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A B S T R A C T

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 de-
terministic 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 de-
scription 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 se-
lected based on the frequency domain linear method, while experi-
mental 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 suc-
cessfully reproduces the experimental measurements, while a tre-
mendous 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 dis-
tribution. The authors state that this approach reduces the required
computational time since it does not require irregular wave propaga-
tion in CFD. The drawback of this approach is that it requires experi-
mental 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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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 struc-
ture of an Ultra Large Container Ship (ULCS). The two tested ap-
proaches for defining the Equivalent Design Wave are (Hauteclocque
et al., 2012):

• Regular Equivalent Design Wave: regular incident wave,

• Response Conditioned Wave: irregular focused wave.

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 com-
pressible 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 com-
pression in simulations where it may occur. The present method in-
troduces 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 posi-
tioned 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 out-
lines the numerical model presenting the two–phase compressible/in-
compressible 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 si-
mulations, 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 experi-
mental data is performed for a model–scale KRISO Container Ship
(KCS). Finally, a brief conclusion is given.

2. Numerical model

The numerical model behind the FV based method is briefly pre-
sented 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

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

⎜ ⎟ ⎜∇⋅ = −
∂
∂

⎛

⎝
⎜

∂
∂

+ ∇⋅⎛
⎝

⎞
⎠

− ⎛
⎝

∇⋅ +
∂ ⋅

∂
+ ⋅∇ ⋅ ⎞

⎠
⎟ρ

ρ
p

p
t

p p
ρ

t
ρu u u

g x
u g x1 ( )

.d
d d

(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 inter-
face. 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:

∂
∂

=
−ρ

p a γ
p
a

1 ,
c c

γ
γ

1

(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 =a 100 000c are
used.

The free surface is modelled with the Volume of Fluid (VOF) in-
terface capturing method with an additional interface compression
term (Rusche, 2002):

∂
∂

+ ∇⋅ + ∇⋅ − =α
t

α α αu u( ) ( (1 )) 0 ,r (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 gra-
dient for a cell occupied by air next to the interface, density is extra-
polated 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 neces-
sary to determine physical jump conditions which govern the change of
properties across the interface. Dynamic free surface boundary condi-
tion 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:

= − ⋅p ρ g x[ ] [ ] .d (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 con-
dition states that the velocity must be continuous across the interface:

= − =− +u u u[ ] 0 . (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:

⎡
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which in effect states that dynamic pressure gradient divided with the
discontinuous density field has a jump that depends on the compres-
sibility 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 extra-
polation 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[ ] , (9)

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

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 cal-
culate design loads that can be exerted on the breakwater, a design
wave field must first be defined based on the definition of the opera-
tional 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.

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 de-
scription 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 as-
sessed for the relevant frequency range, i.e. the Response Amplitude
Operator (RAO).

In this work, HYDROSTAR software is used to calculate the hydro-
dynamic 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 ana-
lysis takes into account all relevant headings. With the calculated hy-
drodynamic coefficients, RAO-s for heave, pitch and RWE are calcu-
lated, 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

Fig. 1. SkyBench ULCS.

Table 1
General ship characteristics of the SkyBench
ULCS.

LOA, m 400.0
LPP , m 383.0
B, m 58.6
H, m 30.5
T, m 14.5
Δ, t 212913.0
V, kt 23.0
Iyy, kg m2

2.04× 1012

LCG, m 184.2
VCG, m 12.9
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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:

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 =RWE 34.45long m. The amplitude is simply calculated
by using the maximum RAO value RAORW A max, from Fig. 4 which is
3.25m/m as (Hauteclocque et al., 2012):

= =a
RWE

RAO
10.6.long

RW A max, (11)

The frequency of the wave is determined simply by using the fre-
quency corresponding to RAORW A max, , i.e. =ω 0.4 rad/s.

2. Response Conditioned Wave: based on the Pierson–Moskowitz sea
spectrum with =H 14.5s m and =T 16.2p 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 corre-
spond 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

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. 2. Surface mesh used in the HYDROSTAR software.

