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In head waves, water jet impacts due to run up can occur as a result of the structural configuration of
some floating structures, reducing workability. Wave attenuation near the floater may reduce the risk of
water jet impacts. This paper presents a numerical study of the performance and attenuation mechanisms
of various plate type fixed free surface breakwaters and their ability to prevent water jet impacts on ad-
jacent structures. Simulations are performed in two dimensions with a numerical method based on the
Navier–Stokes equations in the presence of a free surface. The breakwater models are evaluated in two
irregular sea states in terms of wave transmission, reflection and energy dissipation and by their ability
to reduce water jets impacts on adjacent structures. A 60 degree inclined plate is found to induce a large
wave energy reduction, little wave transmission and reflection and to experience little wave loading while
effectively reducing water jet impacts.
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1. Introduction

Some floating structures [1] are configured with a recess in the hull, an open, often
square area in which work can take place with some protection against wind and
waves. One could compare it to a moonpool that is not entirely enclosed by the hull,
but open to the sea on one side. The workability of this type of floater is reduced due
to the occurrence of strong water jets at the closed end of the recess that compromise
the integrity of structures or equipment located in the slot or recess in higher waves
. More vessels are in development with a slot or recess in the hull, for example
for monopile installation [24]. It is important to investigate the circumstances under
which water jets form and what can be done to prevent them.

Peregrine and Cooker studied the occurrence of vertical water jets as a result of
wave interaction with a vertical wall [6,18]. When a wave hits the wall at the moment
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it would have overturned without the wall present, wave run up leading to a vertical
water jet can occur at the wall. This effect is characterized by very high pressures
in the fluid. Cooker and Peregrine call this effect flip-through. Ravindar et al. found
that when a seaward curved parapet is installed at the top of the wall, flip-through
leads to a deflected water jet and large forces on the top part of the wall [20].

Wave attenuation before the waves arrive at the end of the recess could prevent
water jets, as they mainly occur for larger waves. For the protection of areas such
as harbors, marinas and aquaculture from waves, use is made of breakwaters. Float-
ing breakwaters are applicable in deep water and for a broad range of wavelengths.
Floating breakwaters are usually moored to the seabed with mooring lines. Differ-
ent studies found that more horizontally inclined and stiffer mooring lines, or fixed
breakwaters rather than floating breakwaters, yield a better wave attenuation perfor-
mance [12,14,21]. Potential configurations of shallow draft floating breakwaters in-
teracting with (extreme) waves were considered experimentally by Bos and Wellens
[4,5].

Fixed free surface breakwaters are generally fixed on piles when used for coastal
protection. Teh et al. assessed different types of fixed free surface breakwaters based
on their wave attenuation performance, wave reflection, energy loss, effective mass
and installation cost [23]. A plate type scored lowest on costliness and mass but
comparatively high on energy loss, wave reflection and wave attenuation. Whereas
the orientation of the plate can be horizontal in the free surface as in Xu and Wellens
[31], the scope of this study is limited to surface-piercing plate-type breakwaters.

Incident wave energy of a wave passing a breakwater can be described as the sum
of transmitted, reflected and dissipated energy [15]

Ei = Et + Er + El, (1)

in which Et , Er and El are the transmitted, reflected and dissipated energy, respec-
tively, with dissipation taking place as a result of a number of processes such as
wave breaking. These can be expressed as non-dimensional coefficients that are re-
lated thus

Cl = 1 − C2
r − C2

t . (2)

Here, Ct is the transmission coefficient that represents the fraction of the incom-

ing waves that is transmitted (Ct = Hm0,t

Hm0,i
), Cr the reflection coefficient that is the

fraction of the waves that is reflected (Cr = Hm0,r

Hm0,i
) and Cl the loss coefficient that

indicates the energy dissipation.
Different theoretical approaches exist for the purpose of estimating the transmis-

sion coefficient of a vertical plate type fixed free surface breakwater. Ursell formu-
lated an approach using the modified Bessel functions of the first and second kind
[25]. Wiegel devised a power transmission theory for estimating the transmission of
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a fixed vertical plate [30], which Kriebel and Bolmann later modified by accounting
for partial wave reflection effects [11].

