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ABSTRACT
Greenwater events may occur for ships or offshore structures in severe sea conditions,
resulting in a compact mass of seawater overtopping onto the deck with the potential to
damage the deck, topside structures and equipment. Engineering models used to assess
greenwater often incorporate composite methods, in which simplified and
computationally efficient models are used to predict different stages of a greenwater
event. Since these composite methods are used repeatedly across a large number of
possible seastates to screen for design events, any improvements in the models can
significantly improve the accuracy of greenwater assessments. The aim of this thesis is
to explore the underlying physics associated with greenwater using Computational Fluid
Dynamics (CFD), supported with additional numerical tools, so as to improve
engineering models and predictions of overtopping quantities, including the volume and
the damage potential of greenwater for an offshore structure.
Following a literature review, the first part of this thesis presents the numerical tools that
have been developed and used, i.e. linear potential flow theory, the shallow water
equations and a CFD-VOF based numerical wave tank to explore overtopping and
greenwater characteristics. Validation against analytical results or published
numerical/experimental data is presented for each numerical tool.
Greenwater overtopping of a 2D fixed rectangular box due to focused wave groups is then
investigated across a wide parameter space using CFD. A range of overtopping events
including dam break (DB), plunging plus dam break (PDB) and hammer fist (HF) events
are identified and mapped out as a function of incident wave steepness and relative wave
length. Predictions of the maximum horizontal momentum flux and overtopping volume
of the greenwater flow calculated using the classical dam break model are found to differ
substantially from measurements made in the CFD simulations. This inaccuracy is
associated with the inability of the classical model to capture transient aspects of the
overtopping process and the non-hydrostatic flow near the edge of the deck.
Subsequently, several modifications to the dam break problem are investigated to
overcome the inadequacies of the classical dam break solution for predicting the
horizontal momentum flux and overtopping volume of greenwater flow. Insight from
modified dam break models lead to a new parameter 𝑇 ′ = 𝑇NOT /√ℎNOT /𝑔, with 𝑇NOT
and ℎNOT being, respectively, the duration of freeboard exceedance and the maximum
freeboard exceedance derived from a simulation in which overtopping is supressed by
v

artificially extending the deck level above the freeboard. This new parameter dramatically
reduces scatter in the momentum flux and overtopping volume observed in the CFD
simulations. Furthermore, since the quantity can be estimated from potential flow
simulations (or from more complex numerical simulations that do not need to resolve
overtopping) it may be a practical and efficient indicator to better screen metocean
conditions to identify design sea states for greenwater.
The effects of bow flare angles on greenwater overtopping a fixed offshore vessel caused
by focused wave groups are then numerically investigated using CFD. The results
indicate that, for the special case in which the vessel is fixed, the bow flare angle can
significantly reduce greenwater quantities such as freeboard exceedance, momentum flux
and overtopping volume. It is also shown that trends in the overtopping volume and
momentum flux can be explained reasonably well using the modified dam break model
proposed in Chapter 5.
Finally, 2D greenwater overtopping of a floating box is numerically investigated. The
incident waves used are compact wave groups which correspond to the maximum relative
wave elevation according to linear theory. The motion of the box is calculated using linear
potential flow theory and then prescribed in the CFD simulation. It is found that the
normalized maximum horizontal momentum flux is consistent with that for a fixed box
when the incident wave length is much smaller than the box length (which coincides with
small relative duration for the present simulations). For longer incident wave lengths there
is arguably more scatter in the normalised momentum flux compared with that of a fixed
box, although the result is still bounded by a value of 1.5. This additional scatter is shown
to be due to the effect of box motion.
Collectively, the simulations of overtopping and greenwater flow presented in this thesis
for scenarios of increasing complexity suggest that there is practical value in both CFD
and in modifying the classical dam break models to better understand and predict the
evolution and damage potential of greenwater. CFD models have the advantage of high
resolution, so as to explore aspects of overtopping in detail, whilst dam break models are
efficient and can be inserted within the existing composite engineering methods to screen
large sets of metocean conditions and identify critical design sea states for refined
numerical modelling or model testing.
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CHAPTER 1
1.1

INTRODUCTION

Background

Greenwater is the name given to seawater which has overtopped a (normally dry) offshore
structure in severe sea conditions (this phenomenon is also known as water shipping).
The name greenwater distinguishes overtopping in the form of a compact mass of water
from white spray, which has negligible structural impact on the deck and deck structures
in comparison. Figure 1.1 shows a greenwater event on the tanker Golar Siri in the
hurricane “Judy” in 1963.
Greenwater events may occur on any type of offshore structure, including floating and
fixed offshore platforms, ship-shaped Floating, Production, Storage and Offloading Units
(FPSOs) and ships themselves. Typically the problem has been most severe for shipshaped FPSOs, which are often converted tanker vessels with small freeboard and
sensitive structures on deck. The present study mainly focuses on FPSOs. Examples of
damage caused by greenwater occurrence on FPSOs are given in Ersdal and Kvitrud
(2000) and HSE (2000a), while an example of a ship loss due to water shipping (and
inadequate design for such) is reported by Faulkner (2002).
Although FPSOs remain on station when operating, they may be moored so that they
rotate freely (‘weathervane’) about a moored point (e.g. external or internal turret
moored) or have a fixed heading (e.g. spread moored). In addition, some FPSOs (approx.
20% of those listed by MODEC, 2016), mostly of the weathervaning type, are
disconnectable so that they can, in fact, evade adverse weather. FPSOs of fixed heading
are appropriate only in benign environments where greenwater would not be expected.
However, weathervaning FPSOs are used in environments where greenwater should be
designed for. For disconnectable FPSOs conditions warranting disconnection, by
definition, mean that there is some probability of greenwater once the vessel is
disconnected and sailing under its own power. The problem of greenwater on a vessel
with forward speed is therefore relevant to FPSOs, though the forward speed is less than
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that of ships. Figure 1.2 shows photos of a permanently moored FPSO and an FPSO that
has a disconnectable buoy.

Figure 1.1 Greenwater overtopping onto the deck of the tanker Golar Siri (photo by Per
Meidel; cited in Greco, 2001).

To date, more than 160 FPSO vessels are in service around the world (MODEC, 2016).
Some of them are purpose built (~30%) for site-specific environments, and others are
converted tankers (~70%). For each FPSO a greenwater analysis must consider the full
range of possible metocean conditions, which determine the heading of a weathervaning
vessel as well as possibly causing greenwater. In addition, FPSOs have significant
variation in draft and freeboard, depending on their loading/ballast configuration, which
must also be taken into account.
Ultimately the purpose of greenwater analysis is to determine loads on structural or
topside elements. Damage to such elements leads to production downtime, and possibly,
though more rarely, a threat to the integrity of the vessel. A prediction of damage may be
dealt with by designing in measures to reduce or prevent the greenwater load, or, for a
disconnectable vessel, altering the seastates in which disconnection is mandated.
Reducing or preventing greenwater loads may be achieved by rearranging topside
elements, including process and marine equipment, piping and electrical cabling on the
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main deck and on the process modules, or by design greenwater barriers. Greenwater
events may also endanger personnel, and this also needs to be considered.

(a)

(b)

Figure 1.2 Two different types of FPSOs. (a) Purpose-built permanently moored FPSO
Gryphon Alpha with a turret in the middle of the vessel (courtesy of Maersk Oil); (b)
Tanker converted FPSO Nganhurra with an external turret that can be disconnected
during cyclones (courtesy of Woodside).

1.2

Aims

This thesis was undertaken as part of the ARC Industrial Transformation Research Hub
for Offshore Floating Facilities (Grant No. IH140100012). Its main focus is exploring the
physics and mechanisms underlying greenwater overtopping of an FPSO (represented as
a 2D object for simplicity). The occurrence of greenwater overtopping and the resultant
greenwater flow characteristics and damage potential are investigated numerically. The
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current practice of greenwater assessment makes use of composite methods, including
simplified and computationally efficient engineering models suitable for different stages
of a greenwater event, to determine design events by screening a large number of possible
seastates. This means that any improvements in the accuracy of these models can
significantly improve the accuracy of greenwater assessment. Therefore, an underlying
objective of this study has been to develop a deeper and clearer understanding of
overtopping and greenwater flow using CFD simulations of increasing complexity. Based
on these results, more accurate engineering models have been proposed for prediction of
greenwater flow characteristics and damage potential.

1.3

Outline of the thesis

This thesis comprises eight chapters. Following this brief Introduction (i.e. Chapter 1),
Chapter 2 provides a state-of-the-art literature review on greenwater (mainly relevant to
FPSOs). Chapter 3 develops and validates numerical tools, including a semi-analytical
linear potential flow solution, a finite volume solver for the shallow water equations
(SWEs) and a CFD based numerical wave tank (NWT). Numerical investigation of 2D
greenwater overtopping of a fixed box caused by focused wave groups across a wide
parameter space is carried out in Chapter 4. Chapter 5 then interprets these 2D greenwater
overtopping results using modified dam break models. The effects of bow flare angle on
greenwater overtopping of a fixed offshore vessel are investigated in Chapter 6.
Greenwater overtopping of a floating vessel responding linearly to incident focused wave
groups is numerically investigated using CFD in Chapter 7. A brief summary and
conclusions are then documented in Chapter 8.
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CHAPTER 2
2.1

LITERATURE REVIEW

Introduction

This chapter reviews the state of the art for determining greenwater loads on ship-shaped
FPSOs. The physics of a greenwater event is discussed first by splitting it into four stages
(details in the following section). Then the different approaches presently used by
industry to assess greenwater loads are presented together with a review of the available
guidance offered in classification society rules. The chapter concludes by explaining the
research that is the focus of this thesis.

2.2

Physics of greenwater incidents

Greenwater overtopping is a complex phenomenon. Conceptually it is common to
consider stages of evolution of a greenwater event, though caution must be used as the
‘stages’ are strongly linked. Following Buchner (1995a), we may list the stages of a
greenwater event as:
1. initial freeboard exceedance (i.e. the free surface is higher than the vessel edge);
2. water shipping onto the deck;
3. subsequent shallow water flow along the deck; and
4. impact on structure or equipment on deck.
Each of the stages is illustrated in Figure 2.1 and examples from model scale testing
reported in Buchner (2002) are given in Figure 2.2. In this Section the physics of each
stage of greenwater events is discussed in detail, with reference to the literature. The
physics of the problem will then be considered as a whole.
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Figure 2.1 Four stages of evolution of a greenwater event. (a) Initial freeboard
exceedance; (b) water shipping onto the deck; (c) shallow water flow along the deck;
and (d) impact on structures. f is the freeboard. See Section 2.2.1 for the definition of
𝑧(𝑡) and 𝜂(𝑡).
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Figure 2.2 Four stages of evolution of a greenwater event as observed in model scale
testing. (a) Instant just after the freeboard is exceeded; (b) water shipping onto the deck;
(c) shallow water flow along the deck; and (d) impact on structures. Figures from
Buchner (2002).

