grid levels was less than 5%. All the cases presented below correspond to converged solutions.

3.1. A 2D horizontal floating cylinder in regular waves

The first validation case is on a 2D horizontal floating cylinder in regular waves. The original application
of such a cylinder is on aquaculture fish farms, where the cylinder serves as a floater. In this section, the
numerical model is set up based on both a dynamic mesh and an overset mesh, and their numerical results
are compared.

3.1.1. Experiments

The experiments were conducted in a narrow wave flume at the Department of Marine Technology,
Norwegian University of Science and Technology. Details on the experiments are presented in Kristiansen
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Figure 2: The flow chart of the segregated algorithm coupling the free surface flow solver and the rigid body motion solver.

Table 1: Selected incident wave conditions for the case with a horizontal floating cylinder in regular waves

Case NO. Wave height H [m] Wave period T [s] Wave steepness [-]
1 0.086 0.878 1/14
2 0.120 1.038 1/14

(2010). The general setup of the experiments is given in Fig. 3. The flume had a dimension of 13.67×0.6×1.3
m where the water depth was set to 1 m. A horizontal cylinder was placed at the free surface whose mass
was measured as 2.5 kg. Two end-plates were equipped at two ends of the cylinder to reduce 3D effects. 5
mm gaps were left between the end-plates and the flume walls to avoid any contamination of experimental
data due to contacts between them.

A single-flap wavemaker was equipped at the far left end of the tank, and a parabolic beach was put
at the opposite end. The model was placed at a distance of 6.5 m from the wave-maker side and kept in
position by mooring lines. Two mooring lines were applied on the wave-maker side of the model, while on
the beach side, two lines that were attached to the model met to form a crowfoot.

A variety of incident wave conditions have been applied in the experiments. For validation purposes,
two wave conditions are selected where the relevant parameters are given in Table 1. It can be seen that
the wave steepness is the same for both cases. However, the absolute wave height is higher in case 2.

3.1.2. Setup of the numerical model

A 2D numerical model is set up based on the experiments. The computational domain is shortened to be
5× 0.6× 1.5 m. The water depth is set to be exactly the same as in the experiments, i.e. 1 m. The cylinder
is positioned 2 m downstream from the wave-maker. A linear restoring force is applied on each side of the
cylinder to model the mooring systems. The end-plates are not modelled in the numerical model, since the
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Figure 3: Setup of the experiments on a floating horizontal cylinder in regular waves: (a) side view. (b) top view. The cylinder
was placed at the free surface, where end-plates with larger diameters were installed at two ends of the cylinder to reduce 3D
effects. The flume had a dimension of 13.67 × 0.6 × 1.3 m and the water depth was set to 1 m. On the wavemaker side, the
cylinder was connected to two mooring lines which further connected to two pulleys and springs. On the other side towards
the beach, two mooring lines were first joined before being connecting to the pulley and a single spring.

model is 2D. Instead, an equivalent mass is applied to account for its effect. The calculation procedure is
also given in Kristiansen (2010). Essentially the mass of the cylinder is determined to be 3.940 kg, which is
used as an input in the numerical model.

Both an overset mesh and moving mesh are applied in the simulations. For the case with an overset
mesh, a background layer of mesh is generated with regular hexahedral cells. The mesh is uniform in the
horizontal direction. However, vertically it is refined at the free surface area. Essentially, this gives a mesh
resolution of ∆x = 0.016 m and ∆y = 0.008 m at the free surface. Furthermore, another layer of body-fitted
mesh is also generated near the cylinder. The domain for the body-fitted layer of mesh is O-type, whose
diameter is four times the diameter of the cylinder. The mesh resolution in the body-fitted mesh is the same
as the one at the free surface area in the background mesh.

Regarding the moving mesh, the resolution is quite similar to the overset mesh. In the far field, the mesh
is the same as the background layer of the overset mesh. An O-type mesh is also applied in the vicinity of
the cylinder, of which this area is exactly the same as the domain used in the body-fitted layer of the overset
mesh. Fig. 4 depicts both mesh near the cylinder.