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

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

Fig. 5. Relative contribution of the different sea states to the RWE long–term value.
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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 ampli-
tudes, where significant disagreement can be seen between experi-
mental 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 con-
cluded 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.

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

terms of loading exerted on the structure and computational time re-
quired 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 ef-
fects. 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 0.375m.
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, 635m wide, 343m deep and 152m 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 direc-
tion is oriented towards the bow of the ship, positive y direction is fa-
cing portside while positive z axis is directed upwards. Waves are in-
troduced 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 non-
linear 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

Table 2
General ship characteristics of the KCS
model.

λM 37.89
LPP , m 6.07
B, m 0.85
T, m 0.285
Δ, kg 956
Fr 0.261
Iyy, kg m2 2236.5
LCG, m 3.13
VCG, m 0.093

Table 3
Incident wave characteristics used in the KCS seakeeping study in model scale.

λ, m 3.949 5.164 6.979 8.321 11.840
H, m 0.062 0.078 0.123 0.149 0.196
ω, rad/s 3.951 3.455 2.972 2.722 2.282

Fig. 6. Comparison of heave amplitude for KCS in regular waves.

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

Fig. 8. Side view of the grid refinements at the bow of the ship.
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weighting factor is used to allow gradual blending between the solution
of respective equations and the analytical solution. The reader is re-
ferred 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 pres-
sure, 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

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.

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 lo-
calised force peaks. Therefore, the force impulse is also compared in
this study, calculated as:

∫=I F t dt( ) ,X t

t
X

1

2

(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, re-
spectively, 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 over-
estimation could be the shipped water which changes the mass prop-
erties 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: = ×I 2.877 10X

7 Ns. The

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

Fig. 10. View of the CFD compuational domain. The relaxation zones are in-
dicated 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.)

Fig. 11. Initial condition of the free surface elevation in the Regular Equivalent
Design Wave simulation of the SkyBench ship.
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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).

5.2. Response Conditioned Wave simulation

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

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:

∑= ⋅ − − − −
=

=

ζ x t ζ ω ω t t k x x RAO ω( , ) ( ) cos( ( ) ( ) ( )) ,
i

i N

a i i F i F ϕ i
1 (13)

where

⎜ ⎟= ⎛
⎝

⋅ ⎞
⎠

ζ ω S ω RAO ω
η
m

ω( ) ( ) | ( )| Δ .a i ζ i i
LT

i
0

1
2

(14)

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. 14. Comparison of heave motion between the linear solution and CFD 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. 16. Vertical position comparison of a point on the bow of the SkyBech for
the Regular Equivalent Design Wave case.
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Here, ζ x t( , ) denotes the surface elevation at time t and longitudinal
coordinate x. N is the number of wave components, ζ ω( )a i is the wave
component amplitude corresponding to frequency ωi while ki is the
wave component wave number that satisfies the linear dispersion re-
lation. tF and xF denote time and position of focusing, respectively. In
this simulation, =t 50F s, and =x FF P, where FP stand for fore per-
pendicular. 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. m0 is the zeroth order moment of the response
spectrum, while ωΔ is the frequency step used to discretise the spec-
trum.

For the initialisation of the CFD simulation, the surface elevation
and wave field velocity from the linear solution are used, that corre-
spond 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

=tΔ 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, corre-
sponding 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. 17. Vertical velocity comparison of a point on the bow of the SkyBech for
the Regular Equivalent Design Wave case.

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. 19. Initial condition in the Response Conditioned Wave simulation of the
SkyBench ship, =t 30.0 s.

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. 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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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 rea-
sonable 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 hap-
pened 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 = ×I 1.52 10X

7 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).

Note that for the RCW simulation the linear solution predicts gen-
erally 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 ear-
lier, 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.

5.3. Discussion and comparison

Two methods for defining the Equivalent Design Wave are

Fig. 23. Vertical velocity comparison of a point on the bow of the SkyBech for
the Response Conditioned Wave case of the SkyBench ship.

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.)