2.2.1 Freeboard exceedance
The relative wave elevation (RW) is the difference between the wave elevation at the edge
of the vessel (η) and the vertical elevation of the vessel edge (z), i.e., at a particular
location on the vessel edge and time t:
𝑅𝑊(𝑡) = 𝜂(𝑡) − 𝑧(𝑡)

(2.1)

Greenwater occurs if the relative wave elevation RW exceeds the freeboard f of the vessel
(see Figure 2.1(a)). As a result, freeboard exceedance events may only be determined if
both the wave and vessel motion (if any) are known. Model testing implicitly provides
both of these quantities, but theoretical or numerical predictions may also be useful.
If a relationship between freeboard exceedance and impact loading on deck structures is
known, or assumed, then estimates of greenwater loads can be reduced to the simpler
problem of calculating the probability of freeboard exceedance in a given sea state. By
assuming that the relative motions between wave and vessel to be linear, the probability
9

of freeboard exceedance may be found using a Rayleigh distribution (Ochi, 1964).
However, while Ochi reported linear relative motions of a model cargo ship (with forward
speed) in rather severe irregular waves, tests on FPSOs without forward speed by Buchner
(1995a) and Guedes Soares and Pascoal (2005) showed significant nonlinearity in the
relative freeboard. A modified Rayleigh distribution for relative freeboard that corrects
for non-linearities observed in such experiments using empirical coefficients was
developed by Buchner (1998). This model was discontinuous at zero relative freeboard,
in accordance with experiments. Guedes Soares and Pascoal (2005) suggested using a
Weibull distribution for the relative freeboard, in the negative region. Xiao et al. (2015)
experimentally investigated the wave run up (i.e. the positive relative freeboard) along
broadside FPSO units and found that the selection of parameters for the Weibull
distribution depended on the longitudinal location of the FPSO and sea conditions.
When the structure is fixed the relative freeboard is just the freeboard. Experiments on a
horizontal plate above the mean free surface (without supporting members below) by Cox
and Scott (2001) and Mori and Cox (2003) found that an exponential function with
empirically selected coefficient was adequate to describe the probability of negative
freeboard.
While it is of interest to investigate the probability of freeboard exceedance, it may be
useful to identify the design wave which causes maximum freeboard exceedance in a
given sea state. Drake (2000) applied NewWave theory (e.g. Tromans et al., 1991;
Jonathan and Taylor, 1997), in conjunction with an estimate of relative freeboard using
strip theory motions and the undisturbed free surface to second order, to produce a
theoretical design wave which maximised freeboard exceedance at a given location on a
slender vessel without forward speed. The (dominant) linear components of design waves
determined using this methodology were compared to averaged (and approximately
linearized) experimental free surface profiles associated with the N largest greenwater
events in a random wave model test (Drake, 2001). Encouraging agreement was observed.
The probability distributions for greenwater occurrence mentioned above rely heavily
upon empirical correlations or recourse to model tests and are not general. Tests on shipshaped bodies have generally focussed on freeboard exceedance at the bow, in headseawaves. One might be interested in how parameters such as forward speed, hull and
bow shape, wave direction, etc. affect the freeboard exceedance.
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In model tests with and without current Buchner (1995a) found that the presence of
current significantly altered (increased, in the examples given) the probability of
freeboard exceedance in a given sea state, and attributed this to the change in vessel
response due to the modified wave length of the incident waves (the modification of wave
length is mainly due to current-wave interactions). As the current was approaching from
the bow, these results are also relevant to vessels with low forward speed. Similarly,
Hamoudi and Varyani (1998) tested a 1/70 scale model of a high speed container ship and
found that the probability of deck wetness depended on the forward speed of the vessel.
Greco (2012b) found that the amount of greenwater on a patrol ship increased when tested
with forward speed.
The effect of bow shape on the occurrence of greenwater has been a point of discussion
over a large number of years. Early model tests of vessels with forward speed in regular
(O’Dea and Walden, 1984) and irregular head-sea waves (Lloyd et al., 1985) investigated
the effect of above-water bow shape. The former found that the wave height at which
greenwater occurred was not affected by bow shape, but that the amount of water on deck
was. Lloyd et al. (1985), meanwhile, found little effect of bow flare on relative freeboard
across a range of 15 degrees. Buchner (1996) investigated the effect of bow shape for an
FPSO without forward speed. Bow shape influenced the ship motions, though relative
freeboard was not affected in the same way, and different bow shapes led to different
relationships between freeboard exceedance and depth of water on deck. Clearly care
must be taken when seeking to generalise results for different bow shapes (Faltinsen et
al., 2002).
While the majority of studies have looked at freeboard exceedance at the bow, it is also
possible to have greenwater at the side of the vessel. Because freeboard along the side of
an FPSO is typically much lower than that at the bow, and different modes of motion are
important (e.g. roll instead of pitch), freeboard exceedance at the side may occur in
different sea states to those for the bow. Full scale examples of greenwater from the side
are given in Ersdal and Kvitrud (2000), while Buchner (1999) and Vestbostad (1999) both
investigated this problem. The former suggested that higher harmonic contributions to the
scattered free surface elevation were particularly significant along the side of the vessel.
This idea was revisited by Buchner et al. (2014), though only preliminary results were
given.
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Real ocean waves are directionally spread. Model testing campaigns have found that
directionally spread seas give less overtopping than unidirectional seas (HSE, 2002).
The discussion above has largely focussed on the physics of freeboard exceedance as
understood though model tests. Freeboard exceedance may also be calculated numerically
or analytically.
Both the vessel motion and the free surface elevation must be determined, and these are
not always done consistently. The simplest method to evaluate the free surface elevation
is to use the undisturbed wave elevation, to first- or second-order (as in Drake, 2000,
above). However, this neglects the disturbance of the wave field due to the presence of
the vessel, and, in the case of a vessel with forward speed, the wave pattern around the
ship created by its motion.
For vessels with zero forward speed the simplest consistent method to calculate the
relative freeboard is to solve the linear problem, which yields wave elevations and vessel
motions, and may be solved in the frequency domain by Boundary Element Method
(BEM) codes, such as HYDROSTAR (Bureau Veritas, 2010) and WAMIT (Wamit,
2006). Extending this to second-order for the free surface and/or vessel motions is
possible – the former is likely to be more useful. Comparison of experiment with secondorder diffraction calculations for a completely fixed simplified ship-like shape by Zang
et al. (2006) shows that second-order run up terms at the (vertical) bow are highly
significant, and can be captured by second-order diffraction codes. These terms include a
set-up at the bow, despite the incident wave group having a set-down, with obvious
consequences for freeboard exceedance. Neither first- nor second-order methods take
account of the above-waterline geometry. Fully nonlinear potential flow codes can
include the geometry above the waterline - a comparison of linear and nonlinear methods
for predicting the relative freeboard for a flared structure is given in Drake et al. (2009).
When the vessel has forward speed the situation becomes inherently more complex - the
equivalent linearized frequency domain approach is more computationally demanding,
due to the difficulty in evaluating the forward-speed Green function (e.g. Chen and Wu,
2001; Noblesse and Yang, 2004). Frequency domain strip theory approaches for the
vessel motion are possible (e.g. Salvesen et al., 1970), but fuller treatments often use a
time domain approach. Such forward speed time domain solutions are typically either a
transient Green function method or a Rankine panel method (in which the free surface
must be meshed as well as the body). Nonlinearities may be included in time domain
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codes in either a mathematically consistent or semi-empirical manner. Fundamentally it
is more time consuming to solve the relative freeboard problem for a moving vessel.
One source of nonlinearity in vessel motions often discussed in the context of greenwater
is slamming. If it is possible for the free surface to exceed the deck elevation, it is also
possible for the elevation of the keel (at the bow) to exceed the free surface elevation,
with a violent re-entry known as slamming. Since both may be a product of large pitch
motions greenwater and slamming may occur in the same sea state.

2.2.2 Water shipping onto the deck
During periods of freeboard exceedance water can flow onto the deck. Goda et al. (1976)
carried out experiments on a two dimensional (2D) ship section forced to heave in calm
water and noticed that the flow onto the deck resembled a classical dam break flow
(Stoker, 1957) – a type of shallow water flow with simple boundary conditions and thus
analytical solutions. Similar observations were made for flow over the bow by Buchner
(1995a) in model tests already discussed above, in which incident waves were present. In
the classical dam break model (see Figure 2.3), water of height h is behind a vertical dam,
over a flat bed. When the dam is instantaneously removed water moves forward with a
front velocity of 2√𝑔ℎ (where 𝑔 is the acceleration due to gravity). The maximum
horizontal momentum flux of the dam break flow (which is an indicator of damage
potential) is 0.25𝑔ℎ2 , the location of which moves forward with a constant speed of
0.5√𝑔ℎ.
As the greenwater phenomenon is complex and it somewhat resembles a dam break
(Buchner, 1995a; Ryu et al., 2007;), the analytical solution to the classical dam break is
used to estimate water flow on deck once the freeboard exceedance occurs (Chuang et al.,
2018). A key thing when using the classical dam break results is to transfer the freeboard
exceedance to the dam height, which has been dealt with in different ways by different
researchers. Buchner (1999) studied greenwater from the side of an FPSO and argued that
the experimentally observed freeboard exceedance should match the height of the point
of rotation – i.e. the initial dam height should be the freeboard exceedance increased by
the factor 9/4. However, in Faltinsen et al.(2002), the dam height was taken as the
experimentally observed maximum freeboard exceedance while the time instant of the
dam break was adjusted for each individual event. Such discussion arises because the
initial (and boundary) conditions for the classical solution: zero initial fluid velocity,
13

infinite dam of constant height, non-moving bed, etc. are not exhibited in real greenwater
flows.
These discrepancies between greenwater and dam break flows have been addressed in
various ways. For example, Schonberg and Rainey (2002) sought to investigate the effect
of the finite duration of freeboard exceedance on dam break flows. They constructed a
two dimensional potential flow model with a heaving deck in calm water (similar to the
experiments of Goda et al., 1976) and compared the maximum momentum flux from this
solution with dam break values – the former was found to be smaller in most instances.

Figure 2.3 The classical dam break problem. (Top) initial condition. (Bottom) free
surface elevation at successive times.
Computational Fluid Dynamics (CFD) modelling of dam break-type flows on a three
dimensional (3D) ship deck geometries with initial conditions determined using
experimental data was carried out by Fekken et al. (1999) and Pham and Varyani (2005).
The former considered no forward speed and used a dam break wrapped around the bow,
while the latter used a planar dam in front of the bow, with forward speed, and found that
in this case the relative velocity between deck and fluid needed to be included. Yilmaz et
al. (2003) presented a semi-analytical solution for dam break flow using Fourier analysis
valid for small times (when the shallow water equations are least accurate). HernandezFontes et al. (2018) proposed a wet dam break approach as an alternative to the incoming
wave for the generation of different types of isolated greenwater events. The capability
of such an approach was demonstrated experimentally.
Dam break predictions were compared to experimental greenwater overtopping of a 2D
deck by Ryu et al. (2007). The incident wave in this case was a breaking wave at the deck
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location, but despite this rather violent flow, a constant front velocity on deck was
observed, suggesting a dam break flow model could be relevant. When the dam height
was tuned to match the experimentally measured front velocity, reasonable agreement
was found with the fluid velocity behind the front, although agreement was poor close to
the leading edge of the deck. The comparison of water front velocity between greenwater
and dam break solution was further investigated by Chuang et al. (2018) for wave
overtopping of a 3D deck experimentally measured in a large wave basin.
A type of freeboard exceedance event for which the dam break model did not seem
appropriate was reported in some model test results (e.g. at MARINTEK – Hellan et al.,
2001 or Faltinsen et al., 2002). In such cases plunging waves could break directly on the
deck or topside structure – leading to an initial load at the point of impact without any
preceding flow in contact with the deck. The issue of identifying different types of
overtopping onto deck was taken up by Greco et al. (2005, 2007), based on model
experiments on a fixed 2D rectangular box (with a fillet below the waterline at the bow),
whose classes were:


Dam break (DB) events: in which there is no identifiable initial plunging because for
small freeboard exceedances surface tension has an influence (hence scale
dependent) or for very long waves horizontal velocity dominates over vertical;



Plunging plus dam break (PDB) events: the most common type, in which an initial
plunging phase local to the bow is followed by a dam break type flow on deck at the
later stage;



Plunging wave (PW) events: in which a large scale plunging breaker directly impacts
the deck or topside structures; and,



Hammer fist (HF) events: in which water exceeds the freeboard in the form of a fluid
arm with almost constant thickness and then collapses onto the deck in one mass of
fluid.