It should be clarified that for both cases, the computational domain, discretization schemes and the
solution algorithms are exactly the same. However, the iterative solver for the linear system of the pressure
equation is different. The reason is that for the overset mesh approach, the matrix from interpolation is
asymmetric, while it is symmetric in the case with the moving mesh. Therefore, for the case with the moving
mesh, the geometric-algebraic multi-grid (GAMG) with diagonal incomplete-Cholesky (DIC) preconditioner
is used for the pressure equation. But in the case with overset mesh, the pressure equation is solved by a
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Figure 4: Comparison of the computational mesh near the cylinder used in both cases at t = 0. The upper is the case using
moving mesh technique. The lower is the overset mesh. The resolutions for both meshes are quite similar, and the areas with
the O-type mesh are exactly the same.

stabilised preconditioned bi-conjugate gradient solver with the incomplete-LU preconditioner.

3.1.3. Free surface flow

Fig. 5 compares the hydrodynamic pressure field on the free surface from these two approaches. It is
found that the results are very similar, but not exactly identical, especially near the cylinder. There exists
slight difference during the run-up/overtopping and run-down process. This eventually leads to differences
in the downstream waves. Fig. 6 further shows the local free surface and the mesh behaviour near the
cylinder at different time instants. For the case with the moving mesh, the mesh during the simulation
is deformed in order to conform with the cylinder boundary patch. Therefore, the grid velocity should be
considered in the N-S equation when computing the flux for each variable. However, for the overset mesh,
the body-fitted layer of mesh simply follows the motion of the cylinder. Then the variables are interpolated
between both layers. Hence the different treatment of mesh is the main reason which results in the difference
as shown in Fig. 5 and Fig. 6. In addition, the pressure solver may also influence the final results.

3.1.4. Cylinder motion

In this section we focus on the comparison of the cylinder motion using both dynamic mesh and overset
mesh. The wave propagating in the empty wave tank is first compared against the experimental data, which
is presented in Fig. 7. It should be mentioned that the generation method in the numerical wave tank and
the physical laboratory is different. Moving paddle was applied in the experiments while the flux is directly
injected from the boundary into the domain. Slight deviation is observed that the surface elevation in the
numerical wave tank is smaller than from the experiments.

Fig. 8 and Fig. 9 present sway and heave motion from both cases under the wave conditions presented
in Table 1. It is observed that the results are even more similar compared with the local pressure as
shown in Fig. 5. This indicates that the local properties are more sensitive to the mesh type. Since the
motion is an integral property, slight local change of pressure has rather limited effects on the motion of the
cylinder. Compared with the laboratory tests, the agreement is satisfactory for both cases with both meshes.
Minor differences are observed on the heave motion under both wave conditions. Strong nonlinearities are
associated with such motions due to overtopping. The overtopped water generates negative pressure, which
results in the double-peak shape of heave motion. This phenomenon is more pronounced in the numerical
results.

3.1.5. Comments on the computational time

We also compare the efficiency of both mesh methods. With the current implementation of overset mesh,
it is less efficient than the moving mesh technique. The computational time for the case with moving mesh
technique is about 25% of the time for overset mesh. For moving mesh, the extra cost is on solving mesh
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Figure 5: Comparison of the excess pressure on the free surface between the moving mesh (upper) and overset mesh (lower)
approach for wave case 1. The black strip indicates the position of the cylinder.
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Figure 6: Comparison of the free surface details and the mesh near the cylinder for wave case 1. Upper: moving mesh. Lower:
overset mesh. The white area indicates the water phase while the black area represents the air phase.
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Figure 7: Comparison of the surface elevation for the case with wave propagating in the empty wave tank for Case 2.
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Figure 8: Comparison of sway and heave motion of the floating horizontal cylinder in regular waves between the experiments
from Kristiansen (2010) and the numerical results from moving mesh and overset mesh. The incident wave condition is T =
0.878 s, H = 0.086 m.

Table 2: The computational mesh, CPU number and CPU time in both cases. The CPU time is given as per wave period.

Mesh type Mesh NO. [-] CPU number [-] CPU time (case 1/case2) [hour] CPU Configuration
Moving mesh 68795 1 0.26/0.33 Intel Xeon E5-2600
Overset mesh 63025 1 1.04/1.30 Intel Xeon E5-2600

motion equation, comparing with static mesh. However, the overset mesh needs to detect hole areas and
interpolate the field values between two mesh layers at every time step, which essentially slow down the
computational speed and reduce the efficiency. This has also been found in Windt et al. (2018).

