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Abstract—We present an initial study of using nonlinear and
dispersive Boussinesq-type equations for simulating the response
of a point absorber in waves. Boussinesq-type models are ex-
pressed in horizontal dimensions only, resulting in computation-
ally efficient models with a real possibility to simulate entire
sea states in a fully nonlinear sense. The wave-body coupling
is achieved using the unified Boussinesq approach of Jiang [15]
and the model formulated in one spatial dimension is discretized
using a spectral/hp element method. As a first step in our
modelling and analysis, we apply the model to a test case of
a heaving box subjected to finite-amplitude waves of increasing
steepness. The simulations are compared to results obtained by (i)
a conventional linear model and (ii) a two-phase volume-of-fluid
Reynolds Averaged Navier-Stokes (VOF-RANS) model. We find
that there is a significant difference in heave response between
the linear and VOF-RANS simulations, were the VOF-RANS give
much smaller amplitude response. The Boussinesq model gave
smaller response than the linear model but still clearly larger
than obtained by VOF-RANS. We believe this shortcoming in
the modelling is due to the Boussinesq expansion used below the
hull, which needs to be enhanced.

Index Terms—Wave energy converter, nonlinear waves,
Boussinesq-type equations, Navier-Stokes equations, spectral el-
ement method.

I. INTRODUCTION

The wave energy sector relies heavily on the use of conven-
tional linear hydrodynamic models for the assessment of mo-
tions, loads and power production. The linear codes, based on
the small-amplitude assumption, are computationally efficient
and produce good results if applied within their application
window. However, recent studies using two-phase volume-of-
fluid Reynolds Averaged Navier-Stokes (VOF-RANS) simu-
lations of point-absorbers close to resonance [21], [25] have
indicated that there might be significant differences between
the power production using linear hydrodynamics and nonlin-
ear VOF-RANS, and as a result the linear simulations could
over-predict the power production. Furthermore, for wave
energy converter (WEC) arrays in the nearshore region it is
unlikely to assume a flat seabed. In such regions the waves
will experience nonlinear dynamics leading to steepening and
transfer of energy between different wave harmonics, as well
as release of bound harmonics as free waves. Such phenomena
are not captured with a linear hydrodynamic approach.

While VOF-RANS is a very complete and accurate non-
linear hydrodynamic model – including instantaneous draft,
viscous effects, breaking waves, green water effects, etc – it is
also computationally very costly: VOF-RANS simulations of
a WEC using complete irregular seastates have been recently
discussed in [8], which reported approximately 150 000 CPU
hours per simulation. With present computational methods and
power it is possible to run a limited number of survival cases
using VOF-RANS. However, it is also clear that VOF-RANS
alone cannot be used for optimizations, even for single devices,
let alone farm layouts.

In shallow and intermediate waters a possible middle way
between the highly simplified and fast linear hydrodynamics
and the very complete but slow VOF-RANS simulations is to
use nonlinear, dispersive wave equations of Boussinesq-type,
often used in coastal engineering. See [2] for a recent review
of Boussinesq-type modelling. Boussinesq-type equations are
depth-integrated equations expressed in horizontal dimensions
only. This simplification comes at the price of the appearance
of higher-order – both spatial and mixed – derivatives in
the equations. It is generally accepted that Boussinesq-type
models are computational more efficient compared to the fully
nonlinear and dispersive potential problem, but the model
comes with an application range depending on the underlying
approximation order. Recent work show that the traditional
performance gap between Boussinesq and full potential model
can be reduced significantly [4], [5] which opens up the
possibility of dispersive and nonlinear simulation in deep
waters. But in this work we focus on the Boussinesq-type
equations.

As mentioned above, Boussinesq-type equations are rou-
tinely used for wave propagation, but rarely for floating wave-
body interaction. Some attempts have been made based on
pressure-patches [6] or slender-ship approximations [3]. The
exception are the studies of Jiang [11], [15]. Jiang presented
a unified approach for including bodies into the Boussinesq
framework by decomposing the problem into inner and outer
fields where also the flow under the hull is described by a
depth-integrated approach. In the unified approach the pressure
working on the body are solved for using the instantaneous



draft and the fields are coupled by mass fluxes and continuous
pressure field at the wetted surface. In [11] the unified Boussi-
nesq equations were solved using staggered finite differences
and used as a wave maker by the forced oscillations of a body.
The results compared well against results obtained by WAMIT
[24] which is based on potential theory.