These different overtopping types are schematically illustrated in Figure 2.4.
The 2D experimental work of Greco et al. (2005, 2007) was complemented by Barcellona
et al. (2003) who conducted 3D experiments on ships without forward speed and found
fluid behaviour at the centreline of bow overtopping events similar to that in 2D, including
an initial plunging phase.
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Chuang et al. (2018) reported three types of overtopping events in their experimental tests
of random waves overtopping a 3D fixed offshore platform, namely: collapse of
overtopping wave, fall of bulk water and breaking wave crest. It seems that these three
types bear rough resemblance to DB, PW and HF events, respectively.
Potential flow theory has been used to tackle parts of the problem – evidently the whole
problem is not amenable to such analysis. Buchner and Cozijn (1997) used a mixed EulerLagrange nonlinear BEM method to simulate 2D wave overtopping of a wall extending
to the bottom of the tank. Numerical instabilities around the sharp corner were identified.
A similar method with improved treatment of the sharp corner of the vessel being
overtopped was described by Greco et al. (2004). Two different conditions at the corner
were imposed – one which allowed the water to leave the deck and the initial plunging
phase to be investigated (up to the point of impact with the deck) and one in which the
flow followed the deck, allowing flow on deck (excluding plunging) to be investigated
up to initial impact with a wall. In their domains of validity both approaches were shown
by Greco et al. (2005) to yield acceptable agreement with experiment.

Figure 2.4 Wave overtopping types observed for a wave group incident on a fixed box.
After Greco et al. (2007).

2.2.3 Flow along the deck
Once greenwater has started flowing over the deck it is suddenly in a domain with much
reduced water depth. Hence shallow water equations are often used to solve for the ondeck behaviour. The classical dam break discussed above is a situation in which the
shallow water equations admit an analytical solution. However, it is possible to solve the
shallow water equations numerically for different scenarios.
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This requires knowledge of the water motions around the vessel to provide boundary
conditions (in the form of elevation above freeboard and horizontal velocity) for the
shallow water model at the edge of the deck. An advantage of this approach is that it can
account for vessel motions and (provided the shallow water assumptions are maintained)
obstacles and non-trivial geometry on the deck. A disadvantage of the method is that the
initial water shipping onto the deck may not satisfy the shallow water assumption, such
that vertical accelerations are important over some transition distance close to the edge of
the deck (Faltinsen et al., 2002; Figure 2.1b). This is also suggested by the overtopping
types listed in the previous section. This finding highlights that caution is needed when
splitting greenwater incidents into the four different stages, since the transition distance
is inherently a function of the wave structure interaction outside the vessel.
Dillingham (1980) solved the shallow water equations in the reference frame of a rolling
2D slice of a ship using the random choice method, which allows hydraulic jumps which
form in the flow to be captured. The aim was to investigate the effect of greenwater on
the vessel motions, which was done by coupling with a potential flow solution. The
extension to a 3D vessel was formulated by Dillingham and Falzarano (1986) and
implemented by Zhou et al. (1999). Comparison to experiments showed that the flow on
deck was reasonably well captured provided that appropriate boundary conditions at the
deck edge were used.
Mizogushi (1989) investigated the water distribution on the deck of an S-175
containership both experimentally and numerically with varying freeboard heights and
ship speeds. The inflow boundary of the shallow water equations was given by the
measured water heights along the deck boundary. The effects of flow interactions and the
efflux occurring between the deck area and the outer region were considered in the
numerical simulations by expanding the computational domain to the outer region. The
numerical results were in good agreement with the experimental data.
Stansberg et al. (2002) predicted water propagation on the deck of an FPSO using a
shallow water approach and compared to model tests. The simulations captured the
behaviour better for some events than others, suggesting that additional physics may be
required. Greco and Lugni (2012a) integrated a shallow water model into a three
dimensional seakeeping numerical solver, which can consider both water on deck and
bottom slamming. The solution of the shallow water equations allowed for the additional
accelerations experienced due to vessel motions (i.e. the equations were solved in a
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moving reference frame; see Figure 2.1c). Liut et al. (2013) developed a quasi-three
dimensional hydrodynamic model to simulate greenwater phenomena. The shallow water
equations were numerically solved using the finite volume approach in the time domain
and then integrated with a large amplitude motion programs to consider the effects of
greenwater.
Some researchers also discuss the mutual influences between water-on-deck (WOD) and
ship motions. For example, Dillingham (1980) investigated numerically the seakeeping
characteristics of a small fishing vessel with greenwater occurrence and found that the
on-deck flow affects the roll motion of the vessel in the form of an effective roll damping.
By using a numerical solver (coupling a weakly nonlinear potential solver with a shallow
water approximation for WOD) together with experimental testing, Greco et al. (2014)
confirmed that the parametric roll affects the WOD, making its occurrence periodic with
the roll natural period and the flow asymmetric, and in return the WOD influences the
parametric roll instability by changing the duration of the transient phase.

2.2.4 Impact on structures
Ultimately the interest in greenwater events is often to determine the impact loads on a
structure. We distinguish three cases which may be relevant; i.e. loads on:


The deck itself;



Large, impermeable structures (represented by solid walls); and,



Slender structures on the deck or arrangements of these.

In most experiments pressure or loads are measured on some structures, and much of the
work has focussed on the second of the categories above. It is worth noting that the
assumptions of the shallow water equations mean that non-hydrostatic loads cannot be
determined directly in this framework, although dynamic effects associated with body
motions can be included in the shallow water formulation.
Pressure on deck (at one location) were measured by Ochi (1964) who stated that the
measured pressures were approximately hydrostatic – a similar conclusion was reached
by Goda et al. (1976) based on their forced-heave experiments. Buchner (1996)
considered load on deck and noted that for a moving deck two additional terms, due to
the rate of change of water depth and vertical deck acceleration, could be important. These
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terms were calculated using experimental measurements of water height and ship motion;
the static term was still found to be dominant, though no comparison to experimental
pressures was made. The discussion of different overtopping types in Section 2.2.2 above
indicates that impulse-type pressures on deck with different physical mechanisms may be
due to impact in localised (plunging plus dam break) or more extensive (plunging wave
or hammer-fist) areas, as mentioned by Greco et al. (2007). This is supported by the work
of Ariyarathne et al. (2012), who investigated a simplified deck structure experimentally,
with impulsive deck pressures found to be due to waves impinging directly on the deck.
Greenwater loading on a vertical wall perpendicular to the long axis of the vessel is a
problem which has been studied by several authors in two and three dimensions. Many
of these authors (e.g. Greco et al., 2005 (2D); Buchner, 1995a, Barcellona et al., 2003
(both 3D)) note a characteristic ‘two-peak’ profile in the experimentally measured
pressures or forces on the wall. The first peak is associated with the initial impact of the
flow across the deck on the wall, and the second with the collapse of the water which has
run up the wall. The former tends to dominate in terms of force, and pressure at the deck
level.
The general principles of wave impact on walls were expounded in Peregrine (2003).
Relevant to the greenwater problem are the much greater repeatability of pressure impulse
than pressure time signals, and the difficulty of scaling pressures/loads when air is
involved. In this context, the entrainment of air during the initial plunging phase may be
particularly relevant for loads on deck, as discussed by Greco et al. (2005), though the
presence of air in the flow on deck also complicates scaling of wall impacts. At lab scale
Ariyarathne et al. (2012) suggested that impact pressure correlated with kinetic energy of
the flow on deck corrected using the void fraction. In this work and others (for example,
Song et al., 2015; Chuang et al., 2017) empirical coefficients have been derived to allow
pressures to be calculated from incident velocities.
As the initial impact with a wall is (likely to be) inertia dominated, it is possible to neglect
the effect of gravity for this initial peak. Hence, Faltinsen et al. (2002) predicted the
greenwater loading on a vertical wall by coupling zero-gravity similarity solutions (Zhang
et al., 1996) with dam break theory. This method could be extended to an inclined wall,
for which the normal forces reduce. The important variable in this theory is the interior
wedge angle at the front of the greenwater flow – for small interior wedge angles, an
asymptotic method was used as a check. Zero-gravity similarity solutions were also
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adopted by Stansberg et al. (2002) in which the wedge angle and the horizontal velocity
were determined from the shallow water equations.
In principle, hydroelasticity should be accounted for in evaluating the resulting strains in
the on-deck structure. Faltinsen et al. (2002) considered the influence of hydroelasticity
using scaled model test results and full scale FPSO dimensions for a vertical wall on deck.
They concluded that in this case hydroelasticity is unimportant. Similar conclusions were
drawn by Greco et al. (2004). Based on results from a 2D numerical wave tank and fluidstructure interaction model Qin et al. (2017) suggested that deck elasticity affects local
fluid pressure during overtopping significantly, although its effects on global fluid motion
on deck are insignificant.
Greenwater loads on slender structures on deck were studied by Buchner (1999), who
note that these loads would be drag dominated, and could be estimated with an appropriate
drag coefficient. In fact, topside modules on FPSOs tend to resemble arrangements of
slender structures, rather than individual members. Because of their geometrical porosity
greenwater may flow through these arrangements, and this is expected to reduce the net
force on the structures. For instance a reduction in loading has been quantified for
arrangements of slender structures in the context of space-frame fixed platforms in both
current and combined wave and current flow conditions (Taylor et al. 1991, 2013; Santo
et al., 2014). Similar corrections may be relevant for slender structures on deck subjected
to greenwater, but research is required to investigate this further.

