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Extreme green sea loads upon a vertical deck structure of an Ultra Large Container Ship are calculated in this
paper using Finite Volume based CFD simulations in full scale, where two diﬀerent approaches for the deﬁnition
of the Equivalent Design Wave are used. Linear frequency–domain method is used to calculate the long–term
response in terms of Relative Wave Elevation, which in turn is used to deﬁne a deterministic Equivalent Design
Wave which is then used in the CFD simulation. The simulations are conducted using a newly developed ﬂow
model that takes into account air compression in violent free–surface phenomena. Regular Equivalent Design
Wave and Response Conditioned Wave approaches are used and compared in terms of loads exerted on the deck
structure and required computational resources. Some diﬀerences in loads are found between the methods,
whilst similar computational resources are required. The Regular Equivalent Design Wave gives larger loads,
making it a safer choice. However, the Response Conditioned Wave takes into account the relevant ocean wave
conditions as well as the response of the ship, resulting in smaller loads which would enable smaller structural
scantlings and cost savings.

1. Introduction
Assessing realistic green water loads is a challenging task where the
statistics related to the operational proﬁle of the ship needs to be
translated into a deterministic load. Linear frequency–domain methods
provide the essential tool for deﬁning the statistical description of ship
response with respect to the operational proﬁle. In case of green sea
loads, motion response of the ship is used together with the statistical
description of the wave ﬁeld to produce the Relative Wave Elevation
(RWE) distribution. However, linear methods do not oﬀer means of
assessing loads resulting from green sea events, where a high ﬁdelity
method must be included. Recently, Finite Volume (FV) Computational
Fluid Dynamics (CFD) methods are being increasingly used for deterministic green sea simulations based on long–term distributions of
green sea events. These simulations require a deterministic description
of the wave ﬁeld which in some way represents the statistical description of the ship response and sea state.
A number of publications successfully applied FV based CFD to
calculate green sea loads on marine structures. Kudupudi and Datta
(2009) calculated green sea loads on a moving vessel where the motion
is calculated with a panel method software where comparable results
are obtained with respect to experimental measurements. Silva et al.

(2017a) conducted an experimental campaign with oblique waves
green sea events upon a FPSO. The tested wave ﬁeld settings are selected based on the frequency domain linear method, while experimental measurements are used to detect the absolute maximum RWE,
which is reproduced using CFD in the subsequent publication (Silva
et al., 2017b). The simulation includes rigid body motion and it successfully reproduces the experimental measurements, while a tremendous amount of computational resources was necessary to produce
the result: 12 days on 480 cores to simulate 30 s of real time in full
scale, for a computational grid discretised with 40 million cells. Pakozdi
et al. (2016) used CFD in order to predict green water loads on a
Tension Leg Platform in a 10 000 year extreme event. They used an
approach that is equivalent to the regular Equivalent Design Wave;
however the selection of regular wave characteristics are based on crest
height and free surface elevation rise velocity based on irregular wave
measurements in a wave tank, instead of a long–term statistical distribution. The authors state that this approach reduces the required
computational time since it does not require irregular wave propagation in CFD. The drawback of this approach is that it requires experimental measurements to detect the irregular extreme events in order to
measure the steepness and rise time.
In order to reduce the overall computational time for assessing
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abrupt change in phase compressibility.
Two–phase, viscous and turbulent ﬂow with incompressible liquid
phase and a compressible air phase is modelled with the following
momentum conservation equation:

green water loads, Pakozdi et al. (2014) developed a framework where
a potential theory based method is coupled with CFD in order to
minimise the size of the CFD domain and the duration of the simulated
time. A reasonable comparison with experimental measurements is
achieved. Joga et al. (2014) compared two commercial CFD codes in
assessing water ingress into open cargo holds of a container ship during
green sea events in irregular beam seas. Both codes predicted motion
with reasonable accuracy. The authors concluded that assessing volume
of shipped water poses a greater challenge.
In this study a specialised CFD software library called the Naval
Hydro Pack, based on foam–extend, is used to investigate two diﬀerent
approaches for assessing green sea loads in full scale for a deck structure of an Ultra Large Container Ship (ULCS). The two tested approaches for deﬁning the Equivalent Design Wave are (Hauteclocque
et al., 2012):

∂u
1
1
+ ∇⋅(uu) − ∇⋅(R) = − ∇pd − ⎜⎛ ∇ρ g⋅x − u∇⋅u⎟⎞ ,
∂t
ρ
⎝ρ
⎠

(1)

where u stands for the velocity ﬁeld, ρ is the discontinuous density ﬁeld
and R is the Reynolds stress tensor, allowing general turbulence modelling. pd denotes the dynamic pressure calculated as pd = p − ρg⋅x ,
where p stands for static pressure, g is the gravity vector, while x denotes the radii vector. Conservation of mass for two phase ﬂow used in
this study states:

∇⋅u = −

• Regular Equivalent Design Wave: regular incident wave,
• Response Conditioned Wave: irregular focused wave.