In this study we will outline how to implement a
Boussinesq-type model based on the unified approach pro-
posed by Jiang in a 1D spectral/hp finite element setting which
has been illustrated to be efficient for dispersive waves [7].
The main idea behind this work is to use the unified approach
not as a wave maker but to simulate the resulting heave
motion (1DoF) of a body in the setting of nonlinear waves.
Further, we will present a comparison of motions and loads
for a generic point-absorber using an hierarchical sequence of
hydrodynamic models: ranging from linear potential solvers,
over Boussinesq-type models and ending with VOF-RANS
simulations. The overall aim of using an hierarchical approach
is to establish ‘application windows’ of the simplified models,
i.e. to answer the question on when can a simplified model
be used with confidence and when is a more complete and
time-consuming model required?

The paper is as follows. In section II we present the
governing equations of the three hydrodynamic models used
and in section III we discuss the numerical solutions of
the equations. For the VOF-RANS and linear hydrodynamic
model we will use existing codes – OpenFOAM R© [20] and
an in-house boundary element method [16] – which will only
be briefly outlined while the numerical discretization of the
unified Boussinesq model will be described to some detail.
The case of a floating box in regular waves and the numerical
settings used are presented in section IV and the results in
section V. In section VI we discuss the applicability and
shortcomings of the different models as well as how to extend
the unified Boussinesq approach to two horizontal dimensions
and to include 6DoF body motions.

II. HYDRODYNAMIC MODELS

We will consider the hydrodynamic models of different
fidelity. The model highest in the hierarchy is the high-
fidelity fully nonlinear, dispersive and viscous Navier-Stokes
equations, followed by the much more efficient reduced mod-
els described by nonlinear and dispersive Boussinesq-type
equations and finally the low-fidelity linear model.

A. Navier-Stokes Equations

In the case of incompressible flow on a dynamic grid whose
velocity is denoted by ug , the Navier-Stokes equations can be
written as

∇ · u = 0 , (1a)
(ρu)t +∇ · (ρ (u− ug)u) = −∇p+∇S + ρfb , (1b)

where u is the fluid velocity, ρ the density, p denotes the
pressure, and fb the body force from buoyancy and surface
tension. The viscous stress contribution is included through

Fig. 1. Domain decomposition into an outer and inner field coupled through
flux and pressure conditions.

the tensor S = 2µD, where µ is the dynamic viscosity of the
fluid and D is the rate of strain tensor.

The free surface is treated as a two-phase problem using
the volume of fluid (VoF) technique. The volume fraction,
α ∈ [0, 1], is computed by a transport equation

αt +∇ · (α (u− ug)) = 0 . (2)

The motion of the floating body is computed by directly
integrating the pressure force (pn) and the shear force τ over
the entire surface (S) of the body

F =
x

S

(pn + τ) dS , (3)

M =
x

S

r× (pn + τ) dS , (4)

where n is the normal vector and r is the radius vector.

B. Unified Boussinesq Equations

Boussinesq-type equations are depth-integrated shallow wa-
ter approximations to the full potential flow problem, where
the order of approximation is dependent on assumptions of
nonlinearity, ε = a0/d0, and dispersion, µ = d0/l0, where a0,
d0 and l0 are characteristic wave amplitude, water depth and
wave length, respectively.

The equations can be deduced from the incompressible
Navier-Stokes equations by disregarding the viscous terms
and assuming the flow to be irrotational. Importantly, the
equations are obtained by integrating the Laplace equation
through the depth and expanding the velocity potential in
powers of the vertical coordinate. Hence the vertical dimension
of the problem is removed and the equations are expressed
in horizontal dimensions only. Further, the depth-integrated
formulations circumvent the moving boundary problem of the
free water surface, greatly simplifying the solution process.
The main disadvantage compared to the full potential flow
problem is, however, that any set of Boussinesq-type equations
comes with an application range depending on the underlying
approximation order.