Fig. 25. Longitudinal force acting on the breakwater in the Response
Conditioned Wave simulation of the SkyBench ship.
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compared in this section. Table 4 shows the comparison in terms of
force peak and impulse exerted on the breakwater, required computa-
tional 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. Re-
sponse 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 defini-
tion. 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 sig-
nificantly higher pressure loads on the breakwater.

6. Conclusion

In this paper two different methods for defining the Equivalent
Design Wave for a green sea event based on long–term statistical dis-
tribution are tested using FV based CFD. Linear frequency domain
method is used to calculate the long–term response in terms of Relative
Wave Elevation at the deck of the Ultra Large Container Ship. Based on

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 computa-
tional 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 break-
water. 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 mo-
tion 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 ex-
treme wave response using CFD comparing to REDW.

Acknowledgement

Authors Š. Malenica and N. Vladimir acknowledge the support from
a National Research Foundation of Korea (NRF) grant funded by the
Korean Government (MSIP) through GCRC-SOP (Grant No. 2011-
0030013).

References

Bullock, G.N., Obhrai, C., Peregrine, D.H., Bredmose, H., 2007. Violent breaking wave
impacts . Part 1 : results from large-scale regular wave tests on vertical and sloping
walls. Coast Eng. 54, 602–617. https://doi.org/10.1016/j.coastaleng.2006.12.002.

Desjardins, O., Moureau, V., Pitsch, H., 2008. An accurate conservative level set/ghost
fluid method for simulating turbulent atomization. J. Comput. Phys. 227 (18),
8395–8416.

Gatin, I., Vukčević, V., Jasak, H., Rusche, H., 2017. Enhanced coupling of solid body
motion and fluid flow in finite volume framework. Ocean Eng. 143 (December 2016),
295–304. https://doi.org/10.1016/j.oceaneng.2017.08.009.

Gatin, I., Vukčević, V., Jasak, H., Seo, J., Rhee, S.H., 2018. CFD verification and vali-
dation of green sea loads. Ocean Eng. 148, 500–515. https://doi.org/10.1016/j.
oceaneng.2017.10.026.

Hauteclocque, G.D., Derbanne, Q., El-gharbaoui, A., 2012. Comparison of different
equivalent design waves with spectral analysis, 31st international conference on
ocean. Offshore. Arctic Eng. 1–9. https://doi.org/10.1115/OMAE2012-83405.

Huang, J., Carrica, P.M., Stern, F., 2007. Coupled ghost fluid/two–phase level set method
for curvilinear body–fitted grids. Int. J. Numer. Methods Fluid. 44, 867–897. https://
doi.org/10.1002/fld.1499.

Jasak, H., Vukčević, V., Christ, D., 2014. Rapid free surface simulation for steady-state
hull resistance with FVM using OpenFOAM. In: 30th Symposium on Naval
Hydrodynamics, pp. 548–554.

Jasak, H., Vukčević, V., Gatin, I., 2015. Numerical simulation of wave loads on static
offshore structures. In: CFD for Wind and Tidal Offshore Turbines. Springer Tracts in
Mechanical Engineering, pp. 95–105.

Joga, R., Saripilli, J., Dhavalikar, S., Kar, A., 2014. Numerical simulations to compute rate
of water ingress into open holds due to green waters. In: Proceedings of the 24th
International Offshore and Polar Engineering Conference ISOPE, Busan, Korea.

Juretić, F., cfMesh, 2017. Advanced Meshing Tool, cfMesh.Com. , Accessed date: 22
February 2017.

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 ×1.52 107

CPU time, hours 14.3 17.2
Processor i5-3570 K i5-3570 K
Complexity (CFD set–up) Low High

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.