2.2.5 A unified picture of greenwater overtopping phenomenon
Dissection of greenwater events into separate stages (as described in the preceding
subsections) is useful but evidently somewhat arbitrary. Developments in high
performance computing mean that numerical simulation based on the Navier-Stokes
equations is now feasible for the ‘full’ greenwater problem (for very limited durations).
The available methods include Finite Volume/Element (FV/FE) methods with a Volume
of Fluid (VOF) surface capturing scheme, smoothed particle hydrodynamics (SPH) and
the moving particle semi-implicit (MPS). SPH and MPS are mesh-free particle methods
while FV/FE are mesh-based methods. However, all of these methods are
computationally demanding, meaning that intelligent selection of cases for investigation,
and the judicious use of simplifications, where possible, are still required.
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One of the earliest attempts to simulate the full greenwater problem using CFD was made
by Wan and Wu (1999) who modelled 2D greenwater incidents on a fixed vessel using a
Navier-Stokes solver with VOF. Further contributions by Kleefsman et al. (2005) and
Greco et al. (2007) both used a domain decomposition approach in which an outer
potential flow domain was coupled to an inner Navier-Stokes solver domain. Greco et al.
modelled a fixed box in 2D, while Kleefsman et al. modelled a moving ship – where the
ship motions were prescribed, based on a linear calculation. The latter used the
COMFLOW code which has been used for subsequent investigations and included a local
height function in the VOF formulation to prevent disintegration of the free surface in
this violent flow problem.
Zhu et al. (2006) numerically investigated greenwater incidents on a fixed FPSO model
in head-sea waves and on an oscillating vessel in beam sea conditions using a 2D
numerical wave tank based on the Navier-Stokes equations. A dynamic mesh technique
was introduced for simulating the vessel motion. Nielsen and Mayer (2004) numerically
studied greenwater loads on an FPSO model exposed to regular head-sea waves. The
shipped water height and impact pressure on structures were calculated for both fixed and
free floating vessels and their numerical results showed fair agreement with experimental
data by Greco (2001) and Buchner (2002).
Gomez-Gesteira et al. (2005) and Shao et al. (2006) utilized 2D SPH methods to
reproduce the experiments of Cox and Ortega (2002) and reported that the numerical
results reproduced the main flow features (free surface elevation and fluid velocity)
measured during greenwater occurrence. The former model was a weakly compressible
formulation and the latter incompressible, but pressures were not reported in either case.
Analysis of wave overtopping an FPSO in 2D and 3D was performed using SPH by Le
Touzéet al. (2010) where motion of the FPSO was prescribed rather than calculated in
the program and profiles of water on deck showed rather poor agreement in 3D, which
was attributed to resolution. Shibata and Koshizuka (2009) simulated 3D dynamic
behaviour of water shipping on a vessel with forward speed and predicted the impact
pressure on the deck using the MPS method. It was evident that more particles were
needed to resolve the flow and move towards satisfactory comparison with experiment.
At this time no comparison of pressures from SPH have been successfully made with
experimental measurement to the author’s knowledge.
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2.3

Quantifying and designing against greenwater effects

Due to the complex physics associated with greenwater it is understood that a range of
approaches are presently used in industry to quantify greenwater loads. These approaches
range from empirical formulae in classification rules through to model scale testing and
computational fluid dynamics. In this section we summarise the guidance available in
classification society rules and the range of design approaches available in practice. The
possible design solutions to mitigate greenwater loads are also discussed.

2.3.1 Guidance from classification societies
Classification societies publish rules on greenwater loading, and in some cases empirical
formulae which may be used to estimate design loads relevant to offshore units and ships.
Typically such rules and formulae deal with two cases: pressures on exposed decks and
pressures on structures/equipment on those decks. Table 2.1 summarize the rules and
standards relevant to the prediction of greenwater loading for the International
Association of Classification Societies (IACS) and four well-known classification
societies including (ⅰ) Lloyd’s Register (LR); (ⅱ) Bureau Veritas (BV); (ⅲ) Det Norske
Veritas (DNV); and (ⅳ) American Bureau of Shipping (ABS). It is noted that similar
reviews of classification societies rules on greenwater loads have been undertaken
previously, although these were conducted more than 15 years ago; see e.g. HSE (2000a).
The classification society rules and regulations listed in Table 2.1 make careful reference
to greenwater loading and require that it is considered in design and (where possible)
efforts are made to actively minimise the extent and effects of greenwater incidents. In
terms of providing guidance on the calculation of loads each of the rules suggest that
model scale testing may be employed. Empirical formulas to assess pressures on exposed
decks of FPSOs are commonly available, but differ for each classification society and do
not appear to take into account the detailed kinematics observed during overtopping
events. The fact that each formula requires slightly different inputs reflects the fact that
greenwater loading is still imperfectly understood. Each society’s rules for FPSOs make
reference to their equivalent rules for ships. The IACS rules for pressures on fittings and
hatch covers near the bow suggest that the pressures in these cases may be an order of
magnitude larger than the pressures on deck.
The society rules do not explicitly mention the computation of greenwater loads using
simplified methods aimed at stimulating (in turn) the different stages observed during a
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greenwater event (see Figure 2.1 and 2.2). They also do not recommend explicitly the use
of Computational Fluid Dynamics (CFD) in place of (or to assist) model scale testing.
However, it is understood that in practice simplified methods and (to a lesser extent) CFD
are often used to support model scale testing programs.
Table 2.1 Rules and standards relevant to the prediction of greenwater loading for the
IACS and four well-known classification societies
Classification

Ref.

Relevant Standards and Rules

Societies
IACS

LR

BV

DNV

ABS

l1

Common Structural Rules for Double Hull Oil Tankers

l2

Requirements Concerning: Strength of Ships

R1

Rules and Regulations for the Classification of Offshore Units

R2

Rule and Regulations for the Classification of Ships

R3

Rules for the Classification of Offshore Units

R4

Rules for the Classification of Steel Ships

R5

Common Structural Rules for Bulk Carriers and Oil Tankers

R6

DNV GL, Rules for Classification: Offshore Units

R7

DNV GL, Rules for Classification: Ships

R8

Offshore Standard, Safety Principles and Arrangements

R9

Offshore Standard, Structural Design for Offshore Ships

R10

Rules for Building and Classing: Floating Production
Installations

R11

Rules for Building and Classing: Steel Vessels

2.3.2 Model scale testing
Due to the nonlinear nature of greenwater incidents model scale testing remains a very
important and powerful approach when designing for greenwater loads. During model
tests, data may be gathered on water elevations (on deck or relative freeboard) and/or
pressure/loads. Some discussion of the requirements of model scale testing for greenwater
is also given in an HSE report on model testing FPSOs more generally (HSE, 2000b).
Model scale testing involves the construction of a model scale vessel and mooring system,
which is then placed within a sufficiently deep and wide wave basin. Model wave
contributions may then be introduced using wave paddles, and wind (or vessel) heading
may be controlled to investigate greenwater loading on the vessel directly.
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As with any model scale testing care is required to account for scale effects. This can
normally be achieved using Froude scaling to ensure that wave shape and vessel motions
are in similitude. As discussed in section 2.2.4 it may be harder to ensure similitude in
greenwater flow and loading if significant air pockets are observed during overtopping.
Care is also needed to ensure the model scale is sufficiently large to minimise relative
measurement errors.
Since model scale experiments are relatively involved and expensive to perform (both in
time and money), only a limited number of sea states and vessel ballast conditions can be
considered. This requires that a subset of sea states must be selected, but it is important
for design that the probability of greenwater occurrence is considered – which may be
difficult due to the rarity of these events (HSE 2000b).
Model scale testing is accepted by classification societies as a valid approach to estimate
design loads, but only if several steps are taken to ensure reliability in the testing, such as
visual observation from high-resolution video, appropriate locations of wave and load
gauges and sufficient sampling intervals, etc. (e.g. refer to R1 of LR, Table 2.1; DNVRP-C205).

2.3.3 Design methodologies and tools
A common approach used by industry to estimate greenwater loads is to assume that a
greenwater incident can be split into four different stages identified in Figures 2.1 and
2.2. With this assumption different approaches (of various levels of sophistication) may
then be used to simulate each stage of the greenwater event, and the results combined to
arrive at a final estimate of greenwater load. Examples include ‘GreenLab’ developed by
the Maritime Research Institute Netherlands (MARIN; Buchner, 2002) and the design
tool for greenwater, wave impact and structural response on bow and deck structures
developed by Norwegian Marine Technology Research Institute (MARINTEK; Hellan et
al., 2001). More recently Greco et al. (2012a, b) have developed and partially validated
(against experiments) a composite model for greenwater on ships with moderate forward
speed.
To estimate freeboard exceedance typical approaches employ potential flow predictions
accounting for linear motions of the vessel. More advanced approaches may introduce
second and higher order nonlinear corrections to the free surface, however it should be
noted that the application of these methods is likely to be most appropriate for small flare
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angle. To simplify the problem scattering is sometimes neglected in the potential flow
calculation. Empirical models are commonly used to account for roll damping when
computing vessel motions.
Shipping onto deck is normally not modelled explicitly. Instead it is assumed that the
freeboard exceedance calculations may be used to specify a boundary condition to the
modelling of the flow on deck. Specifying a boundary condition in this way means that
the analysis is not able to distinguish between the different kinematics inherent in the
various types of overtopping outlined in Figure 2.4, since by definition freeboard
exceedance calculations enforce zero normal velocity at the edge of the vessel. This
inevitably introduces some uncertainties in the analysis. A more advanced approach
might aim to correct the boundary condition at the edge of the vessel to encapsulate the
overtopping type and/or the transition zone before shallow water flow is established.
However, it is not clear that these more advanced methods are available in practice.
GreenLab uses an initial linear diffraction calculation but then makes use of a database
of coefficients determined by fitting experimental results to estimate nonlinear freeboard
exceedance, as well as water height on deck, velocity, loads on a standard (flat plate)
structure, etc.
Flow on deck is normally simulated using the classical dam break solution or a shallow
water flow model. For the classical dam break solution various approaches may be taken
to transfer the estimated freeboard exceedance to the ‘equivalent’ dam height as noted in
Section 2.2.2. Simple corrections are also sometimes specified to account for the transient
nature of overtopping. For more complex topside geometry and large vessel motions
shallow water models are adopted in place of dam break models.
Estimating the load on topside structures requires a local model since, as noted in Section
2.2.4, shallow water and dam break models are not capable of predicting loads directly.
Estimates can be made using an empirical relationship based on control volume
arguments which suggest that the pressure is proportional to the square of the horizontal
on-deck flow velocity. Alternatively, for the particular case of a flat impermeable wall on
deck the initial peak pressures may be approximated using a zero gravity solution for the
idealised problem of an infinite fluid wedge incident on a flat wall (e.g. Faltinsen et al.,
2002). CFD simulations may be used to assess loads on more complex structure (e.g., use
of ComFlow; Fekken et al., 1999).
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2.3.4 Computational fluid dynamics
CFD has advantages over the simplified composite modelling presented in Section 2.3.3
because it can model the complete overtopping problem. In the context of greenwater,
CFD refers to the approximation of the Navier-Stokes equations accounting for the free
surface. As noted in Section 2.2.5 the approaches available to achieve this include (i)finite
volume/element methods with a volume of fluid (VOF) surface capturing scheme (as in
OpenFOAM); (ⅱ) Meshless methods such as Smooth Particle Hydrodynamics (SPH) and
Moving Particle Method (MPS) and (ⅲ) hybrid methods in which CFD is used local to
the structure with a more computationally efficient potential flow code used in the far
field (e.g. Greco et al., 2007; 2013).
Comparison of CFD with model scale tests have generally shown reasonable agreement.
However, despite the improvements in computing power most of these comparisons have
only been possible for a small number of overtopping events associated with a countable
number of waves incident on a vessel. This is likely to remain the case, in an industry
context, for some time in the future. Hence the practical use of CFD in design requires
not just the ability to select a subset of design sea states (as for model scale testing) but
also an ability to select a subset of design wave groups within these design sea states. The
selection of these design wave groups may be undertaken (at least approximately) using
potential flow models for freeboard exceedance, or from model scale testing in which
CFD may attempt to reproduce the experiment to provide more detailed flow/force
information.