∂ (ρ g⋅x)
1 ∂ρ ⎛ ∂pd
⎞
+ ∇⋅⎜⎛pd u⎟⎞ − ⎜⎛pd ∇⋅u +
+ u⋅∇ρ g⋅x⎟ .
ρ ∂p ⎜⎝ ∂t
∂t
⎝
⎠ ⎝
⎠
(2)

In the above equations, the GFM is employed to provide a sharp
evaluation of the gradient and divergence operators where specialised
discretisation schemes are used for computational cells near the interface. Thus, in water the right hand side of Eqn. (2) reduces to zero since
∂ρ / ∂p = 0 for incompressible ﬂuid, while in cells occupied by air the
term is active. Similarly, the last term on the right hand side of Eqn. (1)
also reduces to zero for cells occupied by water since ∇ρ = 0 and
∇⋅u = 0 . In this study, air is considered to be an isentropic ideal gas,
where the following holds:

To the authors best knowledge, no similar comparison has been
published where CFD is used to evaluate individual approaches. The
present numerical framework has been veriﬁed and validated by Gatin
et al. (2018) for assessing green water pressure loads. Here, a novel
numerical formulation where water is incompressible and air is compressible which is described, veriﬁed and validated in an upcoming
publication, is applied to the problem of wave–body interaction. During
wave impacts against large–ﬂare bows such as the ones present in
container ships, a volume of air can get trapped between the wave and
the structure, which then redistributes the impact energy in time and
space. In general, the air pocket will prolong the duration of high
pressure loads and increase the surface area upon which they act
(Obhrai et al., 2004; Bullock et al., 2007), intensifying the energy
transfer between the wave and the structure. For this reason, and for
reasons of numerical stability, it is important to encompass air compression in simulations where it may occur. The present method introduces air compression eﬀects without signiﬁcant computational
overhead, rendering the numerical framework more general. Linear
frequency domain method is used in order to calculate the long–term
distribution of the RWE, where the dynamic coeﬃcients needed for the
analysis are calculated using HYDROSTAR software. Equivalent Design
Wave is determined based on the long–term distribution of the RWE.
Head wave condition is analysed since it represents the most critical
heading for the observed deck structure: a vertical transversally positioned wall–type breakwater at the bow. Two CFD simulations are
conducted corresponding to the two design wave deﬁnitions: a regular
wave simulation where the Regular Equivalent Design Wave is used,
and a focused irregular wave train based on Response Conditioned
Wave theory. The two simulations are compared in terms of pressure
loads on the breakwater and computational time.
This paper is organised as follows. The second section brieﬂy outlines the numerical model presenting the two–phase compressible/incompressible approach. In the third section basic information regarding
the analysed container ship are given, including the linear frequency
domain analysis data. The fourth section is dedicated to the CFD simulations, where the two diﬀerent design wave deﬁnition approaches
are used, including a discussion and the comparison. Additionally, to
validate the linear and CFD approach a comparison against experimental data is performed for a model–scale KRISO Container Ship
(KCS). Finally, a brief conclusion is given.

∂ρ
1 p
=
∂p
ac γ ac

1−γ
γ

,

(3)

where γ denotes the constant speciﬁc heats ratio while ac stands for the
isentropic constant. In this paper values of γ = 1.4 and ac = 100 000 are
used.
The free surface is modelled with the Volume of Fluid (VOF) interface capturing method with an additional interface compression
term (Rusche, 2002):

∂α
+ ∇⋅(uα ) + ∇⋅(ur α (1 − α )) = 0 ,
∂t

(4)

where α denotes the volume fraction, while ur stands for compressive
velocity ﬁeld which is oriented in the normal direction towards the free
surface (Weller). A Courant number–sensitised formulation is used in
this study as described by Jasak et al. (2014).
The GFM acts by extrapolating the values from cells next to the
interface onto cells across the interface making the ”ghost cells”. In that
way, standard FV interpolation schemes can be used without creating
the interpolation error due to large diﬀerences in ﬁelds on diﬀerent
sides of the interface. For example, when evaluating the density gradient for a cell occupied by air next to the interface, density is extrapolated to the cell occupied by water on the other side of the interface,
and standard gradient scheme is applied where the extrapolated value
is used instead of the actual value that corresponds to density in water.
In order to extrapolate diﬀerent ﬁelds across the interface, it is necessary to determine physical jump conditions which govern the change of
properties across the interface. Dynamic free surface boundary condition dictates that the static pressure must be equal on both sides of the
interface:

[p] = p− − p+ = 0,

(5)

where [⋅] denotes the jump operator, + and − indices denote the value
inﬁnitesimally close to the interface from the water side and air side,
respectively. The above equation can be written in terms of dynamic
pressure as:

2. Numerical model
The numerical model behind the FV based method is brieﬂy presented in this section. The ﬂow model assumes incompressible water
phase and a compressible air phase. The Ghost Fluid Method (GFM) is
employed to resolve ﬁeld discontinuities at the interface, including the

[pd ] = − [ρ] g⋅x .

(6)

Eqn. (6) states that dynamic pressure has a jump across the
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interface, which can be used to extrapolate dynamic pressure from
water to air and vice–versa. The kinematic free surface boundary condition states that the velocity must be continuous across the interface:

[u] = u− − u+ = 0 .

Table 1
General ship characteristics of the SkyBench
ULCS.
LOA , m
LPP , m
B, m
H, m
T, m
Δ, t
V, kt
Iyy , kg m2

(7)

Further jump conditions arise from the governing equations
(Desjardins et al., 2008; Huang et al., 2007; Queutey and Visonneau,
2007). The jump condition arising from the momentum equation (Eqn.
(1)) states:

⎡ 1 ∇p ⎤ = ⎡−∇⋅(uu) + u∇⋅u − 1 ∇ρ g⋅x⎤ ,
d⎥
⎢
⎥
ρ
⎣ρ
⎦ ⎢
⎣
⎦

LCG , m
VCG , m

(8)

which in eﬀect states that dynamic pressure gradient divided with the
discontinuous density ﬁeld has a jump that depends on the compressibility of air. In case when compressibility eﬀects are negligible, the
right hand side reduces to zero, which in turn reduces the equation to
the form shown by Vukčević et al. (2017) for incompressible two phase
ﬂow.
Eqns. (6) and (8) are used to extrapolate the dynamic pressure and
correct the dynamic pressure gradient. They are also used for extrapolation of the density ﬁeld from the air side, where the density ﬁeld is
not constant. The jump condition for the density ﬁeld states:

[ρ] = ρ− − ρ+ ,

2.04× 1012
184.2
12.9

respect to the calm free surface level. The large length of the ship results
in high relative motion of the ship bow, rendering the bow structure
and cargo vulnerable to green water loads. To mitigate this risk, a
breakwater is positioned at the bow, whose structural design should
take into account possible loads due to water on deck. In order to calculate design loads that can be exerted on the breakwater, a design
wave ﬁeld must ﬁrst be deﬁned based on the deﬁnition of the operational proﬁle. Deﬁnition of a relevant design wave is not trivial, since it
must represent a realistic maximum load that can be expected during
the life time of the ship.

(9)

ρ−

ρ+

is constant, while
needs to be calculated. Since air is
where
considered as an adiabatic ideal gas, the following holds:
1
− γ

p
ρ− = ⎛ ⎞ = ⎛
⎝ ac ⎠
⎝
⎜

400.0
383.0
58.6
30.5
14.5
212913.0
23.0

⎟

pd− + ρ−g⋅x

⎜

⎞
⎠

1
γ

⎟

ac

3.1. Ship response calculation

.

Deﬁnition of the design wave or irregular wave ﬁeld is based on the
selected Dominant Load Parameter (DLP). In this case, Relative Wave
Elevation (RWE) is selected as DLP since the objective of this work is to
assess maximum design loads of a breakwater structure at the ship's
bow due to green water. RWE is the vertical distance between the free
surface and a point ﬁxed on the ship, e.g. deck at the bow. For a point
positioned at the fore perpendicular on the deck level, negative RWE
indicates water on deck, i.e. a green water event. The statistical description of ship motion with respect to relevant sea states (wave
spectra) is calculated by using linear seakeeping theory based on the
potential ﬂow model. First, hydrodynamic coeﬃcients need to be assessed for the relevant frequency range, i.e. the Response Amplitude
Operator (RAO).
In this work, HYDROSTAR software is used to calculate the hydrodynamic coeﬃcients. Fig. 2 shows the surface mesh of the underwater
part of the ship used in HYDROSTAR. Since the head wave condition
poses the greatest risk with respect to green water impacts on the
breakwater, only this heading is considered, while the long–term analysis takes into account all relevant headings. With the calculated hydrodynamic coeﬃcients, RAO-s for heave, pitch and RWE are calculated, as shown in Figs. 3 and 4. RWE is calculated with respect to the
point deﬁned with the intersection of the fore perpendicular FP and the