In the unified approach of Jiang [15] the domain of interest
is divided into two parts: an inner field under the hull and an
outer field, see Figure 1.



In the outer field we set the equation to be either the standard
Boussinesq equation of Peregrine [22] (with a dispersive limit
of d/L0 ≤ 0.22) or the enhanced Boussinesq-type equation
of Madsen and Sørensen (MS) [18] (with a dispersive limit of
d/L0 ≤ 0.5). For a constant water depth the equations read

ηt +∇ · ((η + d) ū) = 0 , (5a)

ūt + (ū · ∇) ū + gη − d2

(
1

3
− αMS

)
∇ (∇ · ūt)

+ gd2αMS∇
(
∇2η

)
= 0 , (5b)

where η(x, t) is the free surface elevation, ū(x, t) is the
depth-averaged velocity, d is the still water depth and g is the
acceleration of gravity. The free parameter αMS can be tuned
to enhance the dispersive properties of the equations, and is
typically set to αMS = −1/15 [18]. If αMS = 0 the Peregrine
equations [22] are recovered. The application window for the
free surface Boussinesq equations can be seen from Figure 2.
We note that the nonlinear behavior is not improved for the
MS equation. Indeed, the nonlinear behavior is not especially
good for equations of order O(µ2, ε) – it is well-known that
in order to carry over the enhancements in linear dispersion
to the nonlinear performance the equations need to be at least
of order O(µ2, µ2ε) [19]. Nevertheless, the MS equations are
a widely used set of equations and are used here as an initial
try.

For the inner field we, at the moment, use the non-enhanced
equations of Jiang [15]. These equations are derived in a
similar manner as the free surface equations, i.e. by expanding
the velocity potential in powers of z and integration of the
Laplace equation over the water column between the bottom
and the hull surface. The equations read (valid for a constant
depth):

−Tt +∇ · ((d− T ) ū) = 0 , (6a)

ūt + (ū · ∇) ū +∇Π−
(
d2 − 2dT + T 2

3

)
∇ (∇ · ūt)

−
(
d− T

3

)
Tt∇ (∇ · ū) + (d− T )∇T (∇ · ūt)

− g∇T = 0 , (6b)

where T (x, t) is the hulls wetted surface and Π(x, t) = ps/ρ
is the pressure on the hulls wetted surface. We note that the
inner field is not enhanced in the spirit of the MS equations.
The reason is that for the free surface equations there are
Stokes solutions available to be used when tuning any free
enhancement parameters. For the inner flow there is no such
obvious target solution. Thus we stress that the application
window of the inner field equations is at this time basically
unknown. Albeit not pursued in the present study we mention
that a better match between the dispersive properties of the
inner and outer field can always be obtained by simply deriving
a non-enhanced O(µ6) equation for the inner flow – at the
cost of more complex equations with additional high-order
derivatives.

The domains are coupled by two requirements:
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Fig. 2. Performance of the free surface Boussinesq models: (a) phase velocity
ratio and (b) ratio of second harmonic. (In the figure h0 denotes the still water
depth and λ the wave length).

1) that the mass flux between the domains is continuous,
i.e.

(d− T ) ūinner = (d+ η) ūouter . (7)

2) that the pressure at z = −T at the domain boundaries
are equal, i.e.

ps = ρg (η + T ) + ρ

((
T 2

2
− Td

)
∇ · ūt

)
. (8)

The motion of the body is computed by integrating the
pressure force over the wetted surface of the hull (Sw)

F =
x

Sw

(psn) dSw , (9a)

M =
x

Sw

(r× psn) dSw . (9b)

which does not take into account viscous effects.