2.3.5 Design solutions
If greenwater loads determined using any of the methods above are found to exceed the
design capacity of the topside structures of interest then solutions must be found. Options
include the following (e.g. Buchner and Garcia, 2003; HSE, 2002):


Change the bow/hull shape (new-built only);



Use protective breakwaters on deck;



Increase the freeboard;



Change the structures on deck to reduce loads; and,
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Introduce operational restrictions.

Changing the bow or hull shape is the most dramatic of these, as the response of the vessel
to waves is fundamentally altered. It is also difficult to generalise about the effect of bow
shape on greenwater (see the discussion in Section 2.2.1). Many FPSOs operating in harsh
sea environments are fitted with structural greenwater protection, either as breakwaters
or local increases in the freeboard. For protection against greenwater damage at the bow,
breakwater walls may be fitted in front of the turret. Conventional breakwater designs
include straight (e.g. Stybarrow FPSO, Figure 2.5), V-shaped or breakwaters composed
of vertical vanes. When increasing the freeboard the bow bulwark may be shaped as an
extension of the vessel sides or take a ‘whaleback’ shape, with its upper section specially
shaped to deflect the flow outward (e.g. Ningaloo Vision FPSO, Figure 2.6). Protection
against greenwater from the side is usually achieved by fitting a permeable wall between
the vessel’s deck and the first topside deck (e.g. Balder FPSO, Figure 2.7). The permeable
wall design facilitates ventilation of the space between the two decks.
Classification societies may provide guidance on design solutions in addition to the
assessment of greenwater loads for offshore units. For example, R1 (Table 2.1)
recommends that appropriate measures should be considered to minimise greenwater
effects on the structure and critical equipment. This consideration may extend to the bow
shape design, flare, breakwaters and other protective structures such as turret housings.
Adequate drainage arrangements must also be provided. For units with unconventional
forward ends and units which may be subjected to high deck loading from green seas, it
is also stipulated that adequate protection by means of bulwarks and breakwater structures
is to be provided at the forward end and the scantlings of the structure and its under-deck
supports are to be specially considered. Where necessary the relevant loadings are to be
determined by model tests.
In ship design, fitting breakwaters at the fore deck of containership is a common practice.
The breakwater is usually a transverse wall of steel plate construction fitted just before
the first container bay. The breakwater height may be 5 m or higher; the plating of some
breakwaters is made permeable with several openings of the order of 1.0 m2 distributed
over the wall area. A typical structure of a breakwater is shown in Figure 2.8. Many
contemporary ships are fitted with ‘whaleback’ type greenwater protection at the fore
deck. Both of these options have been investigated by Varyani, Pham and co-authors
using model tests and CFD (e.g. Varyani et al., 2008). If breakwaters are fitted they must
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be designed appropriately with consideration given to the impact on structures behind if
they are overtopped. As an example, R11 (Table 2.1) contains special guidelines for the
design of breakwaters for containerships, including their scantlings and details. It is
indicated that the breakwater wall is not a class requirement, but if fitted it must comply
with the class provisions.
Structures on deck may be altered to reduce/prevent greenwater loads, either by changing
the shape of the structure or raising the structure above the deck. Operational restrictions
could include restrictions on draft, trim or heading, or, for disconnectable FPSOs,
changing disconnection requirements. However, such measures may be more expensive
than a design solution.

Figure 2.5 Breakwater structure on the Stybarrow FPSO (courtesy BHP and MODEC)

Figure 2.6 Increased bow freeboard on the Ningaloo Vision FPSO (courtesy Quadrant
Energy)
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Figure 2.7 Greenwater protection on the Balder FPSO (courtesy ExxonMobil, PSA,
2000)

Figure 2.8 Typical breakwater structure on a containership (R11, Table 2.1)

2.4

Conclusions and the need for future research

As greenwater overtopping onto FPSOs is such a complicated phenomenon, uncertainties
inevitably persist, which provide opportunities for future work. Engineering models used
to assess greenwater often incorporate composite methods, in which simplified and
computationally efficient models are used to predict different stages of a greenwater event
(Figure 2.1). The uncertainties in composite modelling approaches exist due to (i) the
simplifications inherent in the approximate models used for each stage, and (ii) the
transitions and inconsistencies between the approaches for different stages of the
greenwater event. Improved understanding of the uncertainties could be achieved by
detailed comparison with validated CFD simulations, which now have the ability to
systematically model the unified problem. Since these composite methods are used
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repeatedly across a large number of possible seastates to screen for design events, any
improvements in the models can significantly improve the accuracy of greenwater
assessments.
To further explore the uncertainties and thereby improve the understanding associated
with greenwater, this thesis conducts a systematic numerical study of greenwater
overtopping of a box in 2D. The 2D problem has the advantage that it represents a
conceptual and computational simplification of a 3D problem (allowing for investigations
across a wide parameter space), but retains some of the complexity inherent in
overtopping flows. The incident waves adopted are NewWave type focused wave groups
(Tromans et al., 1991) because (i) they are a more efficient way to investigate extreme
responses than waiting for the required event in a random wave field and thereby allow
for relatively short simulations; and (ii) they mostly avoid ambiguities such as multiple
overtopping associated with regular waves. An increasing level of complexity is
considered for the 2D problem, from a fixed rectangular box to a fixed box with a bow
flare and finally a floating box. For the fixed rectangular box, which is similar to that
analysed experimentally and numerically by Greco et al. (2005;2007), some
complementary questions are addressed, including (i) the relationship (if any) between
overtopping types and greenwater flow characteristics (and ultimately the impact loads)
and (ii) the relevance of the classical dam break model across the full range of overtopping
types and its usefulness in understanding parameters of primary importance for
greenwater. The findings derived from the (simple) fixed rectangular box model are then
extended sequentially to more complex and realistic models (i.e. considering bow flare
and then vessel motions), to systematically understand the influence of these additional
complexities on the greenwater characteristics and the accuracy of simplified dam break
models,
The 2D model considered in this thesis has a bare deck without any superstructure. This
decision is made because (i) the “bare” deck allows for investigating a full picture of
water flow evolution on deck; (ii) the damage potential of on-deck flow can be evaluated
in terms of horizontal momentum flux; and (iii) it is not straightforward (without
significantly increasing the parameter space) to compare the location of a topside
structure or its appropriate shape.

Chapter 2: Literature review

2.5

References

Ariyarathne, K., Chang, K.A. and Mercier, R., 2012. Green water impact pressure on a
three-dimensional model structure. Experiments in Fluids, 53(6), pp.1879-1894.
Barcellona, M., Landrini, M., Greco, M. and Faltinsen, O.M., 2003. An experimental
investigation on bow water shipping. Journal of ship research, 47(4), pp.327-346.
Buchner, B., 1995a. The impact of green water on FPSO design. In Offshore technology
conference. Offshore Technology Conference.
Buchner, B., 1996. The influence of the bow shape of FPSOs on drift forces and green
water. In Offshore Technology Conference. Offshore Technology Conference.
Buchner, B., 1998. A new method for the prediction of non-linear relative motions.
In Proceedings of the 17th International Conference on Offshore Mechanics and Arctic
Engineering (OMAE’98).
Buchner, B., 1999. Green water from the side of a weathervaning FPSO. In Proc. Conf.
Offshore Mechanics and Arctic Engineering, St. John’s.
Buchner, B., 2002. Green water on ship-type offshore structures. PhD thesis, TU Delft.
Buchner, B. and Cozijn, J.L., 1997. An investigation into the numerical simulation of
green water. MARIN, February.
Buchner, B. and Garcia, J.L.C., 2003, January. Design aspects of green water loading on
FPSOs. In ASME 2003 22nd International Conference on Offshore Mechanics and
Arctic Engineering (pp. 301-306). American Society of Mechanical Engineers.
Buchner, B., van den Berg, J., Helder, J. and Bunnik, T., 2014. Non-linear wave runup
along the side of ships causing green water problems: experiments and first CFD
calculations. In ASME 2014 33rd International Conference on Ocean, Offshore and
Arctic Engineering (pp. V01AT01A002-V01AT01A002). American Society of
Mechanical Engineers.
Bureau Veritas, Common Structural Rules for Bulk Carriers and Oil Tankers, BV, Paris,
January, 2015.
Bureau Veritas, Rules for the Classification of Offshore Units Part D, Service Notations,
BV, Paris, December, 2016.
Bureau Veritas, Rules for the Classification of Steel Ships Part B, Hull and Stability, BV,
Paris, July, 2016.
31

Chen, X.B. and Wu, G.X., 2001. On singular and highly oscillatory properties of the
Green function for ship motions. Journal of Fluid Mechanics, 445, pp.77-91.
Chuang, W.L., Chang, K.A. and Mercier, R., 2017. Impact pressure and void fraction due
to plunging breaking wave impact on a 2D TLP structure. Experiments in
Fluids, 58(6), p.68.
Chuang, W.L., Chang, K.A. and Mercier, R., 2018. Kinematics and dynamics of green
water on a fixed platform in a large wave basin in focusing wave and random wave
conditions. Experiments in Fluids, 59(6), p.100.
Cox, D.T. and Ortega, J.A., 2002. Laboratory observations of green water overtopping a
fixed deck. Ocean Engineering, 29(14), pp.1827-1840.
Cox, D.T. and Scott, C.P., 2001. Exceedance probability for wave overtopping on a fixed
deck. Ocean engineering, 28(6), pp.707-721.
Dillingham, J., 1980. Motion studies of a vessel with water on deck, Marine Technology,
18 (1), 38-50.
Dillingham, J.T. and Falzarano, J.M., 1986. Three-dimensional numerical simulation of
green water on deck. The Third International Conference on Stability of Ships and
Ocean Vehicles, Gdansk, Poland.
DNV, Rules for Classification of Ships Part 3 Chapter 1, Hull Structural Design, Ships
with Length 100 metres and above. DNV, July, 2011.
DNV, Recommended Practice, Environmental Conditions and Environmental Loads
Chapter 10, Hydrodynamic model testing. DNV, April, 2007.
DNV GL, Rules for Classification: Offshore Units Part 2, Floating Production Storage
and Loading Units, DNV GL, April, 2016.
DNV GL, Offshore Standard, Safety Principles and Arrangements. DNV GL, July, 2015.
DNV GL, Offshore Standard, Structural Design for Offshore Ships. DNV GL, July, 2015.
Drake, K.R., 2000. Transient design waves for green-water loading on bulk
carriers. Journal of marine science and technology, 5(1), pp.21-30.
Drake, K.R., 2001. Wave profile characterisation of green water loading events from
model test data. Applied ocean research, 23(4), pp.187-193.
Drake, K.R., Eatock Taylor, R., Taylor, P.H. and Bai, W., 2009. On the hydrodynamics
of bobbing cones. Ocean Engineering, 36(15-16), pp.1270-1277.