(10)

The above set of equations close the system for a two–phase ﬂow
model where water is considered incompressible while air is treated as
an ideal gas. Details regarding the implementation of numerical
schemes and other will be published in a separate paper dedicated to
the veriﬁcation and validation of the model. The reader is also referred
to Vukčević et al. (2017) for more details on the implementation of the
GFM for incompressible two–phase ﬂow, which forms a basis for the
present approach.
3. SkyBench container ship
The ship considered in this work is an Ultra Large Container Ship
(ULCS) belonging to the so called ”SkyBench” design, see Fig. 1. Ship
characteristics are shown in Table 1, where LOA stands for length over
all, LPP is the length between perpendiculars, B is the breath of the ship,
H is ship height, T draught, Δ stands for displacement in tons and V is
ship speed in knots. Iyy stands for longitudinal moment of inertia, LCG
is the longitudinal position of centre of gravity with respect to the aft
perpendicular, and VCG is the vertical position of centre of gravity with

Fig. 1. SkyBench ULCS.
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calm free surface in the ship's reference frame, i.e. for point deﬁned
with vector (196.3, 0,0).
3.2. Design wave deﬁnition
Two design wave approaches are tested in this work: Regular
Equivalent Design Wave and Response Conditioned Wave (irregular
waves with non–random phase shifts). Both are based on a long–term
distribution of the DLP based on the operational proﬁle of the ship. In
this case the wave scatter diagram for North Atlantic from IACS
Recommendation No. 34 is used for the long–term distribution analysis
for the 25 year life–time of the ship. The ship is assumed to sail with
5 kt speed according to the rules from classiﬁcation societies.
Obtained design wave characteristics are as follows:

Fig. 2. Surface mesh used in the HYDROSTAR software.

1. Regular Equivalent Design Wave: wave amplitude a = 10.6 m, wave
frequency ω = 0.4 rad/s. The wave characteristics are deﬁned using
the long–term RWE value corresponding to a probability of 10−8 ,
which equals RWElong = 34.45 m. The amplitude is simply calculated
by using the maximum RAO value RAORW A, max from Fig. 4 which is
3.25 m/m as (Hauteclocque et al., 2012):

a=
Fig. 3. Response Amplitude Operator for heave and pitch motion.

RWElong
RAORW A, max

= 10.6.

(11)

The frequency of the wave is determined simply by using the frequency corresponding to RAORW A, max , i.e. ω = 0.4 rad/s.
2. Response Conditioned Wave: based on the Pierson–Moskowitz sea
spectrum with Hs = 14.5 m and Tp = 16.2 s, where Relative Wave
Amplitude RAO is used as described in (Hauteclocque et al., 2012).
The wave spectrum characteristics are chosen in a way to correspond to the wave condition that has the largest contribution in the
long–term RWE response. Fig. 5 shows the relative contributions of
individual wave spectra to the long–term RWE value. The details
regarding the deﬁnition of wave component amplitudes and phase
sifts are given in Sec. 5.2.
4. KCS seakeeping in regular waves

Fig. 4. Response amplitude operator for relative wave amplitude.

Before moving on to performing green sea simulations for the
SkyBench container ship, the CFD and linear approach are compared to
experimental data in order to establish possible diﬀerences for this type
of ship. Due to lack of experimental data for the SkyBench ship, the
comparison study is performed for a KCS model, a similar ship that is

Fig. 5. Relative contribution of the diﬀerent sea states to the RWE long–term value.
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Table 2
General ship characteristics of the KCS
model.
37.89
6.07
0.85
0.285
956
0.261
2236.5
3.13
0.093

λM
LPP , m
B, m
T, m
Δ , kg
Fr
Iyy , kg m2
LCG , m
VCG , m

Fig. 7. Comparison of pitch amplitude for KCS in regular waves.

Table 3
Incident wave characteristics used in the KCS seakeeping study in model scale.
λ, m
H, m
ω, rad/s