3.2. A 2D box-shape floating object with a superstructure in regular waves

This section further considers a 2D box-shaped floating object with a superstructure under a rather steep
regular wave condition. The purpose is to examine the performance of the numerical model in terms of not
only the floating body motion, but also the flow field around it. We also examine the sensitivity of the
overlapping area on the accuracy of the numerical model.

3.2.1. Experiments

The experiments were conducted in a narrow wave flume at Research Institute for Applied Mechanics
(RIAM), Kyushu University. The wave flume is 18 m long, 0.3 m wide and 0.7 m high. The water depth was
set to be 0.4 m. At the wave-maker side, it was equipped with a plunge-type wave generator. Meanwhile, at
the other end, a wave-absorbing device was used. The incident wave condition was chosen to be H = 0.062
m, T = 1 s.
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Figure 9: Same as Fig. 8, but for the case with T = 1.038 s, H = 0.120 m.

A box-shaped floating object was placed at 7 m from the wave-maker side. It was connected with
a heaving rod through a rotational joint, and the heaving rod was set in between the slider mechanism
installed in a carriage on guide rails. Therefore, it was allowed to heave and roll freely, but sway was
restrained. A sketch on the setup of the experiments is given in Fig. 10, where the dimension of the floating
body is presented. The mass of the body was measured to be 15 kg and roll moment of inertia was 0.3417
kgm2. Note that the centre of mass and the centre of rotation are not the same, since a rotational joint was
installed to force the body roll around it. Readers are referred to Zhao and Hu (2012) for further details on
the experiments.

3.2.2. The computational domain and mesh

A 2D numerical model is set up corresponding to the experiments. The dimension of the numerical
wave tank is set to be 8.3 × 0.3 × 0.973 m. In the background mesh, the domain is discretised uniformly
by 0.3 million cells, which gives a cell size of 0.005 × 0.005 m. Three different domain sizes are tested for
the overlapping area. The dimensions of these are 0.7× 0.6 m, 1.0× 0.6 m and 1.3× 0.6 m, respectively. A
snapshot of the outlines of different overlapping domains is presented in Fig. 11. In all the three cases, the
resolution of the body-fitted mesh is the same as the background mesh.

3.2.3. Computational results

Fig. 12 presents both the numerical and experimental results for the flow field near the floating box-
shaped body within one wave period. It is found that quite similar flow fields are generated by the numerical
model with different overlapping areas. Therefore, the overlapping domain size actually has a negligible effect
on the flow field. Only some flow details such as small surface ripples are not identical. Compared with the
experimental results, it is concluded that the numerical model can produce a reasonable flow field around
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Figure 10: Sketch of the general setup of the experiment for the floating box-shaped body with superstructure in waves (unit:
m). The flume has a dimension of 18× 0.3× 0.7 m. The still water depth is set to 0.4 m, and the box-shaped body is placed 7
m downstream from the wave-maker side.

Figure 11: Three different overlapping areas and the corresponding mesh used in the numerical simulations for wave interaction
with floating box-shaped body with superstructure. Note that the mesh resolutions in all the three cases are the same.
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the floating body including the wave run-up and run-down processes. However, the volume of water on deck
seems to be underestimated, which is shown in e.g. t = 6.9 s.

The heave and roll of the floating body and the surface elevation at 1.9 m in front of the body are
presented in Fig. 13 for both numerical and experimental results. The numerical results with different
overlapping areas collapse into one line, which again confirms our previous conclusion that the overlapping
domain size has negligible effect on the computational results. Regarding the accuracy of the numerical
results, the heave motion and the surface elevation in front of the body are well predicted. However, the
trough value of roll motion is underestimated. This indicates that the amplitude of the roll motion in the
counter-clockwise direction is underestimated, probably due to the underestimation of water on deck, where
less negative pressure is generated. Therefore, the numerical model actually produces an asymmetric roll
motion.

3.2.4. Comment on the selection of overlapping area

As we notice from the above results, the overall effects of overlapping domain size on the computational
results are trivial. However, the computational costs for the three cases are different, where the case with
larger overlapping area is more time-consuming. This is due to the difference in the cost for solving the
equations on the overlapping domain. Practically, it is suggested that the overlapping area should be
reasonably small, in order to reduce the computational cost. However, the boundary of overlapping domain
should be sufficiently far away from the position where any sharp gradient occurs, for instance near a
boundary layer. This may result in a discontinuity in the solution due to interpolation between both layers.