Chapter 2: Literature review

Ersdal, G. and Kvitrud, A., 2000, January. Green water on Norwegian production ships.
In The Tenth International Offshore and Polar Engineering Conference. International
Society of Offshore and Polar Engineers.
Faltinsen, O.M., Greco, M. and Landrini, M., 2002. Green water loading on a
FPSO. Journal of Offshore Mechanics and Arctic Engineering, 124(2), pp.97-103.
Fekken, G., Veldman, A.E.P. and Buchner, B., 1999. Simulation of green-water loading
using the Navier-Stokes equations. In Proceedings 7th Intern. Conf. on Numerical
Ship Hydrodynamics, Nantes.
Goda, K., Miyamoto, T. and Yamamoto, Y., 1979. A Study of Shipping Water Pressure
on Deck by Two-Dimensional Ship Model Test. Naval Architecture and Ocean
Engineering, 17.
Gómez-Gesteira, M., Cerqueiro, D., Crespo, C. and Dalrymple, R.A., 2005. Green water
overtopping analyzed with a SPH model. Ocean Engineering, 32(2), pp.223-238.
Greco, M., 2001. A two-dimensional study of green-water loading. Doctoral dissertation,
the Norwegian University of Science and Technology.
Greco, M., Landrini, M. and Faltinsen, O.M., 2004. Impact flows and loads on ship-deck
structures. Journal of Fluids and Structures, 19(3), pp.251-275.
Greco, M. and Lugni, C., 2012. 3-D seakeeping analysis with water on deck and
slamming. Part 1: numerical solver. Journal of Fluids and Structures, 33, pp.127-147.
Greco, M., Bouscasse, B. and Lugni, C., 2012b. 3-D seakeeping analysis with water on
deck and slamming. Part 2: Experiments and physical investigation. Journal of fluids
and structures, 33, pp.148-179.
Greco, M., Colicchio, G. and Faltinsen, O.M., 2007. Shipping of water on a twodimensional structure. Part 2. Journal of Fluid Mechanics, 581, pp.371-399.
Greco, M., Colicchio, G., Lugni, C. and Faltinsen, O.M., 2013. 3D domain decomposition
for violent wave‐ship interactions. International Journal for Numerical Methods in
Engineering, 95(8), pp.661-684.
Greco, M., Faltinsen, O.M. and Landrini, M., 2005. Shipping of water on a twodimensional structure. Journal of Fluid Mechanics, 525, pp.309-332.
Guedes Soares, C. and Pascoal, R., 2005. Experimental study of the probability
distributions of green water on the bow of floating production platforms. Journal of
Offshore Mechanics and Arctic Engineering, 127(3), pp.234-242.
33

Greco, M., Lugni, C. and Faltinsen, O.M., 2014. Can the water on deck influence the
parametric roll of a FPSO? A numerical and experimental investigation. European
Journal of Mechanics-B/Fluids, 47, pp.188-201.
Hamoudi, B. and Varyani, K.S., 1998. Significant load and green water on deck of
offshore units/vessels. Ocean Engineering, 25(8), pp.715-731.
Health and Safety Executive (HSE), 2000a. Offshore technology report – OTO 2000 004.
Review of greenwater and waveslam design and specification requirements for
FPSO/FSU’S. March 2000, Project No: 3759.
Health and Safety Executive (HSE), 2000b. Offshore technology report – OTO 2000 123.
Review of model testing requirements for FPSO’S. ISBN: 0717620468.
Health and Safety Executive (HSE), 2002. Offshore technology report – OTO 2002 018.
FPSO response in long and short crested seas. ISBN 0717623459.
Hellan, Ø., Hermundstad, O.A. and Stansberg, C.T., 2001. Design Tool for Green Sea,
Wave Impact, and Structural Response on Bow and Deck Structures. In Offshore
Technology Conference. Offshore Technology Conference.
Hernández-Fontes, J.V., Vitola, M.A., Silva, M.C., Paulo de Tarso, T.E. and Sphaier,
S.H., 2018. On the Generation of Isolated Green Water Events Using Wet Dam
Break. Journal of Offshore Mechanics and Arctic Engineering, 140(5), p.051101.
IACS, Common structural rules for bulk carriers, IACS, July 2012.
IACS, Requirements concerning: Strength of ships, IACS, 2016.
Jonathan, P. and Taylor, P.H., 1997. On irregular, nonlinear waves in a spread sea. Journal
of Offshore Mechanics and Arctic Engineering, 119(1), pp.37-41.
Kleefsman, K.T., Loots, G.E., Veldman, A.E., Buchner, B., Bunnik, T. and Falkenberg,
E., 2005, January. The numerical simulation of green water loading including vessel
motions and the incoming wave field. In ASME 2005 24th International Conference
on Offshore Mechanics and Arctic Engineering (pp. 981-992). American Society of
Mechanical Engineers.
Le Touzé, D., Marsh, A., Oger, G., Guilcher, P.M., Khaddaj-Mallat, C., Alessandrini, B.
and Ferrant, P., 2010. SPH simulation of green water and ship flooding
scenarios. Journal of Hydrodynamics, Ser. B, 22(5), pp.231-236.

Chapter 2: Literature review

Liut, D.A., Weems, K.M. and Yen, T.G., 2013. A Quasi-three-dimensional Finite-volume
Shallow WaterModel for Green Water on Deck. Journal of Ship Research, 57(3),
pp.125-140.
Lloyd, A.R.J.M., 1985. The Effect of Bow Shape on Deck Wetness in Head Seas. The
Royal Institution of Naval Architects, Trans. RINA, pp. 9-25.
Lloyd’s Register, Rules and Regulations for the Classification of Offshore Units, LR,
London, July 2016.
Lloyd’s Register, Rules and Regulations for the Classification of Ships, LR, London, July
2016.
Mizoguchi, S., 1989. Design of freeboard height with the numerical simulation on the
shipping water. In International Symposium on Practical Design of Ships and Mobile
Units (PRADS), 4th.
Mori, N. and Cox, D.T., 2003. Dynamic properties of green water event in the
overtopping of extreme waves on a fixed dock. Ocean engineering, 30(16), pp.20212052.
Noblesse, F., Yang, C., 2004. A simple Green function for diffraction-radiation of timeharmonic waves with forward speed. Ship Technology Research, 51(1), pp.35-52.
Nielsen, K.B. and Mayer, S., 2004. Numerical prediction of green water incidents. Ocean
Engineering, 31(3-4), pp.363-399.
Ochi, M.K., 1964. Extreme behavior of a ship in rough seas: slamming and shipping of
green water. Society of Naval Architects and Marine Engineers.
O’Dea, J.F., and Walden, D.A., 1984. The effect of bow shape and nonlinearities on the
prediction of large amplitude motion and deck wetness. In 15th Symp. on naval
hydrodynamics, Hamburg, National Academy Press, Washington D.C., pp. 163-176.
Peregrine, D.H., 2003. Water-wave impact on walls. Annual review of fluid
mechanics, 35(1), pp.23-43.
Pham, X.P. and Varyani, K.S., 2005. Evaluation of green water loads on high-speed
containership using CFD. Ocean Engineering, 32(5-6), pp.571-585.
Qin, H., Tang, W., Hu, Z. and Guo, J., 2017. Structural response of deck structures on the
green water event caused by freak waves. Journal of Fluids and Structures, 68, pp.322338.

35

Ryu, Y., Chang, K.A. and Mercier, R., 2007. Application of dam break flow to green
water prediction. Applied Ocean Research, 29(3), pp.128-136.
Salvesen, N., Tuck, E.O. and Faltinsen, O., 1970. Ship motions and sea loads. Trans.
SNAME, 78(8), pp.250-287.
Santo, H., Taylor, P.H., Williamson, C.H.K. and Choo, Y.S., 2014. Current blockage
experiments: force time histories on obstacle arrays in combined steady and oscillatory
motion. Journal of Fluid Mechanics, 739, pp.143-178.
Shao, S., Ji, C., Graham, D.I., Reeve, D.E., James, P.W. and Chadwick, A.J., 2006.
Simulation of wave overtopping by an incompressible SPH model. Coastal
Engineering, 53(9), pp.723-735.
Shibata, K., Koshizuka, S. and Tanizawa, K., 2009. Three-dimensional numerical
analysis of shipping water onto a moving ship using a particle method. Journal of
Marine Science and Technology, 14(2), pp.214-227.
Song, Y.K., Chang, K.A., Ariyarathne, K. and Mercier, R., 2015. Surface velocity and
impact pressure of green water flow on a fixed model structure in a large wave
basin. Ocean Engineering, 104, pp.40-51.
Stansberg, C., Hellan, O., Hoff, J. and Moe, V., 2002. Green sea and water impact:
numerical predictions validated against model tests. In Proceedings of OMAE.
Stoker, J.J., 1957. Water waves: The mathematical theory with applications. Interscience,
New York, 2, p.5.
Taylor, P.H., 1991, January. Current blockage: reduced forces on offshore space-frame
structures. In Offshore Technology Conference. Offshore Technology Conference.
Taylor, P.H., Santo, H. and Choo, Y.S., 2013. Current blockage: Reduced Morison forces
on space frame structures with high hydrodynamic area, and in regular waves and
current. Ocean Engineering, 57, pp.11-24.
Tromans, P.S., Anaturk, A.R. and Hagemeijer, P., 1991. A new model for the kinematics
of large ocean waves-application as a design wave. In The First International Offshore
and Polar Engineering Conference. International Society of Offshore and Polar
Engineers.
Varyani, K., Hodgson, T. and Pham, X., 2008. Effective and efficient breakwater design
for trading vessels and FPSOS. Journal of Offshore Mechanics and Arctic
Engineering, 130(2), p.021004.

Chapter 2: Literature review

Veritas, B., 2010. HydroStar user manual. Bureau Veritas, Paris.
Vestbøstad, T.M., 1999. Relative wave motion along the side of an FPSO hull.
In Proceedings of the 18th Conference on Offshore Mechanics and Arctic Engineering
(OMAE’99).
Wamit, 2006. WAMIT User manual. WAMIT, Inc.
Wan, D.C. and Wu, G.X., 1999. The numerical simulation of the green water effect.
In Proceedings of the 14th International Workshop on Water Waves and Floating
Bodies, BeckRF, SchultzWW (eds). National Academic Press: Washington, DC (pp.
163-176).
Xiao, L., Yang, J., Tao, L., & Li, X., 2015. Shallow water effects on high order statistics
and probability distributions of wave run ups along FPSO broadside. Marine
Structures, 41, 1-19.
Yilmaz, O., Incecik, A. and Han, J.C., 2003. Simulation of green water flow on deck
using non-linear dam breaking theory. Ocean Engineering, 30(5), pp.601-610.
Zang, J., Gibson, R., Taylor, P.H., Taylor, R.E. and Swan, C., 2006. Second order wave
diffraction around a fixed ship-shaped body in unidirectional steep waves. Journal of
Offshore Mechanics and Arctic Engineering, 128(2), pp.89-99.
Zhang, S., Yue, D.K. and Tanizawa, K., 1996. Simulation of plunging wave impact on a
vertical wall. Journal of Fluid Mechanics, 327, pp.221-254.
Zhou, Z.Q., De Kat, J.O. and Buchner, B., 1999. A nonlinear 3-D approach to simulate
green water dynamics on deck. In Proc. 7th International Symposium on Numerical
Ship Hydrodynamics, Report (Vol. 7).
Zhu, R.C., Lin, A.W., and Miao, G.P., 2006. Numerical simulation for green water
occurrence. Journal of Hydrodynamics, Ser. B, 18(3), pp.498-504.

37

Chapter 3: Development and assessment of numerical tools

CHAPTER 3

DEVELOPMENT

AND

ASSESSMENT OF NUMERICAL TOOLS
3.1

Introduction

This chapter provides details of the different numerical tools which will be used to study
greenwater phenomena in subsequent chapters. These numerical tools include a semianalytical model based on linear potential flow theory for a floating rectangular box, a
nonlinear shallow water equations (SWEs) solver and a CFD-based numerical wave tank
(NWT). Linear potential flow theory may be used to give a quick (although rough)
estimate of freeboard exceedance as well as (relatively accurate) vessel motions. The
nonlinear SWEs are solved on the local deck region (where the flow is, or becomes,
shallow) to help interpret results from other numerical tools such as CFD. The CFD-VOF
numerical wave tank may be used to model the complete overtopping problem. For each
numerical tool, validation has been performed against analytical results and/or published
numerical/experimental data.