3.949
0.062
3.951

5.164
0.078
3.455

6.979
0.123
2.972

8.321
0.149
2.722

11.840
0.196
2.282

used as a benchmark hull on a number of workshops for CFD validation
(Larsson et al., 2015). KCS model particulars are shown in Table 2,
where Fr stands for the Froude number and λM the scale of the model.
Note that the values in the table are given in model scale. First order
amplitudes of heave and pitch motion are compared for ﬁve diﬀerent
wave frequencies, with model–scale wave characteristics shown in
Table 3. Note that full scale wave frequencies correspond to a range
between 0.37 and 0.64 rad/s, which covers the frequencies used in this
study as shown in Sec. 3.2. Further details regarding CFD simulations
can be found in (Vukčević and Jasak, 2015; Vukčević et al., 2016;
Vukčević, 2016).
Comparison of heave amplitudes is presented in Fig. 6, where good
general agreement is observed between the three sets of results. The
CFD results is in notably better agreement with the experimental data
than the linear results for the lowest and third wave frequency, while
very good agreement is observed for high wave frequencies between the
three methods. Fig. 7 shows the comparison of pitch motion amplitudes, where signiﬁcant disagreement can be seen between experimental data and the linear solution, while CFD results agree quite well.
Similar to heave results, the three results are in good agreement for
higher frequencies where motions are smaller. Overall it can be concluded that some diﬀerences can be expected between the CFD result
and linear solution for a container vessel, especially for pitch motion for
lower frequencies. The reasons for this disagreement is likely to be
related to inherent simpliﬁcations included in the linear frequency–domain method.

Fig. 8. Side view of the grid reﬁnements at the bow of the ship.

terms of loading exerted on the structure and computational time required to perform the simulation.
Both simulations are simulated using the same computational grid
generated using cfMesh software (JuretićcfMesh, 2017). The grid is
unstructured containing 2 374 416 cells, which are mostly hexahedral
(97.8%). Additional reﬁnement is applied at the bow deck near the
breakwater and the front bulwark in order to capture green water effects. A view of the grid in the central longitudinal plane near the
breakwater is shown on Fig. 8, while the surface grid of the ship is
shown in Fig. 9. The cells on the deck are cubic with sides of 0.375 m.
The grid resolution is considered suﬃcient based on previous similar
studies (e.g. (Gatin et al., 2017)). The computational domain is 1 330 m
long, 635 m wide, 343 m deep and 152 m high above the calm free
surface level. The size of the computational domain is based on the
main ship dimensions according to the authors experience. Length is
equivalent to roughly 3.5LPP , breadth to 11B, depth to 1LPP and height
to 1/2LPP . The computational domain with domain boundaries is shown
in Fig. 10. The origin of the coordinate system is at the calm free surface
level, midship, at the longitudinal central plane. The positive x direction is oriented towards the bow of the ship, positive y direction is facing portside while positive z axis is directed upwards. Waves are introduced using implicit relaxation zones (Jasak et al., 2015), which are
indicated with red colour at the calm free surface in Fig. 10. In the
relaxation zones, a gradual transition is made between the incident
wave ﬁeld prescribed with an arbitrary wave solution (linear or nonlinear potential ﬂow solution) and the CFD solution. Wave velocity ﬁeld
and surface elevation from the analytical wave theory are introduced
into the momentum and VOF equation (Eqn. (1) and (4)), where a

5. Green sea CFD simulations for the SkyBench ship
In this section the two design wave approaches listed above are used
to calculate the green sea loading on the breakwater of the SkyBench
container ship in full scale using CFD. The methods are compared in

Fig. 6. Comparison of heave amplitude for KCS in regular waves.
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Fig. 11. Initial condition of the free surface elevation in the Regular Equivalent
Design Wave simulation of the SkyBench ship.

rigid body motion equations (Müller and Terze, 2016). Two degrees of
freedom are considered: heave and pitch, while the remaining are
constrained, since vertical plane motion is dominantly relevant with
respect to green water occurrence in head waves condition.

Fig. 9. Surface discretisation of the ship bow in the CFD computational grid.

5.1. Regular Equivalent Design Wave simulation
From the wave modelling point of view, the Regular Equivalent
Design Wave approach is the simplest one. Setting up a regular wave
CFD simulation is relatively simple compared to an irregular wave ﬁeld.
Fig. 11 shows the initial condition in the simulation, where the free
surface elevation can be seen. The simulation is performed with
Courant number ﬁxed to 20, resulting in an average time step of 0.04 s,
oscillating between 0.01 and 0.1 s.
Nine wave periods are simulated, where loads on the breakwater
became acceptably periodic after three periods. Fig. 12 shows the green
sea event during a typical wave period. A signiﬁcant amount of water is
shipped onto the deck, encountering the breakwater. Time trace of
longitudinal force acting on the breakwater is shown in Fig. 13. Note
that although the force peak is not periodic, the shape of the force curve
becomes periodic after three periods. From the structural point of view,
the longitudinal force impulse represented by the area under the
longitudinal force signal is also important together with transient localised force peaks. Therefore, the force impulse is also compared in
this study, calculated as:

Fig. 10. View of the CFD compuational domain. The relaxation zones are indicated with red colour on the calm free surface. The blue colour indicates
undisturbed CFD solution region. (For interpretation of the references to colour
in this ﬁgure legend, the reader is referred to the Web version of this article.)