C. Linear Hydrodynamics

The linear theory for wave-body interaction is widely used
and well established [9]. For a floating body oscillating in
waves, the equation of motion is

(M + A)ÿ + Bẏ + Cy = Fe , (10)



where M is the generalised mass matrix, A is the added
inertia matrix, B is the radiation damping matrix, C is the
hydrostatic stiffness matrix and ÿ, ẏ and y are, respectively,
the acceleration, velocity and position vectors in the six
degrees of freedom. Fe denotes the vector sum of all external
forces and moments acting on the body. If nonlinear external
forces are present, e.g. mooring and PTO, the equation is
solved in the time domain using convolution integrals.

The problem is to compute the hydrodynamic coefficients
and today’s industry standard radiation/diffraction codes are
based on panel methods, such as NEMOH [1] or WAMIT
[24], to solve for the linearized potential flow problem.

III. NUMERICAL SOLUTIONS

The three wave-body models outlined in the previous sec-
tions are solved numerically. For the Navier-Stokes and linear
hydrodynamic models we rely on existing codes while for
the unified Boussinesq equations we have implemented a 1D
spectral/hp element model.

A. Navier-Stokes Equations

The Navier-Stokes equations are solved using the multi-
phase VOF-based solver interDyMFoam provided in the
open-source finite volume framework OpenFOAM. Open-
FOAM is based on a cell-centred method on unstructured poly-
hedral cells, and supports mesh motion and mesh adaptivity.
interDyMFoam is a segregated, iterative solver using a

PISO like algorithm. The viscous terms are modelled with the
RNG k− ε RANS model, as implemented in the OpenFOAM
turbulence library.

The waves are generated and absorbed in the numerical
model using relaxation zones through the waves2Foam pack-
age [14]. In the relaxation zones the computed solution is
blended with a user specified target solution by a weighting
function γ(x) ∈ [0, 1]:

u = (1− γ)utarget + γucomputed , (11a)
α = (1− γ)αtarget + γαcomputed . (11b)

The target solution are in general regular or irregular waves
(for wave generation) or still water (for wave absorption).

B. Unified Boussinesq equations

The unified Boussinesq equations (5)-(6) are solved using
the spectral/hp element method [12], [17], i.e. a finite element
method of arbitrary order p. We consider here a 1D setting for
the case of a constant still water depth.

Following the classical C0 Galerkin procedure we consider
the approximation uδ to the solution u, where uδ ∈ χ with
χ = {u|u ∈ H1(Ω), u(xD) = gD, xD ∈ ∂Ω} is the trial space
and V = {v|v ∈ H1, v(xD) = 0, xD ∈ ∂Ω} is the set of all
test functions. Subscript D is used to reference boundaries of
the domain.

We partition the domain Ω to obtain a tessellation Th which
consists of Nel non-overlapping elements Te for e = 1, .., Nel,
and replace v with a test function vδ ∈ Vδ as well as approx-
imating the solutions (η, u,Π, T ) with (ηδ, uδ,Πδ, Tδ) ∈ Vδ ,

and discrete space Vδ = {v ∈ H1(Th) : v|Te ∈ PP (Te) ∈
Th}.

In one space dimension, we can write the approximate
solution for ηδ as

ηδ(x, t) =

Nel∑
e=1

P∑
p=0

φp(χ
−1
e (x))η̂ep(t), x ∈ Th , (12)

in which η̂ep are the local expansion coefficients and φp(ξ) are
local p-type basis functions and χe(ξ) : ξ 7→ x is a local affine
coordinate mapping from a standard element Tst = {ξ|ξ ∈
[−1, 1]} to an elemental region Te = {x|x ∈ [xle, x

r
e]} with

xle and xre, respectively, left and right coordinates of element
e. Similar approximations are introduced for uδ , Πδ and Tδ .
On the standard element the local basis functions are based
on Legendre Cardinal functions of order P .