3.2

Linear potential flow solution for rectangular box

3.2.1 Mathematical model
For simplicity, we consider a two-dimensional problem and use a floating rectangular box
to represent an FPSO model (see Figure 3.1). The rectangular box has a length of 𝐿 = 2𝑎
and a draft of 𝐷. The water depth is denoted as ℎ. A Cartesian coordinate system is used
with the origin located at the still water level and positive x to the right and positive z
upward. Following Zheng et al. (2004), the mathematical model is established for small
amplitude waves interacting with a rectangular box and the eigenfunction expansion
matching method is used to solve this problem.
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Figure 3.1 Schematic of a rectangular box for diffraction and radiation analysis
If the fluid is assumed to be incompressible and inviscid and its motion irrotational, the
velocity field can be expressed by the gradient of a scalar velocity potential

 ( x, z, t )  Re[( x, z ) e  it ] , where Φ(x,z) is a complex variable representing the spatial
section of the velocity potential and Re[ ] represents the operation of taking the real part
of a complex variable, ω is the circular wave frequency and t is time. Φ(x, z) satisfies the
2D Laplace equation,

 2  2

0
x 2 z 2

(3.1)

The velocity potential Φ(x, z) may be decomposed into the incident wave potential ΦI(x,
z), the scattered potential ΦS(x, z) and the radiated potential ΦR(x, z) due to the motion of
the box including heave and pitch (sway is not considered in the present study), as
follows,
(2)
  x, z    I  x, z   S  x, z    (1)
R  x, z    R  x, z 

(3.2)

where the superscript (1) and (2) represent the radiated potential caused by the heave and
pitch motion, respectively.
The incident potential ΦI(x, z) representative of linear waves propagating in the positive
x direction is

I  

i gA cosh[k ( z  h)] i kx
e

cosh(kh)

(3.3)
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where i is the imaginary unit, g is the acceleration due to gravity, A is the incident wave
amplitude and k is the wave number, which satisfies the dispersion relationship 𝜔2 =
𝑔𝑘tanh(𝑘ℎ).
The boundary conditions for the scattered wave potential ΦS(x, z) are given as follows,

S  2

S  0 ( z  0, x  a or x  a)
z
g

(3.4)

S
 0 ( z   h)
z

(3.5)

S
 I

( z   D,  a  x  a)
z
z

(3.6)

S
 I

( D  z  0, x   a)
x
x

(3.7)

 S outgoing; finite value, x  

(3.8)

The motion of the box is assumed to be small and its complex amplitude is denoted as
(𝑗)

𝐴𝑅 (𝑗 = 1, 2) . Then the radiated wave potential (Rj ) can be expressed as

(Rj ) = - i AR( j )R( j ) ( x, z) with the boundary conditions for the unit radiated potential

R( j ) ( x, z ) given as follows,
R( j )  2 ( j )
 R  0 ( z  0, x  a or x  a)
z
g

(3.9)

 R( j )
 0 ( z   h)
z

(3.10)

R(1)
 1 ( z   D,  a  x  a ) (heave)
z

(3.11)

R(2)
  ( x  x0 ) ( z   D,  a  x  a ) (pitch)
z

(3.12)

R(1)
 0 ( D  z  0, x   a ) (heave)
x

(3.13)

R(2)
 z  z0 ( D  z  0, x   a ) (pitch)
x

(3.14)

R( j ) outgoing; finite value, x  

(3.15)

where (𝑥0 , 𝑧0 ) is the centre of rotation for the pitch motion.
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3.2.2 Solution to the scattered and radiated potentials
The eigenfunction expansion matching method (e.g. Zheng et al., 2004; Linton and
McIver, 2001) is used to solve the diffraction and radiation problems outlined in Section
3.2.1. The fluid domain, as shown in Figure 1, is divided into three subdomains I, II and
III. The corresponding scattered and radiated potentials in these three subdomains are
( j)
( j)
( j)
denoted as ΦS1, ΦS2 and ΦS3 and (R1j ) (or R1
), (R2j ) (or R2
) and (R3j ) (or R3
)

respectively. In each subdomain the method of separation of variables is used to obtain
the expressions for the velocity potential. These expressions are finite series of
eigenfunctions which satisfy all the boundary conditions except those on the body surface
at the position 𝑥 = ±𝑎. Then the unknown coefficients can be calculated according to the
continuity conditions of pressure and velocity at the boundary 𝑥 = ±𝑎, −ℎ < 𝑧 < −𝐷.
The diffracted wave potentials in subdomains I, II and III are expressed, respectively, as
follows,


 S1   A1n cos[ n ( z  h)]e  n ( x  a )

(3.16)

n 1



 S2   I  A21 x  B21   ( A2 n e n ( x  a )  B2 n e  n ( x  a ) ) cos[  n ( z  h)]

(3.17)

n2



 S3   A3n cos[ n ( z  h)]e n ( x  a )

(3.18)

n 1

where 𝐴1𝑛 , 𝐴2𝑛 , 𝐴3𝑛 and 𝐵2𝑛 are the coefficients, and 𝛼𝑛 and 𝛽𝑛 are the eigenvalues
which are given by

1  ik , k tanh(kh)   2 / g

(3.19)

 n tan( n h)   2 / g , n  2,3,...

(3.20)

 n  (n  1) / (h  D), n  1, 2,3,...

(3.21)

The radiated wave potentials in subdomains I, II and III are given, respectively, by


( j)
R1
  A1(nj ) cos[ n ( z  h)]e 

n ( xa )

(3.22)

n 1

(1)
R2



( z  h) 2  x 2
 xa
  x a
(1)
(1)
 A21
x  B21
  A2(1)n e n    B2(1)n e n   cos   n ( z  h)
2h2
n2





(3.23)
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(2)
R2


( z  h) 2  x  x0   x3 / 3
(2)
(2)
 A21
x  B21
2h2




 A e
n2

(2)  n  x  a 
2n

(2)   n  x  a 
2n

B e

 cos   ( z  h)

(3.24)

n



( j)
R3
  A3(nj ) cos[ n ( z  h)]e

n ( x +a )

(3.25)

n 1

The continuity conditions for the diffracted potential at 𝑥 = ±𝑎 are given by
  I

 D  z  0, x  a
 S1  x

x
  S2  h  z   D, x  a
 x

(3.26)

  I

 D  z  0, x   a
 S3  x

x
  S2  h  z   D, x   a
 x

(3.27)

 S1 = S2  h  z   D，x  a

(3.28)

 S3 = S2  h  z   D，x   a

(3.29)

The continuity conditions for the radiated potential at the boundary 𝑥 = ±𝑎 are given as
follows,
0
(1)
R1
 (1)
  R2
x

 x
 z  z0
(2)
 R1

   (2)
R2
x

 x

0
(1)
R3
 (1)
  R2
x

 x
 z  z0
(2)
R3

   (2)
R2
x

 x

 D  z  0, x  a

(3.30)

 h  z   D, x  a
 D  z  0, x  a

(3.31)

 h  z   D, x  a

 D  z  0, x  a

(3.32)

 h  z   D, x   a
 D  z  0, x  a

(3.33)

 h  z   D, x   a

( j)
R1
=R( j2)  h  z   D, x  a

(3.34)

R( j3) =R( j2)  h  z   D, x  a

(3.35)
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In order to solve the unknown coefficients in Equations (3.16) - (3.25), both the left hand
side and right hand side of Equations (3.26) – (3.35) are multiplied by their corresponding
eigenfunctions and then integrated along the z direction. Therefore, Equations (3.26) –
(3.35) are re-expressed as

 S1
x
h
0



cos[ n ( z  h)]d z
xa

 I
 
x
D
0

 S3
x
h
0





D



S3 x  a

(1)
R1
 x
h

xa

D



h

(2)
 R1
 x
h

xa

S2 x  a



h

S2 x  a

cos[ n ( z  h)]d z

D

(1)
R2
cos[ n ( z  h)]d z  
x
h
x  a

(2)
R3
 x
h

x  a

0

cos[ n ( z  h)]d z
xa

cos[ n ( z  h)]d z

(3.42)
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cos[ n ( z  h)]d z
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R2
   z  z0  cos[ n ( z  h)]d z + 
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D
h

D

( j)
R1 x  a

(3.43)
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D
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Substituting expressions for the diffracted and radiated potentials (i.e. Equations (3.16) –
(3.25)) into Equations (3.36) – (3. 45), taking the first N terms in the infinite series of
eigenfunctions and making some manipulations yields the following linear system of
equations,

SXS  FS

(3.46)

SX(Rj )  FR( j )

(3.47)

𝐗 S = [𝐴11 , … , 𝐴1𝑁 , 𝐴21 , … , 𝐴2𝑁 , 𝐴31 , … , 𝐴3𝑁 , 𝐵21 , … , 𝐵2𝑁 ]T

where
(𝑗)

(𝑗)

(𝑗)

(𝑗)

(𝑗)

(𝑗)

(𝑗)

;

(𝑗)

𝐗R =

(𝑗)

[𝐴11 , … , 𝐴1𝑁 , 𝐴21 , … , 𝐴2𝑁 , 𝐴31 , … , 𝐴3𝑁 , 𝐵21 , … , 𝐵2𝑁 ]T ; S is a 4N×4N coefficient matrix
(𝑗)

and 𝐅S and 𝐅R are vectors. The expressions for these are given in Appendix A.
After solving Equation (3.46) and (3.47), we get the values of the coefficients in
Equations (3.16) – (3.25) and thus the diffracted and radiated potentials at a position in
each subdomain are known.
The free surface elevation is of interest for greenwater problems. After obtaining the
diffracted and radiated potentials, the scattered and radiated wave elevations, as well as
the incident wave elevation (actually the complex wave amplitude) are solved by
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i
I
g
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i
S z 0
g

R( j ) 

z 0

i  ( j)
R
g

 Aei kx

(3.48)
(3.49)

z 0

=

 2 ( j) ( j)
AR R
g

(3.50)

z 0

3.2.3 Solution to the motion of the box
After obtaining the scattered and radiated potentials, we can solve for the motion of the
box. First, we solve the wave excitation force exerted on the rectangular box. Wave
excitation forces are the forces due to the incident waves acting on a fixed body, which
can be calculated using the incident and scattered wave potential as follows,

FW j   i     I  S  n j dS

(3.51)

S0
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where 𝐹W𝑗 is the complex amplitude of wave excitation force for the jth mode (j=1, 2
represents heave and pitch, respectively); 𝑆0 is the mean wetted surface of the box; 𝑛𝑗 is
the component of a generalized normal vector with 𝑛1 = 𝑛𝑧 and 𝑛2 = (𝑧 − 𝑧0 )𝑛𝑥 −
(𝑥 − 𝑥0 )𝑛𝑧 , where 𝒏 = 𝑛𝑥 𝒊 + 𝑛𝑧 𝒌 is the normal vector pointing into the box at the box
surface.
Substituting Equations (3.3) and (3.16) – (3.18) into Equation (3.51), we obtain the
vertical excitation force and the moment about (𝑥0 , 𝑧0 ), respectively, as follows,