3.3. Water entry problem

Ship slamming is an important topic within the field of naval hydrodynamics. It is a violent short
duration impact between the fluid surface and the hull, which typically occurs in rough weather with steep
waves. In the present study, we consider two 2D cases, i.e. the wedge-shape body with constant speed and
free-fall of a ship-like section.

3.3.1. A 2D wedge-shaped body impact with constant speed

In previous experimental and numerical studies, 2D wedges have been commonly used in the study of
impact loads due to its simple and well-defined geometry. Fig. 14 shows a general configuration for the
present wedge impact problem. The domain is set to be a square shape with a side length of 16 m. Initially
a wedge is held still with its tip on the free surface. Then it is driven into the water with a constant velocity
w0 = 1 m/s. In the present work, two wedges with different deadrise angles are tested, one with φ = 30◦

and the other with φ = 45◦ (see Fig. 14 for definition of deadrise angle φ). The length for top side of both
wedges is 2.4 m. The overset mesh based model is set up where a region of [-2.4 m, 2.4 m] × [-2.4 m, 3.2
m] enclosing the structure is chosen to generate the body-fitted layer of mesh. Fig. 15 presents the mesh
topology used in the simulation. The mesh is refined at the free surface area horizontally and at the tip
vertically. The ensures a good resolution where violent flow occurs.

The pressure coefficient Cp is presented in Fig. 16 for both cases at three time instants, where Cp is
defined as Cp = (p− p0)/0.5ρv2. Meanwhile, Fig. 16 also gives the similarity solution from Dobrovol’Skaya
(1969) and the analytical solution from Mei et al. (1999). It can be seen that the dimensionless form of the
results at different times is very similar to each other, since they are self-similar in a short period, during
which inertia effect is dominant over gravity. For the case with φ = 30◦, the present model coincides better
with the similarity solution. Meanwhile, regarding the results with 45◦ wedge, when z/vt < 0, the present
model agrees better with the analytical solution. But for the part of z/vt > 0, the results start getting
closer to the similarity solution. In addition, the free surface profile is depicted in Fig. 17. Again, the
dimensionless form of the surface profiles is self-similar to each other within a short impact period for both
wedges, where a reasonable thin layer of jet-type flow along the side of the wedge is generated.

15



Figure 12: Comparison of the free surface and body positions between the numerical simulations with different overlapping do-
main sizes and the experimental results within one wave period. The first three columns from left to right are simulation results
with small, medium and large overlapping domains. The most right column of figures are the reproduction of experiemntal
results from Zhao and Hu (2012).
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Figure 13: Comparison of the heave and roll motion of the box-shaped floating body with superstructures, and the surface
elevation at 1.9 m in front of the body between the numerical results from the present model with three different overlapping do-
main sizes and the experimental data from Zhao and Hu (2012). The heave, roll and surface elevation were non-dimensionalized
where k is the wave number and H is the wave height.

3.3.2. Free fall of a ship-like section

In 2016, the International Society of Offshore and Polar Engineers (ISOPE) organised a collaborative
experimental and numerical study of ship slamming problems, where the Korea Research Institute of Ships
& Ocean Engineering conducted experiments on the free fall of a 2D ship-like section. In this section we
numerically reproduce the experiments. The geometry of the section is given in Fig. 18, where a pressure
sensor is installed on the side of the body to measure the local pressure. Initially the section is held still
where the tip is just on the free surface. Then it is released to fall freely into the water. Since in this case
the dropping height is zero, dynamic mesh is also feasible for modelling the entry process. Hereby both
methods are used for the purpose of comparison, where their grid resolutions are in general quite similar.
However, the domain size is different. With overset mesh method, the computational domain is 2 × 2 m,
while it is 4× 4 m with dynamic mesh. The reason is that a relatively large domain can properly reduce the
distortion of the mesh near the moving boundary when using dynamic mesh, which benefits the stability of
the numerical solution.