We start from the following continuous variational state-
ments:

Outer domain. Find ūδ, ηδ ∈ Vδ such that ∀ vδ ∈ Vδ:∫
Ωout

vδ(ζδ)tdx−
∫

Ωout

(vδ)x (d+ ζδ) ūδdx

+

∫
∂Ωout

⋂
∂Ωin

vδQio n̂dl +

∫
∂Ωout\∂Ωin

vδQ∞ n̂dl = 0 ,

(13a)∫
Ωout

vδ(ūδ)tdx+

∫
Ωout

vδ

(
ū2
δ

2

)
x

dx+ g

∫
Ωout

vδ (ηδ)xdx

+

∫
∂Ωout

⋂
∂Ωin

vδFio n̂dl +

∫
∂Ωout\∂Ωin

vδF∞ n̂dl

=

∫
Ωout

vδψδdx , (13b)

∫
Ωout

vδψδdx =−
∫

Ωout

(vδ)x
d2

3
(ūδ)xtdx , (13c)

having denoted by Qio, Q∞, Fio, and F∞ appropriate
numerical mass and momentum fluxes consistent with the
coupling conditions and with the far field conditions.

Inner domain. Find ūδ,Πδ ∈ Vδ , such that ∀ vδ ∈ Vδ :

−
∫

Ωin

vδ(Tδ)tdx−
∫

Ωin

(vδ)x (d− Tδ)ūδdx

+

∫
∂Ωin

vδQoi n̂dl = 0 , (14a)

∫
Ωin

vδ(ūδ)tdx+

∫
Ωin

vδ

(
ū2
δ

2

)
x

dx+

∫
Ωin

vδ (Πδ)x dx

−
∫

Ωin

vδ g(Tδ)x dx+

∫
∂Ωin

vδFoi n̂dl



=

∫
Ωin

vδψδdx , (14b)

∫
Ωin

vδψδdx = −
∫

Ωin

(
vδ

(d− Tδ)2

3

)
x

(ūδ)xtdx

−
∫

Ωin

vδ (d− Tδ)(Tδ)x (ūδ)xtdx

−
∫

Ωin

(
vδ

(d− Tδ)
3

(Tδ)t

)
x

(ūδ)xdx ,

(14c)

having denoted by Qoi, and Foi appropriate numerical mass
and momentum fluxes consistent with the coupling conditions.

This ‘unstabilized’ formulation, unfortunately, does not al-
low to compute the pressure correctly in the inner region. For
this reason, we modify (14a) by adding a pressure stabilising
term in the spirit of [13], [23]:

−
∫

Ωin

vδ(Tδ)tdx−
∫

Ωin

(vδ)x (d− Tδ)ūδdx

+

∫
∂Ωin

vδQoi n̂dl +

Nel∑
e=1

∫
e

(vδ)x τe r
u
δ dx = 0 (15)

where

ruδ = (ūδ)t + ūδ∂xūδ + (Πδ)x − g(Tδ)x − ψδ

and in which τe is a stabilization parameter. In this work
we use a τ found by calibration of a linear wave far away
from resonance. The value is then scaled according to wave
steepness.

The resulting matrix system is then discretized in time.
Here we use the simplest implicit-explicit (IMEX) scheme
– backward Euler for the linear terms and forward Euler
for the nonlinear terms. However, the present implementation
of the coupling terms requires iteration of the wave-body
motion. It should be noted that this is just an initial testing
choice and far from ideal. It is well known that Boussinesq-
type equations should use at least third-order time stepping
schemes. Otherwise a very small time step is required in order
to avoid having numerical dispersion terms of the same order
as the physical dispersion terms.

The 1DoF solver is simply updated using a leap-frog
scheme.

Also the unified Boussinesq model relies of relaxation zones
for wave generation and absorption applied.

C. Linear Hydrodynamics

The linear hydrodynamic part is solved using HYB2D,
an in-house 2D boundary element method developed for the
analysis of floating breakwaters [16]. HYB2D computes added
mass, damping coefficients and wave excitation forces as well
as the motions and reflection coefficients.

TABLE I
INVESTIGATED REGULAR WAVES.