A plate type fixed free surface breakwater dissipates energy through wave over-
topping, breaking, return flow and disturbance of the wave orbital path [32].

A vertical plate breakwater largely attenuates waves through wave reflection. It
is expected that the breakwater experiences a lower mean continuous loading when
it attenuates waves through wave energy dissipation rather than reflection [13]. An
inclined plate can induce run-up and, hence, more wave breaking compared to a ver-
tical plate, yielding larger wave energy dissipation and thus a smaller mean net force
on the breakwater. However, an increase in wave breaking may increase transient
forces [32].

Few studies on inclined plate type fixed free surface breakwaters were found. Rao
et al. experimentally investigated the wave attenuation performance of a plate under
varying angles [19]. They found that a vertical plate performed best, followed by
a plate either under a 60 or 150 degree angle. It is unknown to what degree these
results were influenced by the varying draft of the plate when it had a different angle
and thus a different distance to the bottom of the tank, which was relatively shallow.
Studies into breakwater performance are recommended to be performed in irregular
rather than regular waves [16]. Different studies found deviations in the transmission
coefficient as well as in the loss and reflection coefficients for the two different tested
conditions [22].

The objective of this study is to address the gap with regard to deep-water perfor-
mance of inclined-plate breakwaters by evaluating the performance and mechanisms
of such breakwaters in irregular waves, as well as assessing their potential for reduc-
ing the risk of water jet impacts on adjacent structures in floater with a recess.

2. Methodology

2.1. Numerical method

Use is made of a numerical method that is based on the Navier–Stokes equations
with a Volume-of-Fluid approach for the free surface [10,26]. The Navier–Stokes
equations describe the conservation of mass

∮
∂V

u · n dS = 0, (3)

and momentum

∫
V

∂u

∂t
dV +

∮
∂V

uuT · n dS = − 1

ρ

∮
∂V

(pn − vρ∇u · n) dS +
∫

V

F dV, (4)
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in which V is the size of the control volume, u the velocity, n the normal vector
at the control volume boundary, ρ the water density, p the pressure, μ the dynamic
viscosity and F an external force.

The method is comparatively fast because of the use of local generating and ab-
sorbing boundary conditions [7,8] that take care of sending irregular waves into the
domain while at the same time preventing re-reflection of reflected and transmitted
waves. Local boundary conditions in this approach replace wave dissipation zones
that require a significantly larger domain.

The solver has been validated to properly model violent free-surface flows such as
wave interaction with breakwaters [28], sloshing [3,27], wave run-up [17,29], green
water impacts [2]. This makes it suitable for estimating breakwater induced wave
energy dissipation by wave breaking, wave run up and overtopping, return flow and
the disturbance of the wave orbital path. Simulations performed with the method will
be used to evaluate different breakwater models in terms of their wave attenuation
performance based on these dissipating mechanisms and wave reflection.

To solve the equations they are discretised in time using a forward Euler method.
In space they are discretised by means of a finite volume method on a fixed Carte-
sian grid. The Courant–Friedrichs–Lewy (CFL) condition ensures stability and is
adjusted dynamically in every time step.

2.2. Simulation setup

Four types of simulations are performed:

1. Without any geometry in the domain for the undisturbed waves.
2. With a breakwater to protect the hull, but without the hull present.
3. With the hull only.
4. With a breakwater and the hull.

The fourth type of simulation represents a side view of the middle of the recess
in the hull of the floating structure in waves, therefore the adjacent structure is re-
ferred to as the hull. Figure 1 shows a schematic view of the simulation setup for the
simulations with only a breakwater (a) and with breakwater and hull (b).