Fig. 19 presents a comparison of the local pressure at Point P (see Fig. 18), as well as the displacement,
the velocity and acceleration of the section from the present overset mesh based model, the dynamic mesh
model and the experiments. In general, the kinematics of the section are well predicted by both numerical
models, except from t = 0.3 s and afterwards where the velocity is overpredicted by both models. This
may be partially due to the use of a spring in the laboratory test to prevent the section from impacting the
bottom of the tank. However, the hydrodynamic pressure is not captured so accurately as the kinematics
of the wedge, which is overestimated by both models. The overset mesh based model produces a relatively
better result, which has less discrepancy with the experimental data. Actually this peak is formed as a
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Figure 14: A sketch on the setup of the numerical model for 2D wedge shaped body impact problem (unit: m). Left: an
overview of the setup of the numerical model. Right: close-up view of the 2D wedge shaped body, and definition of the deadrise
angle φ.

Figure 15: The overset mesh used in the numerical simulation for 2D wedge impact problem (φ = 45◦). Left: An overview of
the mesh topology. Right: a close-up view at the overlapping area around the wedge.

result of the evolution of the free surface, which has been shown in Fig. 20. Approximately from t = 0.25 s,
the free surface reaches the location of the pressure sensor, and the relative velocity between the free surface
and the body induces the peak in the pressure. With the increase of the entry level, the pressure rapidly
drops. Meanwhile, due to the curvature of the section near the tip, a thin layer of air is entrained along
the side of the wedge. Finally at t = 0.39 s, the section keeps dropping where its top side is below the free
surface.

3.4. Free decay test of a locked self-reacting floating point absorber

A self-reacting floating point absorber (SRFPA) is a kind of wave energy converter (WEC) that has been
widely used all over the world. It is operated predominantly in heave motion, and extracts energy from
the relative motion between the floating and reacting plate. The energy capture of the device reaches the
maximum when the system resonates with the input waves. However, under extreme wave conditions, the
SRFPA is automatically locked to increase survivability, so no relative motion occurs between the floater
and the reacting plate. In this section we conduct a numerical simulation on the heave free decay test of
the locked SRFPA. The results are compared with the experimental data and a BEM (boundary element
method) result.
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Figure 16: Pressure coefficient Cp (defined as (p− p0)/0.5ρw2) on the wedges from the present model, the similarity solution
from Dobrovol’Skaya (1969), the analytical solution from Mei et al. (1999). Left: φ = 30◦. Right: φ = 45◦.

3.4.1. Experiment

The experiment was performed in December 2010 at UC Berkeley’s wave tank, which is 68 m long 2.4
m wide and 1.5 m deep. A model-scale SRFPA was built based on the SolidWorks design as shown in
Fig. 21(a), which includes all the components of the SRFPA structure. A 2D motion tracking system was
utilized to capture the FPA motion, and the system used passive markers on the buoy to create targets
for the motion tracking software. Eventually with the weight of the load cell and the tracking target, the
total mass of the 1/100-scale FPA model in the experimental test was 313 g. It was initially lifted from the
equilibrium position by 0.02 m. Then it was freely decayed in heave motion. More details on the experiment
can be found in Yu and Li (2013).

3.4.2. Setup of the numerical model

A square shape wave tank is used in the numerical model, since the radiated waves propagated in all
directions. The side length of the domain is set to 2.4 m while the depth is the same as in the experiment,
i.e. 1.5 m. Furthermore, only a basic structural design of the FPA is considered in the model, where the
supporting jacket and the details of the reaction plate are neglected, as shown in Fig. 21(b). In order to
absorb the radiated waves, an active wave absorption boundary condition in IHFOAM is applied on all
the side walls. This can effectively absorb the radiated waves in case it influences the decay of the FPA.
Meanwhile, the bottom is set to a slip wall since it has negligible effect on the decay motion.

A snopshot of the computational mesh is given in Fig. 22. Regarding the background mesh, in the
longitudinal and transverse direction, the mesh is refined towards the centre lines respectively. Furthermore,
in the vertical direction, it is refined near the free-surface and the body. The body-fitted mesh is generated
using the snappyHexMesh utility. The geometry of the FPA is represented by a stereo lithography surface
file. Then the mesh gradually conformed to the surface by iteratively refining a starting mesh and morphing
the resulting split-hex mesh to the surface. This finally produces a total number of 7.5 million cells for the
model including both the background and the body-fitted mesh.