T [s] H [m] H/L [-]

4 0.63 0.0251
4 1.26 0.0495
4 2.52 0.0941

5 0.98 0.0251
5 1.96 0.0495
5 3.92 0.0948

6 1.38 0.0250
6 2.76 0.0495
6 5.52 0.0953

7 1.80 0.0249
7 3.60 0.0494
7 7.20 0.0956

8 2.23 0.0251
8 4.46 0.0497
8 8.92 0.0958

IV. TEST CASE

The test case is a 2D simulation in the vertical plane of a
floating rectangular box with a width of 6 m, height of 10
and a displacement of 30 m3/m. The box is restricted to move
only in heave. The heave resonance of the box is 5.45 s.

The density of water is set to 1000 kg/m3 and for the RANS
simulations we use a kinematic viscosity of 1.0× 10−6.

We will investigate the response of body when subjected
to the regular waves presented in Table I. We investigate 5
wave periods with three different wave steepness, ranging from
virtually linear to pronounced nonlinear waves.

The VOF-RANS simulations are carried out using a mesh
consisting of 330 000 rectangular elements. The cell size in the
areas surrounding the free surface is ∆x = 0.125m and ∆z =
0.0625 m and the y+ at the box is roughly 50. The domain is
300 m long with 100 m wide relaxation zones at the upstream
and downstream ends, giving that the waves propagates freely
some 1-2 wavelengths before the waves hits the body. The
computational mesh is presented in Figure 3. The generated
waves are given by 5th order Stokes theory.

We use the second-order van Leer scheme for the divergence
terms and central differences for the gradient and diffusion
terms. Time-stepping is performed with the implicit Euler

Fig. 3. CFD computational mesh.
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Fig. 4. Free surface elevation around the body for the case of T = 7 s and
H = 3.6 m. (a) CFD simulation and (b) unified Boussinesq-type simulation.

scheme using a CFL condition of 0.5. The linear systems are
iterated until a the residuals are below 1×10−6 for the velocity
and 1× 10−8 for the pressure.

The Boussinesq simulations are carried out on a domain
of 8 wavelength, 4 wavelengths upstream of the box and 4
downstream. Wave generation/absorption is performed using
relaxation zones of 2 wavelengths width. The mesh is quite
dense, 10 elements of order 7 per wavelength. The time step
is in the range of 1000 to 5000 steps per wave period. The
incoming waves are generated by stream function theory.

For the computation of the linear hydrodynamic coefficients
we employ a 12 m wide domain. The domain boundary is
discretized into 74 panels, out of which 16 are located on the
hull. The panel length is 1 m and we computed the coefficients
for a period range of 3.0 to 9.0 s.

V. RESULTS

Snapshots of the wave elevation around the body for the the
case of T = 7 s, H = 3.6 m are illustrated in Figure 4. There
is small scale wave run-up and scattering taking place.

The main results are presented in Figure 5. The heave RAO
is largest for the linear solver with the characteristic peak at
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Fig. 5. Heave RAO. (a) Wave steepness 0.025, (b) wave steepnes 0.045 and
(c) wave steepness 0.095.



the resonance frequency. For the simulations with a low wave
steepness of 0.025 (Figure 5a) we see that the CFD results
show a much smaller peak. At T = 6 s the response of the
CFD is only half of the linear models. The Boussinesq model
yields results that are located in between the ones obtained
by the linear and CFD models for T = 6 s. We believe
the reason for the discrepancy between the Boussinesq and
CFD model can be explained from Figure 2b. At T = 6
we are close to the deep-water limit and as the inner field
equations are not enhanced we expected the performance of
the second harmonic to be similar to the Peregrine case. Thus,
the second harmonic is greatly underestimated and the model
behaves more in line with the linear model for this wave
period. A possible and cost effective solution to reduce this
effect may be obtained by employing a different form of the
dispersive terms, containing derivatives of the flux (d + η)ū
instead of the velocity ū. As shown in [10], within the same
O(µ2ε , µ4) asymptotics, these models provide approximations
of high order harmonics and nonlinear effects much closer to
those of fully nonlinear models. Switching to a fully nonlinear
model of order O(µ4), may of course also remedy this fault.

Please note that we were not able to get any results for the
Boussinesq model if the period was smaller than T = 6 s,
as we then clearly are outside the application window of the
Boussinesq-type model.