IX =

weighting factor is used to allow gradual blending between the solution
of respective equations and the analytical solution. The reader is referred to Jasak et al. (2015) for more details on the implementation of
the relaxation zones. The relaxation zones also serve as absorption
zones for radiated and diﬀracted waves. Inlet, outlet, portside and
starboard boundaries have zero–gradient boundary condition for pressure, while the VOF and the velocity ﬁeld are evaluated using linear
wave ﬁeld solution. The bottom boundary also has a zero–gradient
condition for pressure, while VOF is ﬁxed to 1, and the velocity is also
evaluated using the linear wave solution. In this way, the bottom
boundary acts as a inﬁnite depth boundary condition. The top boundary
is set to a ﬁxed value pressure boundary condition where p = 100 000
Pa, VOF ﬁeld is set to zero, while zero gradient is used for the velocity
ﬁeld.
Second order backward temporal discretisation scheme is used for
all temporal derivatives, while second order upwind biased convection
scheme with deferred correction is used for velocity and pressure
convection terms. The coupling of the rigid body motion equations and
the ﬂuid ﬂow is performed using an enhanced approach where the rigid
body motion equations are solved once per pressure–corrector step
(Gatin et al., 2017), where a geometric method is used for integration of

∫t

t2
1

FX (t ) dt ,

(12)

where t1 and t2 stand for the beginning and end time of integration,
while FX represents the instantaneous longitudinal force acting on the
breakwater. Heave and pitch motion shown in Figs. 14 and 15, respectively, show periodic convergence after three periods as well as the
shape of the longitudinal force. Unlike the KCS, Figs. 14 and 15 show
that the linear solution overestimates heave and pitch motion with
respect to the CFD results. Thus, predictions regarding RWE using the
linear solution are on the safe side. The possible reason for this overestimation could be the shipped water which changes the mass properties of the vessel, primarily increasing the pitch moment of inertia,
which is not accounted for in the linear frequency-domain approach.
The linear method mostly underestimates the motion for KCS while it
overestimates the motion for ULCS, since in KCS seakeeping cases the
green sea phenomena is not present. Figs. 16 and 17 show the vertical
position and velocity, respectively, of a point on the bow of the ship
with coordinates (196.3, 0,16) with respect to midship. Again, the linear
solution overestimates both the motion and velocity of the point at the
bow.
To provide a quantitative means of comparison, a force impulse
during the third green sea event is calculated: IX = 2.877 × 107 Ns. The
559
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Fig. 12. A typical green sea event from the Regular Equivalent Wave Simulation of the SkyBench ship. Colour indicates free surface elevation. (For interpretation of
the references to colour in this ﬁgure legend, the reader is referred to the Web version of this article.)

Fig. 13. Longitudinal force acting on the breakwater in the Regular Equivalent
Design Wave simulation of the SkyBench ship.

Fig. 15. Comparison of pitch motion between the linear solution and CFD in the
Regular Equivalent Design Wave simulation of the SkyBench ship.

Fig. 14. Comparison of heave motion between the linear solution and CFD in
the Regular Equivalent Design Wave simulation of the SkyBench ship.

Fig. 16. Vertical position comparison of a point on the bow of the SkyBech for
the Regular Equivalent Design Wave case.

simulation took 14.3 h to complete three wave periods (approximately
50 s of simulated time) on four cores of the Intel Core i5-3570 K CPU
(3.40 GHz).

Equivalent Design Wave. Response Conditioned Wave is an irregular
wave train where amplitudes and phase shifts are determined from the
wave energy spectrum and RAO:

5.2. Response Conditioned Wave simulation

ζ (x , t ) =

i=N

∑ ζa (ωi)⋅cos(ωi (t − tF ) − ki (x − xF ) − RAOϕ (ωi))
i=1

As explained by de Hauteclocque et al. (2012), as opposed to the
Regular Equivalent Design Wave, the Response Conditioned Wave takes
into account the wave conditions relevant to the service of the ship, as
well as the respective RAO of the Dominant Load Parameter. Thus, a
more realistic wave event is obtained comparing to the Regular

,
(13)

where
1

2
η
ζa (ωi ) = ⎛Sζ (ωi )⋅|RAO (ωi )| LT Δωi ⎞ .
m
0
⎝
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⎜
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Fig. 17. Vertical velocity comparison of a point on the bow of the SkyBech for
the Regular Equivalent Design Wave case.
Fig. 19. Initial condition in the Response Conditioned Wave simulation of the
SkyBench ship, t = 30.0 s.