3.4.3. Radiated waves

Fig. 23 shows the radiated waves due to decay of the FPA. Nearly circular wave fronts are observed due
to symmetric shape of the body. With the oscillation of the FPA, energy is transfered from the FPA to the
radiated waves, which serves as an important source for the damping of FPA, i.e. potential damping. Even-
tually when the radiated waves reach the side walls, they are absorbed by the active absorption boundary
condition. No standing waves due to reflection are observed.
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Figure 18: The geometry of the ship-like cross section and the position of the pressure sensor.

3.4.4. Heave decay

The heave motion during the free decay process is given in Fig. 24, where the results from the present
model, a linear frequency domain BEM code and the experiment are included. It should be mentioned that
the BEM result is for a full-scale FPA. In order to do a proper comparison, it is down-scaled by 1:10 in the
time domain based on the following relation for the natural frequency ωr:

ωr =

√
c

mf +A(ωr)
(13)

where c is the restoring coefficient and A(ωr) is the added mass of the FPA at its natural frequency. From
the experimental data in Fig. 24, the natural period of the FPA is 0.9 s in model scale, corresponding to 9 s
in full scale. This is predicted well by the BEM model, while the present model slightly underestimates the
natural period. This is probably due to underestimation of the added mass, since only a basic structure is
considered in our model. However, the same geometry was also applied in the BEM model, but apparently
it has less influence.

On the other hand, the decay speed predicted by the present model agrees well with the experimental
data, while the BEM model produced a slower decay speed, i.e. the damping is underestimated. The reason
is that the heave decay is related to both added mass and damping of the FPA as:

η33(t) = η̂33e
−δt cos(ωrt) (14)
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Figure 19: Comparison of the numerical results using overset mesh and deforming mesh, and experimental results for the
free-fall of a ship-like section.

where η33(t) is the heave motion, and η̂33 is the initial heave. δ controls the decay speed:

δ = − B(ωr)

2(mf +A(ωr))
(15)

where B(ωr) is the damping of the FPA at natural frequency. The damping force actually contains two
parts, namely the potential damping as mentioned in Section 3.4.3 and viscous damping. The potential
damping can be correctly predicted by the BEM model since it is inertia dominated and related to the free
surface motion. However, viscous damping is completely neglected in the BEM model, while it is accounted
for in the present model.

3.5. The hydrodynamic forces and motion of a model-scale lifeboat in regular waves

The lifeboat has been an important component in large commercial ships and offshore oil and gas
platforms. It needs to be designed in such a way that people on board can be evacuated efficiently in case
of emergency. Recently a set of experiments were carried out in COAST laboratory, Plymouth University,
UK on the response of a lifeboat in regular waves. In this section, this set of data will be used to examine
our numerical model for prediction of wave interaction with floating bodies with complex 3D geometries.
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Figure 20: Free surface evolution during the water entry of a 2D ship-like section using overset mesh.

Table 3: The main particulars of the lifeboat model. Lpp is the length between perpendicular, B is the beam, D is the draft, ∆
is the displacement, LCG stands for longitudinal position of centre of gravity measured from the forward perpendicular, VCG
stands for vertical position of centre of gravity measured from the baseline, I is the moment of inertia of the lifeboat.

Item Lpp [m] B [m] D [m] ∆ [kg] LCG [m] VCG [m] Ixx [kgm2] Iyy [kgm2] Izz [kgm2]
Value 0.5 0.149 0.0535 1.36 0.2477 0.0535 0.002744 0.02176 0.02176

3.5.1. Experiments

The experiments were performed in a narrow flume 30 m long and 0.6 m wide. The water depth was set
to be 0.75 m. The lifeboat model was downscaled from a full-scale lifeboat with a ratio of 1:20. The main
particulars of the lifeboat model are given in Table 3. In the experiments it was positioned in the centre of
the flume at a distance of 17 m from the wave-maker side. The selected wave condition is H = 0.016 m and
T = 0.7 s.

Two sets of experiments were conducted, one with a fixed lifeboat and one with a floating lifeboat. For
the case with the fixed lifeboat, the hydrodynamic forces and moments were measured by a six-axis load cell,
which was attached at the position of the centre of gravitation. Meanwhile 14 wave gauges were installed
around the lifeboat to measure the wave elevation. For the case with the floating lifeboat, the lifeboat was
moored by horizontal linear springs, whose stiffness was 6 N/m. The linear springs were actually connected
to rigid vertical sticks, which were further fixed at the bow and stern of the lifeboat. No other constraints
were added. Therefore, full six degree of freedom motion was allowed, and recorded by the Qualisys tracking
system. Fig. 25 presents photographs of the experiments on both fixed and floating lifeboat. The positions
of the wave gauges for the case with the fixed lifeboat are given in Fig. 26, where WG06 was deliberately
neglected in the experiments.