I. Gatin et al. Ocean Engineering 171 (2019) 554–564

563

https://doi.org/10.1016/j.coastaleng.2006.12.002
http://refhub.elsevier.com/S0029-8018(18)31367-2/sref2
http://refhub.elsevier.com/S0029-8018(18)31367-2/sref2
http://refhub.elsevier.com/S0029-8018(18)31367-2/sref2
https://doi.org/10.1016/j.oceaneng.2017.08.009
https://doi.org/10.1016/j.oceaneng.2017.10.026
https://doi.org/10.1016/j.oceaneng.2017.10.026
https://doi.org/10.1115/OMAE2012-83405
https://doi.org/10.1002/fld.1499
https://doi.org/10.1002/fld.1499
http://refhub.elsevier.com/S0029-8018(18)31367-2/sref7
http://refhub.elsevier.com/S0029-8018(18)31367-2/sref7
http://refhub.elsevier.com/S0029-8018(18)31367-2/sref7
http://refhub.elsevier.com/S0029-8018(18)31367-2/sref8
http://refhub.elsevier.com/S0029-8018(18)31367-2/sref8
http://refhub.elsevier.com/S0029-8018(18)31367-2/sref8
http://refhub.elsevier.com/S0029-8018(18)31367-2/sref9
http://refhub.elsevier.com/S0029-8018(18)31367-2/sref9
http://refhub.elsevier.com/S0029-8018(18)31367-2/sref9
http://refhub.elsevier.com/S0029-8018(18)31367-2/sref10
http://refhub.elsevier.com/S0029-8018(18)31367-2/sref10


Kudupudi, R., Datta, R., 2009. Numerical investigation of the effect due to vessel motion
on green water impact on deck. In: Proceedings of the International Conference on
Offshore Mechanics and Arctic Engineering - OMAE 7A-2017, pp. 1–10. https://doi.
org/10.1115/OMAE2017-61054. 2017.

Tokyo 2015 Larsson, L., Stern, F., Visonneau, M., Hirata, N., Hino, T., Kim, J. (Eds.),
2015. A Workshop on CFD in Ship Hydrodynamics, vol. 3 NMRI (National Maritime
Research Institute), Tokyo, Japan.

Müller, A., Terze, Z., 2016. Geometric methods and formulations in computational
multibody system dynamics. Acta Mech. 227 (12), 3327–3350. https://doi.org/10.
1007/s00707-016-1760-9.

Obhrai, C., Bullock, G., Wolters, G., Muller, G., Peregrine, H., Bredmose, H., Grune, J.,
2004. Violent wave impacts on vertical and inclined walls: large scale model tests.
Coast Eng. 4075–4086.

Pakozdi, C., Östman, A., Stansberg, C.T., Carvalho, D.F., 2014. Green water on FPSO
analyzed by a coupled Potential-Flow-NS- VOF method. In: Proceedings of the 33rd
International Conference on Ocean. Offshore and Arctic Engineering OMAE, San
Francisco, USA.

Pakozdi, C., Östman, A., Ji, G., Stansberg, C.T., Reum, O., Ovrebo, S., Vestbøstad, T.,
Sorvaag, C., Ersland, J., 2016. Estimation of Wave Loads Due to Green Water Events
in 10000-Year Conditions on a TLP Deck Structure (49927). V001T01A050.

Queutey, P., Visonneau, M., 2007. An interface capturing method for free–surface hy-
drodynamic flows. Comput. Fluids 36, 1481–1510. https://doi.org/10.1002/j.
compfluid.2006.11.007.

Rusche, H., 2002. Computational Fluid Dynamics of Dispersed Two - Phase Flows at High
Phase Fractions. Ph.D. thesis. Imperial College of Science, Technology & Medicine,
London.

Silva, D.F., Esperança, P.T., Coutinho, A.L., 2017a. Green water loads on FPSOs exposed
to beam and quartering seas, Part II: CFD simulations. Ocean Eng. 140, 434–452.
https://doi.org/10.1016/j.oceaneng.2016.11.008.

Silva, D.F., Esperança, P.T., Coutinho, A.L., 2017b. Green water loads on FPSOs exposed
to beam and quartering seas, part II: CFD simulations. Ocean Eng. 140 (May),
419–433. https://doi.org/10.1016/j.oceaneng.2017.05.005. https://doi.org/10.
1016/j.oceaneng.2016.11.008.

Vukčević, V., 2016. Numerical Modelling of Coupled Potential and Viscous Flow for
Marine Applications. Ph.D. thesis. Faculty of Mechanical Engineering and Naval
Architecture, University of Zagreb PhD Thesis.