The simulations are performed in two dimensions. Both breakwater and structure
are fixed. Waves come in at a 0 degree angle with respect to the axis system in Fig. 1
(head waves). The draft of the hull is 12 m and the total water depth h = 100 m, so
as to comply with deep water conditions.

The wave gauges are indicated with triangles and letters in Fig. 1. The net force
is measured on the breakwater and on the hull above the waterline, these areas are
indicated with dashed boxes and numbers.

Five different breakwater models are evaluated, their particulars are listed in Fig. 2.
A vertical plate is tested, two plates under a 150 degree and 60 degree angle with the
same length as the vertical plate and thus a smaller draft and two inclined plates un-
der the same angles but with the same draft as the vertical plate. The incline plate
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Fig. 1. Cross-section of the recess: set up for simulations with only a breakwater in the recess (a) and with
breakwater in the recess and part of the hull in the recess (b).

Fig. 2. Five tested breakwater models and their particulars.

breakwaters are designed to increase the amount of dissipation through wave break-
ing, so to increase coefficient Cl .

The breakwaters are tested in two irregular sea states, sea state 1 with peak period
Tp = 9 s and significant wave height Hs = 4.75 m, and sea state 2 with Tp = 12 s,
Hs = 6.5 m. From the JONSWAP spectra of these sea states, a 20 minute signal was
created, of which 220 s in which the highest waves of the signal occur are used for
the simulations.

2.3. Computational grid

The grid size is chosen based on a convergence study on the significant wave
height. Table 1 shows the different grids and their characteristics. The table lists
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Table 1

Computational grids

Name Nx Nz �x[m] �z[m] Ntotal Stretching [%]

s1 80 40 2.00 2.00 6056 1.06

s2 160 80 1.00 1.00 23756 1.03

s3 320 160 0.500 0.500 94496 1.015

s3.5 480 240 0.250 0.250 217952 1.010

s4 640 320 0.125 0.125 377984 1.007

s5 1280 640 0.0613 0.0613 1758592 1.004

Fig. 3. Grid convergence evaluated through the error in the value between the significant wave height
obtained on different grids, with grid s5 as a reference.

the number of cells in the main directions, the smallest cell size that is a measure
of the quality of the grid, the total number of cells that is a measure of the required
computational effort and the amount to which stretching is applied. Stretching can be
a way to reduce the computational effort, without compromising numerical accuracy
where it is most needed. The finest cells in vertical direction are chosen near the mean
free surface position. The stretching factor indicates how much larger the adjacent
cell is with respect to its neighbour in vertical direction. No stretching in horizontal
direction is used, because that would limit the accuracy of wave propagation.

Fig. 3 shows a visual representation of the convergence. Grid size s5 is small
enough to be considered converged. It is therefore used to calculate the relative error
in significant wave height of the other grid sizes. The grid sizes (not including s3.5)
exhibit monotonic convergence for the value of the wave height before the breakwa-
ter with a discriminating ratio (R) smaller than 1 for different combinations of three
grid sizes, each a factor 2 smaller than the other [9].

Grid size s3 is used for the simulations, because it is the best compromise between
error and computation time. The error of less than 0.2 m is considered reasonable for
the considered significant wave heights. This grid has a grid cell size of less than
0.5 in z-direction and of 0.5 m in x-direction within the subgrid. This means that for
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the most energetic waves of sea state 1 there are approximately 250 cells per wave
length. The most energetic waves of sea state 2 are longer so have even more cells
per wave length. For calculating the pressures on impermeable coastal structures it is
recommended to use about 170 grid cells per wave length and between 4 and 6 grid
cells per wave height, see [29].