For the medium wave steepness of 0.045 (Figure 5b) we see
that the RAO curve for the CFD simulations is even flatter than
for the 0.025 case. The Boussinesq simulations show good
agreement to the CFD code for the 7 and 8 s waves, but again
overestimates the response in the resonance region.

For the steepest waves of 0.095 (Figure 5c) the CFD results
are similar to the results from the 0.045 case. This case was
very difficult to simulate with the Boussinesq model. The
reason is partly due to inconsistency between the incoming
stream function wave and the Boussinesq model as we are
outside the application window of the Madsen and Sørensen
equations. Also, as seen from Figure 2b the second harmonic
is over amplified for the longer wave period cases. Indeed,
the results obtained with the Boussinesq model for this case
are unreliable. Switching to a Boussinesq model with better
nonlinearity would be required to model this case confidently.

The forces obtained by the CFD and Boussinesq models
are shown in Figure 6. First we see that the magnitude is
similar. It is interesting to see that the forces acting on the
hull become very different with increasing nonlinearity. The
force does not scale linearly with wave height and we see how
a higher harmonic appears in the forcing as the nonlinearity
increases. This is evident in both the CFD and Boussinesq
simulations, albeit clearer in the Boussinesq results.

VI. CONCLUSIONS

We have presented a nonlinear numerical model for a heav-
ing point absorber. The model is based on depth-integrated
Boussinesq-type equations, a computationally efficient method
(compared to CFD) that possibly could provide nonlinear
simulation of entire seas states. The unified approach of Jiang
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Fig. 6. Force in the z-direction for wave steepness of 0.025, 0.045 and 0.095
for using a 8 s wave. (a) CFD simulation and (b) Boussinesq simulation.

[15] was used for the coupling between waves and floating
body, and we computed the heave response of a box-shaped
buoy.

We also did a hierarchical comparison of the heave re-
sponse given by the different hydrodynamic models in finite-
amplitude waves. The results from the CFD simulations
showed a similar trend as reported by Yu and Li [25], that
there is a pronounced difference between the linear hydro-
dynamic and CFD results in the resonance region. For the
CFD simulations the response is not linear with respect to the
wave height, and the response decreases with increasing wave
steepness as also reported in Palm et al. [21]. The Boussinesq
model good agreement with the CFD code for the larger wave
periods, but for the response in the resonance region the gave
smaller response than the linear code but larger than CFD. For
the T = 6 cases we are at the deep water and the difference
between the Boussinesq model and the CFD model is most
pronunced. Albeit this behavior is not what one would have



hoped for, it comes not as a surprise. As mentioned above,
the performance of the inner field equations with regard to
dispersion and nonlinearity is basically unknown at this stage.
However, it is most likely that it will resemble the performance
presented in Figure 2. Hence, the second-harmonic is close to
zero and the inner field equations will perform mostly as a
linear code. We stress that this result does not mean that the
Boussinesq approach is flawed per se, it simply means that the
inner field Boussinesq-type equation used in this study was
too simplistic. Also, the outer field Boussinesq model used
in this study was the standard enhanced model by Madsen
and Sørensen [18]. Some of the mentioned shortcomings
can be avoided by comparing different forms of Boussinesq
equations as suggested in [10]. Naturally, also more advanced
Boussinesq-type equations can be used to overcome the above
mentioned problems.

It should be mentioned that the results are rather sensitive to
the choice of stabilization parameter. A more thorough work
on how to define the stabilization is required.

Finally, there are several problems related to expanding the
unified Boussinesq framework to more degrees of freedom,
to more complicated geometries and to two horizontal dimen-
sions. The problems related to the translation DoF and non-box
geometries can be handled by using a ALE approach, while
the rotational DoF will initially be treated by expansion of the
boundary conditions. There is also a lot to be done with regard
to improve the stabilization of the Boussinesq equations, see
e.g. [23]. However, the most pressing work ahead is to find
out a methodology for enhancing the inner field Boussinesq
equation. Regardless of the challenges ahead we believe the
present work indicates the benefits that can be obtained from
a medium-fidelity Boussinesq based model.
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