Vukčević, V., Jasak, H., 2015. Seakeeping validation and verification using decomposi-
tion model based on embedded free surface method. In: Tokyo 2015: a Workshop on
CFD in Ship Hydrodynamics.

Vukčević, V., Jasak, H., Gatin, I., Malenica, S., 2016. Seakeeping sensitivity studies using
the decomposition CFD model based on the ghost fluid method. In: Proceedings of the
31st Symposium on Naval Hydrodynamics, Monterey, California, In Press.

Vukčević, V., Jasak, H., Gatin, I., 2017. Implementation of the ghost fluid method for free
surface flows in polyhedral finite volume framework. Comput. Fluid 153, 1–19.

H. G. Weller, A new approach to vof-based interface capturing methods for in-
compressible and compressible flow, Tech. Rep., OpenCFD.

I. Gatin et al. Ocean Engineering 171 (2019) 554–564

564

https://doi.org/10.1115/OMAE2017-61054
https://doi.org/10.1115/OMAE2017-61054
http://refhub.elsevier.com/S0029-8018(18)31367-2/sref12
http://refhub.elsevier.com/S0029-8018(18)31367-2/sref12
http://refhub.elsevier.com/S0029-8018(18)31367-2/sref12
https://doi.org/10.1007/s00707-016-1760-9
https://doi.org/10.1007/s00707-016-1760-9
http://refhub.elsevier.com/S0029-8018(18)31367-2/sref14
http://refhub.elsevier.com/S0029-8018(18)31367-2/sref14
http://refhub.elsevier.com/S0029-8018(18)31367-2/sref14
http://refhub.elsevier.com/S0029-8018(18)31367-2/sref15
http://refhub.elsevier.com/S0029-8018(18)31367-2/sref15
http://refhub.elsevier.com/S0029-8018(18)31367-2/sref15
http://refhub.elsevier.com/S0029-8018(18)31367-2/sref15
http://refhub.elsevier.com/S0029-8018(18)31367-2/sref16
http://refhub.elsevier.com/S0029-8018(18)31367-2/sref16
http://refhub.elsevier.com/S0029-8018(18)31367-2/sref16
https://doi.org/10.1002/j.compfluid.2006.11.007
https://doi.org/10.1002/j.compfluid.2006.11.007
http://refhub.elsevier.com/S0029-8018(18)31367-2/sref18
http://refhub.elsevier.com/S0029-8018(18)31367-2/sref18
http://refhub.elsevier.com/S0029-8018(18)31367-2/sref18
https://doi.org/10.1016/j.oceaneng.2016.11.008
https://doi.org/10.1016/j.oceaneng.2017.05.005
https://doi.org/10.1016/j.oceaneng.2016.11.008
http://refhub.elsevier.com/S0029-8018(18)31367-2/sref21
http://refhub.elsevier.com/S0029-8018(18)31367-2/sref21
http://refhub.elsevier.com/S0029-8018(18)31367-2/sref21
http://refhub.elsevier.com/S0029-8018(18)31367-2/sref22
http://refhub.elsevier.com/S0029-8018(18)31367-2/sref22
http://refhub.elsevier.com/S0029-8018(18)31367-2/sref22
http://refhub.elsevier.com/S0029-8018(18)31367-2/sref23
http://refhub.elsevier.com/S0029-8018(18)31367-2/sref23
http://refhub.elsevier.com/S0029-8018(18)31367-2/sref23
http://refhub.elsevier.com/S0029-8018(18)31367-2/sref24
http://refhub.elsevier.com/S0029-8018(18)31367-2/sref24

	Green sea loads in irregular waves with Finite Volume method
	Introduction
	Numerical model
	SkyBench container ship
	Ship response calculation
	Design wave definition

	KCS seakeeping in regular waves
	Green sea CFD simulations for the SkyBench ship
	Regular Equivalent Design Wave simulation
	Response Conditioned Wave simulation
	Discussion and comparison

	Conclusion
	Acknowledgement
	References