2.4. Post-processing

In the different simulations the wave elevations at each of the six wave gauges
are measured as well as the force on the breakwater and on the hull when present.
The measured wave signals are decomposed into their Fourier components and in-
terpolated using a Piecewise Cubic Hermite Interpolating Polynomial (PCHIP). The
average amplitude is obtained for each component from three wave gauges located
before and after the breakwater. This data is used to calculate the energy density
spectra and determine the significant wave height before and after the breakwater.
To calculate the transmission coefficient Ct , the significant transmitted wave height
after the breakwater is divided by the incident significant wave height before the
breakwater. The incident significant wave height is determined with a simulation
without a breakwater and therefore no reflections.

The reflection coefficient Cr is calculated by subtracting the averaged amplitudes
of wave components measured seaward of the breakwater in a run without a break-
water from the amplitudes from a run with a breakwater. In this way the reflected
spectrum is obtained, from which the significant reflected wave height is determined
and divided by the incident significant wave height.

Finally, the loss coefficient is calculated using Eq. (2) in the introduction.
The net force on the breakwater is measured for every simulation. As for most

breakwaters this force signal contains noise, a Butterworth filter is applied to each to
separate the cyclic force from the transient forces. The order of the filter that is used
is 1 and the cutoff frequency is 1 rad/s for the force on the breakwater and 4 rad/s for
the force on the hull.

The water jets in the simulations are quantified by the net force on the hull above
the waterline. With the reduction of this force through the use of a breakwater, a link
is made between breakwater performance and jet reduction.

3. Results and discussion

3.1. Comparison with theoretical models

The results for the vertical plate are compared to theoretical predictions in order to
validate the results. Figure 4 displays the measured and theoretically predicted trans-
mitted wave spectra for the vertical plate in both sea states. The theoretical spectra
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Fig. 4. Transmitted spectra compared with theoretical models.

are calculated as response spectra of the incident wave spectrum for a simulation
without a breakwater or hull.

In the first sea state the transmission past the vertical plate is comparable to the
predicted transmission by Wiegel [30], especially at lower frequencies. At higher
frequencies it resembles Ursell [25]. The wave transmission of sea state 2 is most
similar to that as predicted by Ursell, even though Ursell slightly overpredicts the
wave transmission for several frequency ranges.

In longer waves, either a wider or more energy dissipating breakwater model is
required to obtain the same wave transmission as for shorter waves. In sea state 1
the most energetic waves are about 90 m shorter than the most energetic waves in
sea state 2. The same breakwater with the same size performs differently for differ-
ent wave lengths, which explains why the different theoretical models predict the
transmission better in different sea states.

3.2. Wave attenuation performance and mechanisms

Figure 5 presents an overview of the transmission, reflection, and loss coefficients
for each model, along with the mean filtered net force on the breakwater in the sim-
ulations with and without the hull present. The following observations are made:

• The two inclined plates with the same draft as the vertical plate have the best
wave attenuation performance in both sea states; their wave transmission is
smallest. Which of the two performs best differs per sea state. Both have the
largest wave reflection coefficients and experience the largest mean forces as a
result of their larger draft than the other inclined plates.

• The smaller 60 degree plate has a better wave attenuation performance than the
vertical plate in both sea states. Part of this is likely caused by an increase in
wave energy loss for the inclined plate, seen as the loss coefficient is larger in
both sea states. This is a conclusion contrary to the findings of Rao et al. [19].
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Fig. 5. Coefficients and forces for sea state 1 (Tp = 9 s, Hs = 4.75 m) (top row) and sea state 2
(Tp = 12 s, Hs = 6.50 m) (bottom row).

Fig. 6. Snapshot of the first water jet of sea state 1 (a) and the prevention thereof by the smaller 60 degree
inclined plate (b).

It should however be noted that their study was performed in shallow water
with the vertical plate spanning almost the entire water column, whereas these
simulations are performed in deep water conditions.

• When comparing the wave forces on the plate breakwaters, we find that the
wave force mainly depends on the length of the breakwater: the longer break-
waters experience a longer force. The significance hereof is that a trade-off or
an optimization need to be performed: a longer breakwater features less wave
transmission, but – on the other hand – also experiences a larger force that needs
to be transferred into the hull.