Here, ζ (x , t ) denotes the surface elevation at time t and longitudinal
coordinate x. N is the number of wave components, ζa (ωi ) is the wave
component amplitude corresponding to frequency ωi while ki is the
wave component wave number that satisﬁes the linear dispersion relation. tF and xF denote time and position of focusing, respectively. In
this simulation, tF = 50 s, and xF = FP , where FP stand for fore perpendicular. RAOϕ denotes the phase shifts of response components,
RWE in this case. Sζ is the wave energy spectrum, RAO denotes the
response RAO, while ηLT stands for the long–term response value, equal
to 34.45 in this case. m 0 is the zeroth order moment of the response
spectrum, while Δω is the frequency step used to discretise the spectrum.
For the initialisation of the CFD simulation, the surface elevation
and wave ﬁeld velocity from the linear solution are used, that correspond to an arbitrary point in time at which the simulation is initialised.
The motion of the ship is also initialised, comprising heave and pitch
positions and velocities, where the motion is calculated using the linear
frequency–domain method based on the RCW. In contrast to starting
the simulation from time zero, the duration of the CFD simulation is
minimised in this way, while still accounting for all nonlinear eﬀects
during a green sea event which are not present in the linear solution.
Fig. 18 shows the linear realisation of the free surface elevation at
FP , and the RWE signal deducted by freeboard height. The simulation is
started at 30 s, i.e. 20 s before the focusing time, with the time step of
Δt = 0.08 s, which resulted in time–average maximum Courant number
of 24, oscillating mostly between 10 and 30.
The initial condition of the simulation is shown in Fig. 19, corresponding to t = 30 s. Figs. 20 and 21 show heave and pitch motion
comparison between the linear and CFD solution. Some diﬀerences are
visible between the two sets of solutions, both in amplitude and phase.
However, the overall agreement is acceptable. Figs. 22 and 23 show the
comparison of vertical position and velocity of a point on the bow,
exhibiting similar diﬀerences between the linear and CFD solution. The
diﬀerence between the linear and CFD solution visible in Figs. 21 and

Fig. 20. Comparison of heave motion between the linear solution and CFD in
the Response Conditioned Wave simulation of the SkyBench ship.

Fig. 21. Comparison of pitch motion between the linear solution and CFD in the
Response Conditioned Wave simulation of the SkyBench ship.

Fig. 18. Linear realisation of the free surface elevation and RWE at FP in the
Response Conditioned Wave approach. Positive values of the full black line
indicate water level above deck.

Fig. 22. Vertical position comparison of a point on the bow of the SkyBech for
the Response Conditioned Wave case of the SkyBench ship.
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Fig. 25. Longitudinal force acting on the breakwater in the Response
Conditioned Wave simulation of the SkyBench ship.
Fig. 23. Vertical velocity comparison of a point on the bow of the SkyBech for
the Response Conditioned Wave case of the SkyBench ship.

Note that for the RCW simulation the linear solution predicts generally smaller motion than CFD, while in the case of REDW the opposite
can be seen. This is especially true for the ﬁrst portion of the heave
signal before t = 55 s (Fig. 20), whereas in last part of the simulation
CFD shows smaller motion than the linear solution. As explained earlier, this damping of motion after the green water occurrence is likely to
be a consequence of the eﬀect of the shipped water on mass and inertia.
For pitch motion shown in Fig. 21 the linear solution is smaller than
CFD during the entire simulation. The most probable reason behind this
seemingly inconsistent diﬀerence between the motion comparison
produced by REDW and RCW is the fact that the REDW has the resonant
frequency. The linear potential–ﬂow based solution is likely to give
overestimated motion for resonant conditions since it lacks viscous
damping as well as damping stemming from the nonlinearity of the
underwater geometry of the vessel as a function of motion which is not
taken into account, while it has a signiﬁcant inﬂuence especially for
large–ﬂare hull forms such as the one analysed in this study. Thus, the
accuracy of the linear method is completely diﬀerent in the periodically
converged resonant motion than in the transient, non–periodic motion
excited by RCW.