3.5.2. Setup of the numerical model

In order to reproduce the experiments, a 3D numerical model is set up. The domain of the numerical wave
tank is set to be −10Lpp < x < 3Lpp, where the wave is propagating towards the bow of the lifeboat. The
mooring lines are not directly resolved by the numerical model. Instead, the mooring forces are calculated
and imposed in the rigid body motion equation (7 - 8), based on the stiffness of the spring line and the
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Figure 21: (a) Model-scale SRFPA in the experiment. (b) Dimension and geometry of the simplified model-scale SRFPA used
in the numerical simulation (unit:cm).

Figure 22: The computational mesh for the free decay of FPA. Left: top view on initial free surface plane. Right: side view on
y = 0 plane.
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Figure 23: The hydrodynamic pressure contours on the free surface at t = 2.5, t = 2.8, and t = 3.0 s.
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Figure 24: Heave decay test of the locked FPA from the present model (OpenFOAM), a frequency domain BEM code and the
experimental data.

specified connecting points of the spring.
Fig. 27 presents the overset mesh used in the numerical model. A regular hexahedral mesh is generated

in the domain as the background mesh, where the mesh near the lifeboat and in the vicinity of the free
surface is refined significantly. This effectively ensures the mesh resolution for the incident and scattered
free surface waves while ensuring that the computational cost remains at a reasonable level. The grid size
in the body-fitted mesh is in general the same as in the refined area in the background mesh. In the region
adjacent to the surface of the lifeboat, the mesh is further refined three times. The total number of grid
cells including both the background layer and body fitted layer is approximately 1.4 million. In addition to
the overset mesh, we also apply a dynamic mesh method for this case. The mesh resolution is quite similar
since the background mesh used in snappyHexMesh is the same as the background mesh using the overset
mesh method.

3.5.3. Computational results

Fig. 28 presents the hydrodynamic pressure field for the floating lifeboat case from t = 6.7 s to t = 7.2
s using the overset mesh. The diffraction effect in this case is rather weak due to the relatively slender
geometry of the lifeboat. Therefore, the incident waves are not significantly disturbed by the lifeboat and
kept to the original wave shape. Fig. 29 further confirms the conclusion, where the surface elevation is given
at various wave gauges for the case with the fixed lifeboat. It is observed that the surface elevation around
the lifeboat is quite regular and similar to the incident waves. Regarding the performance of the numerical
model, we conclude that quite good agreement is achieved between the numerical results using both mesh
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Figure 25: Photographs of the lifeboat model in the experiments. Left: fixed lifeboat. Right: floating lifeboat.

Figure 26: Position of the wave gauges and the lifeboat in the experiments for the case with fixed lifeboat (unit: mm).

Figure 27: The computational mesh for the case with floating lifeboat. Upper left: the geometry of the lifeboat in the
numerical model. Upper right: the overall domain size and the overlapping area around the lifeboat. Lower left: the mesh at
the overlapping area where two layers of mesh are merged together. Lower right: an overview the mesh for the whole model.
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Figure 28: The contour for the excess pressure field near the floating lifeboat at different time instants.

methods and the experimental data. However, it is noticed that at the wave gauges close to the end of the
numerical wave tank (e.g. wave gauge 11), the surface elevation is slightly underestimated, especially for
the case with overset mesh method. This may be due to the numerical diffusion. With the propagation of
waves, the wave energy is dissipated, which reduces the amplitude of waves. The diffusion appears in both
time and spatial domain. For overset mesh, the interpolation process serves as another important source of
the dissipation, as seen that it is more evident than the case with dynamic mesh.