3.3. Water jet mitigation

In sea state 1, nine water jets are observed, in sea state 2 six are observed. Figure 6
shows a view of the first water jet of sea state 1 and the prevention thereof by the 60
degree inclined plate with a smaller draft.

Table 2 shows for each of the models whether or not they prevent the different jets
in the sea states from happening. This does not say anything about the reduction of
the jet. The reduction of the water jets is represented by the reduction in the force on
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Table 2

An overview for each breakwater model for both sea states if a water jet is prevented from happening (no
colour) or not (red)

Fig. 7. Average reduction in the mean net force on the hull and its correlation with respect to the trans-
mission coefficient.

the hull. Panels (a) and (b) of Fig. 7 show the average reduction in the force on the
hull corresponding to the water jets, for each breakwater.

For both sea states, in nearly all cases, the breakwaters with inclined plates per-
form better than the vertical plate breakwater. In sea state 1 the 60 degree plates
perform best in terms of wave transmission, force on the breakwater, reduction of
the force on the hull and water jet prevention. Even though the 150 degree plates
perform better in sea state 2 than the 60 degree models, they do not, at the same
time, prevent water jets from occurring as well. The vertical plate prevents the jets
as well but causes less reduction of the force on the hull.

The reduction of the net force on the hull is shown as a function of Ct in Fig. 7(c).
The figure shows that when the transmission coefficient of a model is higher, the
average reduction of the mean net force on the hull decreases. This shows that there is
a negative linear correlation between the attenuation performance of breakwaters in
a setting without the hull and their ability to reduce the force on the hull for each sea
state in the working range of transmission coefficients that were investigated. This
relation can be used to quickly optimize the balance between transmission coefficient



K.J. Holkema et al. / Force and water jet impact reduction on adjacent structures 77

and force, but does not satisfy the limits of Ct going to either zero or one. The
performance differs per sea state.

There is no direct correlation between the transmission coefficient and the preven-
tion of water jets, as the occurrence of water jets depends on the phase and shape of
the waves as well as on their height. This is demonstrated by the fact that in sea state
2, the model with the lowest transmission coefficient still does not prevent the third
water jet, see Table 2.

4. Conclusions

In head waves, wave run up and water jets can occur inside recesses in the hulls
of floating structures, reducing workability. With the goal of mitigating the risk, five
different plate-type fixed free surface breakwater models are evaluated in terms of
wave transmission, reflection and energy dissipation in two irregular sea states, in
order to prevent water jets on an adjacent structure (the hull). Use is made of two
dimensional, Navier–Stokes based numerical simulations.

Based on the obtained results, the following conclusions were found:

• Inclined plate-type breakwaters perform better than vertical plate breakwaters
for nearly all cases in the two sea states that were investigated.

• A 60 degree inclined plate performs well in terms of wave energy dissipation,
wave transmission, small forces on the breakwater, reduction of the force on the
hull and water jet prevention. This breakwater is favourable over a 150 degree
inclined plate for the application of mitigating water jet impacts.

• There is a negative linear correlation, in the working range of investigated trans-
mission coefficients, between the attenuation performance of breakwaters in a
setting without the hull and their ability to reduce the force on the hull. If the
transmission coefficient of a breakwater is large, the force reduction is small
and vice versa.

• There is no direct correlation between the transmission coefficient and the pre-
vention of water jets for the irregular sea states that were considered. The oc-
currence of water jets seems to depend on the phase and shape of the waves as
well as their height.

Further optimisation of the geometry of the 60 degree plate and addition of poros-
ity and appendages is recommended to increase energy dissipation and reduce forces
on the breakwater. Additionally, a statistical analysis of water jets is recommended to
find a more concise relationship between forces on the hull and the occurrence of jets
and hence a relationship between breakwater performance and jet mitigation. It also
needs to be considered that wave breaking in reality has 3D features; the significance
of the 3D features on the impact pressures needs to be investigated in future.
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