23 arise mostly from the phase diﬀerence. The reason for this phase
diﬀerence could be the nonlinearities present in the CFD simulation,
taking into account the large bow and stern ﬂare. This diﬀerences
should be investigated in the future, however the agreement is reasonable for present purposes.
Fig. 24 shows the green sea event, where a large quantity of shipped
water on the deck can be seen. Force signal in time acting on the
breakwater is shown in Fig. 25. Note that the linear solution, shown in
Fig. 18, predicted that the second RWE peak (at around t = 73 s) will be
larger than the ﬁrst (at around t = 57 s), while in the CFD simulation
the ﬁrst peak resulted in a green sea event, while no water was shipped
during the second RWE peak. The reason for this could be the nonlinear
motion damping which is produced by the green sea event that happened during the ﬁrst RWE peak at around t = 73 s, that reduced the
motion before the next RWE peak making it eﬀectively smaller than the
ﬁrst one. Also, pitch motion from the CFD simulation is larger than the
linear solution during the ﬁrst RWE peak (Fig. 21), resulting in a larger
RWE value. The force impulse generated by the Response Conditioned
Wave is around IX = 1.52 × 107 Ns. The computational time required to
obtain the green sea event, i.e. to simulate from t = 30 s to t = 64 s, is
17.2 h on an Intel Core i5-3570 K CPU (3.40 GHz).

5.3. Discussion and comparison
Two methods for deﬁning the Equivalent Design Wave are

Fig. 24. The green sea event from the Response Conditioned Wave simulation of the SkyBench ship. (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the Web version of this article.)
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the long–term distribution, a Regular Equivalent Design Wave and a
Response Conditioned Wave are deﬁned. A CFD simulation for each of
these methods is conducted, where loads exerted on the wall–type
breakwater positioned at the bow are compared as well as computational time.
The Regular Equivalent Design Wave requires smaller amount of
eﬀort from the set–up of the CFD simulation point of view, minimising
the probability of user error. It produced higher loads on the breakwater. The Response Conditioned Wave approach resulted in smaller
green sea loads which should be more realistic given that the actual
ocean conditions are taken into account, while being more demanding
from the man–hour point of view. For the Response Conditioned Wave
approach, the linear realisation of the surface elevation and body motion are used to provide initial conditions for the CFD simulation with
rigid body motion, in order to minimise the amount of time that needs
to be simulated with CFD. This required signiﬁcantly more man–hours
to set–up with respect to the ﬁrst approach since the initialisation of the
simulation needs to be performed in way that is consistent with the
linear realisation. From the computational time point of view, the two
methods are comparable requiring 14.3 and 17.2 h of computational
time on a desktop PC, respectively.
The comparison shown in this paper demonstrates that the Response
Conditioned Wave provides smaller design green water loads for this
particular vessel comparing to the Regular Equivalent Design Wave
approach. Thus, using RCW for structural design would result in smaller
scantlings and cost savings. Since RCW takes into account the relevant
ocean wave conditions as well as the response, it generally produces
more relevant design wave, which should also be true for other load
parameters such as slamming or similar. At the same time, RCW does
not introduce additional cost with respect to computational resources.
Despite the added complexity in the pre–processing stage, the authors
conclude that RCW presents a more suitable option for predicting extreme wave response using CFD comparing to REDW.

Table 4
Comparison of Regular Equivalent Design Wave (REDW) and Response
Conditioned Wave (RCW) approach.
REDW

RCW

Force peak FX , max , N

4.03 × 107

1.83 × 107

Force impulse IX , Ns

2.88 × 107
14.3
i5-3570 K
Low

1.52 × 107
17.2
i5-3570 K
High

CPU time, hours
Processor
Complexity (CFD set–up)

Fig. 26. Comparison of longitudinal force acting on the breakwater from the
Regular Equivalent Design Wave (REDW) and Response Conditioned Wave
(RCW) of the SkyBench ship.

compared in this section. Table 4 shows the comparison in terms of
force peak and impulse exerted on the breakwater, required computational time and complexity of pre–processing for the CFD simulation.
Large diﬀerences are obtained with respect to force peak and impulse,
where Regular Equivalent Design Wave exhibited the larger force. Response Conditioned Wave showed 2.2 times smaller force peak and 1.9
times smaller force impulse. Fig. 26 shows the comparison of the
pressure force exerted on the breakwater in time, where diﬀerences in
both peak force and area under the curve can be observed. The two
methods are comparable in terms of required computational time, while
Regular Equivalent Design Wave requires smaller amount of pre–processing time due to its simplicity with respect to wave ﬁeld deﬁnition. The Response Conditioned Wave requires a higher amount of
pre–processing in order to consistently initialise the CFD simulation
with respect to the linear realisation.
As described by de Hauteclocque et al. (2012), the Regular
Equivalent Design Wave does not take into account the actual wave
conditions relevant to the service of the ship, but only the RAO of the
Dominant Load Parameter (RWE in this case) which results in a large
response. On the other hand, the Response Conditioned Wave takes into
account both amplitudes and phases of the Dominant Load Parameter's
RAO and the sea state which is relevant for the particular DLP and
heading, producing a more realistic response. In this comparison it is
conﬁrmed that the Regular Equivalent Design Wave produces signiﬁcantly higher pressure loads on the breakwater.
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