The hydrodynamic forces on the fixed lifeboat are given in Fig. 30. Due to the symmetrical geometry
and flow conditions, the force/moment for sway, roll and yaw should be zero. Therefore, we focus on the
surge, heave forces and pitch moment. We notice that they are slightly but consistently overpredicted by
both numerical models. The numerical model with dynamic mesh produces a generally more significant
overestimation. Moreover, Fig. 31 presents the motion analysis of the floating lifeboat in surge, heave and
pitch directions. Opposite to the hydrodyhamic forces, the motion is predicted well by the dynamic mesh
method, while underestimated by the overset mesh method. For heave motion, the relative difference between
the numerical model using overset mesh and the experimental data reaches 20%, taking the experimental
data as the reference solution. However, for surge and pitch motion, it is controlled to be within 15%. In
addition, when using the overset mesh method, we particularly observe a relatively pronounced initial error
before the wave reaches the lifeboat, e.g. 0 s - 2 s for the surge motion. This is due to non-still free surface
in the initial simulation, resulted from the interpolation between the structured background mesh and the
unstructured body-fitted mesh. This is likely to be eliminated when the incident wave arrives, since the
non-zero value is relatively small comparing with the motion amplitudes in the quasi-steady period.

Furthermore, the experimental error due to blockage effect of the wave flume should also be considered.
Actually the width of the flume is only four times of the lifeboat beam. The side wall effect might be
amplified due to the relatively narrow width of the flume. Indeed, we find that the magnitude of the roll
moment and motion are not negligible in experiments, while it is almost zero from the numerical model.
This indicates that cross waves were generated in the laboratory tests, leading to the experimental error.
However, the detailed uncertainty and error from the experiments are not known to the authors.
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Figure 29: Comparison of the time series of the surface elevation between the numerical results and the experimental data from
different wave gauges. The dashed red line represents the numerical results using overset mesh, the dashed blue line represents
the numerical results using moving mesh and the black solid line is the experimental data. The incident wave condition is
H = 0.016 m and T = 0.7 s and the positions of the wave gauges are given in Fig. 26.
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Figure 30: Comparison of the time series of hydrodynamic forces and moments between the numerical results and the experi-
mental data for the fixed lifeboat in regular waves. The incident wave condition is H = 0.016 m and T = 0.7 s.

3.5.4. Comment on the computational cost and parallel efficiency

3D seakeeping analysis is prohibitively expensive compared with frequency/time domain potential codes.
Therefore, it is extremely important that a domain decomposition approach should work well with an overset
mesh, so the computation can be carried out efficiently in parallel. Fig. 32 shows a numerical experiment
on the efficiency of the parallel computation, where the computations are carried out for the lifeboat case.
The test starts from t = 5 s and uses a fixed time step of 0.0001 s. It is found that the speed-up is in general
satisfactory, although with the increase of the CPU cores, the speed-up is likely to deviate from the ideal
linear scaling. Actually, it takes about 48 hours for a 10 s simulation for this lifeboat case with 32 CPU
cores.

4. Conclusions

A numerical wave tank incorporating the new overset mesh functionality within OpenFOAM R© has been
presented. A number of benchmark test cases have been used to evaluate the effectiveness and accuracy of
the overset mesh functionality for flow problems involving waves interacting with moving/floating structures,
which include a 2D horizontal floating cylinder and a 2D box-shaped body with superstructure in regular
waves, water entry of a 2D wedge and a ship-like section, the heave decay of a self-reacting floating point
absorber and a model-scale lifeboat in regular waves. From these simulations, the following conclusions can
be drawn:

1. The NWT based on the new overset approach can produce reasonably good results for wave interaction
with floating structures with complex geometries or undergoing large amplitude of motions, as the
numerical results in general agree well with the available experimental data.
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Figure 31: Comparison of the time series of the surge, heave and pitch motions between the numerical results and the
experimental data for the floating lifeboat in regular waves. The incident wave condition is H = 0.016 m and T = 0.7 s.
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Figure 32: Test results for parallel computation efficiency. The time step is fixed of 0.0001 s, and the computation starts from
t = 5 s when the incident wave has reached the location of lifeboat.
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2. The overset mesh is a viable and favourable alternative for modelling moving bodies with large am-
plitude motions as demonstrated by the wedge slamming test case, which is difficult for the dynamic
mesh approach.

3. For the cases which can be modelled by both overset mesh and dynamic mesh methods, the results
are comparable with each other when a similar mesh resolution has been applied. However, with the
current implementation, the overset method is in general less efficient than the dynamic mesh method.

4. The solution is shown to be not sensitive to the selection of the overlapping area, as long as the
boundary of the overlapping area is sufficiently far away from the places where sharp gradients occur.
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