FW1   i     I   S  n1 dS
S0

(3.52)
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Next we consider the radiation force due to the motion of the box (without incident
waves), which can be calculated using the radiated potential according to

FR( jp)   i    (Rj ) n p dS   i    i  AR( j )R( j ) n p dS
S0

S0

  2 AR( j )  R( j ) n p dS   2 AR( j ) m p , j  i  AR( j ) N p , j
S0

(3.54)
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where 𝑚𝑝,𝑗 is the added mass and 𝑁𝑝,𝑗 is the wave-radiation damping. The expressions
for these terms are given, respectively, by

m p , j = Re   f p , j     Re R( j )  n p dS

(3.55)

S0

N p , j =Im   f p , j     Im R( j )  n p dS

(3.56)

S0

with Im[ ] representing imaginary part of a complex variable. The expressions for 𝑓𝑗,𝑝 are
given as follows,
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Finally we can establish the equations of motion for the rectangular box as follows,

  M  M   i B  K ξ  F
2

A

(3.60)

W

where M, MA, B, K and FW are the matrices of mass of the box, added mass, waveradiation damping, hydrostatic stiffness and wave excitation force, respectively. The
(𝑗)

elements of the displacement ξ are composed of 𝐴𝑅 (𝑗 = 1, 2) denoted earlier in Section
3.2.1. The expressions for them are given as follows,

 m 0
M

0 I

(3.61)
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(3.62)
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(3.63)
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(3.64)

F
FW   W 1
 0

0 
FW 2 

(3.65)

where m is the mass of the box and I the moment of inertia with respect to the y axis,
𝑘11 = 𝜌𝑔𝐿 is the hydrostatic stiffness for heave motion while 𝑘22 for pitch motion is
given by 𝑘22 = 𝜌𝑔𝐿𝐷(𝑧𝐵 − 𝑧𝐺 ) + 𝜌𝑔𝐿3 /12 with 𝑧𝐵 and 𝑧𝐺 being the z coordinates of
the center of buoyancy and center of gravity, respectively.
The motion (i.e. heave and pitch) of the box can then be solved by Equation (3.60).

3.2.4 Assessment of the potential flow method
First, we assess the diffraction calculation. It is noted that in the cases considered in this
thesis 40 terms (i.e. n=40) in the series given in Section 3.2.2 are sufficient to achieve
convergence. Mei and Black (1969) gave both the magnitude and phase of the reflection
coefficient for a fixed rectangular box in waves and their results are compared with the
present calculations. Here we give a brief description of how to obtain the reflection and
transmission coefficients using the present method outlined in Section 3. We use the
incident wave potential and scattered potential in subdomain III (see Figure 3.1) to
calculate the reflection coefficient. The incident wave elevation is 𝜂I = 𝜂I∗ 𝑒 i𝑘𝑥 = 𝐴𝑒 i𝑘𝑥
(see Equation (3.48), where 𝜂I∗ is the complex amplitude of the incident waves). The
scattered wave elevation (only considering the propagating mode, i.e. n=1 in Equation
∗ −i𝑘𝑥
(3.18)) in subdomain III is 𝜂S3 = 𝜂S3
𝑒
= (𝑖𝜔⁄𝑔)𝐴31 cos(−i𝑘ℎ)𝑒 −i𝑘𝑎 𝑒 −i𝑘𝑥 . Then the

reflection coefficient is calculated by

R  R ei R

i
A31 cos(ikh) e  ika

g



A
*
S3
*
I

(3.66)

The scattered potential in subdomain I (again only the propagating mode is considered)
∗ i𝑘𝑥
is given by 𝜂S1 = 𝜂S1
𝑒 = (𝑖𝜔⁄𝑔)𝐴11 cos(−i𝑘ℎ)𝑒 −i𝑘𝑎 𝑒 i𝑘𝑥 . The transmitted wave
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∗
elevation is calculated by 𝜂T = 𝜂T∗ 𝑒 i𝑘𝑥 = 𝜂I + 𝜂S1 = (𝜂I∗ + 𝜂S1
)𝑒 i𝑘𝑥 . The transmission

coefficient is then given as follows,

T  T eiT

i
A11 cos   i kh  e  i ka  A

g
 T* 
I
A
*

(3.67)

It should be noted that in Mei and Black (1969), the incident potential is given in the form
of e-ikx rather than eikx as used in the present work. So it should be kept in mind that the
comparison of the present work with that of Mei and Black (1969) is made after changing
the sign of the phase calculated using the current method. The comparison of the present
results with those in Mei and Black (1969; see Figure 6) is given in Figure 3.2. It can be
seen that the present results agree well with the published data. Figure 3.3 shows the
reflection and transmission coefficients as well as the sum of them, which clearly shows
that the reflection and transmission coefficients satisfy the necessary relations |𝑅|2 +
|𝑇|2 = 1 and θR -θT = π/2.
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Figure 3.2 Verification of the present results with data given by Mei and Black (1969).
The left one is the amplitude of the complex reflection coefficient and the right one the
phase of the reflection coefficient.
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Figure 3.3 The reflection and transmission coefficients calculated using the present
method. L/D=2, h/D=2.
Black et al. (1971) calculated the wave excitation forces for a fixed rectangular box in
regular waves, which is also used for the verification of the present potential flow code.
As shown in Figure 3.4, satisfactory agreement is achieved for both the wave excitation
forces in heave and pitch.
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Figure 3.4 Verification of the potential flow code for calculation of wave excitation
forces. L/D=2, h/D=2.
Subsequently, we assess the radiation calculation. For heave motion the added mass and
wave-radiation damping calculated by the present method are compared with those given
by Lee (1995), while for pitch motion comparisons are made with Zheng et al. (2004).
The results are given in Figure 3.5 and Figure 3.6. The agreement is again satisfactory.
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Figure 3.5 The added mass and wave-radiation damping for a rectangular box heaving
in calm water. L/D=1, h/D=3.
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Figure 3.6 The added mass and wave-radiation damping for a rectangular box pitching
in calm water. L/D=1, h/D=3.

3.3

Shallow water equations

3.3.1 Mathematical model
As discussed in Section 2.2.3, the nonlinear shallow water equations (SWEs) are
commonly used to approximate the on-deck greenwater flow behaviour. In this section, a
SWE model is developed. Assuming that (a) the water velocity is horizontal (i.e. the
pressure is hydrostatic); (b) the bed is horizontal and the friction is negligible; and (c) the
flow is one-dimensional (1D), the 1D SWEs can be derived based on the conservation of
mass and momentum (LeVeque, 2002), leading to,


q  f q   0
t
x

(3.68)
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where 𝐪 = [ℎ ℎ𝑢]T and 𝐟(𝐪) = [ℎ𝑢 ℎ𝑢2 + 𝑔ℎ2 /2]T with ℎ(𝑥, 𝑡) and 𝑢(𝑥, 𝑡) being the
water depth and depth-averaged horizontal velocity at location x and time instant t,
respectively.
If there is a source term 𝐒(𝑥, 𝑡) for the shallow water flow, such as an inclined bed
condition (a scenario existing during pitch motion of the box; it is noted that the dynamic
effects associated with body motions (and accelerations) are not included. ) or a non-zero
inflow boundary condition, Equation (3.68) can be re-written as follows,


q  f  q   S  x, t 
t
x

For a bottom variation zB (x), the source term 𝐒(𝑥, 𝑡) = [0 − 𝑔ℎ

(3.69)
𝑑𝑧𝐵 T
] .
𝑑𝑥

For an upward

inflow of velocity V(t), 𝐒(𝑥, 𝑡) = [𝑉(𝑡) 0]T . It is noted that the SWE with a slope source
term is here used for (i) shallow water flow over a bottom step (Chapter 5) and (ii)
classical dam break flow along a fixed sloping bed (Chapter 7). In this thesis there are no
SWE simulations with a moving bed/deck.

3.3.2 Finite volume method
The SWEs are often solved using Riemann-solver-based finite volume methods
(LeVeque, 2002). For the 1D SWEs, a finite volume method is based on subdividing the
one-dimensional spatial domain into intervals (or finite volumes, also called grid cells)
and keeping track of an approximation to the time integral of q over each of these
volumes. At each time step the spatial derivative in (3.69) is estimated using
approximations to the flux through the boundaries of the volumes.
As shown in Figure 3.7, the ith grid cell 𝐶𝑖 is denoted as 𝐶𝑖 ∈ (𝑥𝑖−1/2 , 𝑥𝑖+1/2 ). Here
𝑥𝑖−1/2 and 𝑥𝑖+1/2 are the left and right boundary of the ith cell, respectively. The length
of the grid cell is thus ∆𝑥 = 𝑥𝑖+1/2 − 𝑥𝑖−1/2. We denote 𝐐𝑛𝑖 as the (approximate) average
value of q over the ith grid cell at time 𝑡𝑛 , so that
x

1 i1/2
1
Q 
q  x, tn  dx 
q  x, tn  dx

x xi1/2
x Ci
n
i

The integral form of Equation (3.69) gives

(3.70)
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d
q  x, t dx  f  q( xi 1/2 , t )   f  q( xi 1/2 , t ) 
dt Ci

(3.71)

Integrating Equation (3.71) from 𝑡𝑛 to 𝑡𝑛+1 yields

 q  x, tn1 dx   q  x, tn dx 
Ci

tn1



Ci

f  q( xi 1/2 , t )  dt 
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 f  q( x

i 1/2

, t )  dt

(3.72)

tn

Re-arranging this and dividing by ∆𝑥 gives
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x  t
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1
f  q( xi 1/2 , t )  dt 
t

tn1



tn


f  q( xi 1/2 , t )  dt 


(3.73)

which can be re-written as

Qin 1  Qin 

t n
Fi 1/2  Fin1/2 

x

(3.74)

Equation (3.74) is the basic equation for implementing the finite volume method and will
be used to update the average value for a given grid cell at each time step. The iteration
at each time step will make use of the flux at the interface of two adjacent cells and this
forms the Riemann problem detailed in Section 3.3.3.

Qin 1

tn 1

Fi n1/2

Fi n1/2

tn
Qin1

Qin

Qin1

Figure 3.7 A schematic of the finite volume method for shallow water equations

3.3.3 Riemann solvers for implementation of finite volume method
If the time step is small enough, (for example, satisfying the Courant-Friedrichs-Lewy
(CFL) conditions, within one time step), the iteration of 𝐐𝑖 from 𝑡𝑛 to 𝑡𝑛+1 using
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Equation (3.74) depends on the solution to the Riemann problem at each boundary
between the finite volumes (refer to Toro, 2001). The Riemann problem requires the
solution to Equation (3.69) at the boundary based on initial conditions that are piecewise
constant with a single jump discontinuity,
n

ql  Qi 1
q( x, tn )  
n

q r  Qi

if x  xi 1/2

(3.75)

if x  xi 1/2

or
n

ql  Qi
q( x, tn )  
n

q r  Qi 1

if x  xi 1/2

(3.76)

if x  xi 1/2

i.e. in the neighbourhood of each volume boundary it is assumed that the flow field is
locally constant in space at either side of the boundary. Without loss of generality, we
may therefore consider the Riemann problem to be the problem of solving Equation (3.69)
at the boundary (i.e. at 𝑥 = 0) with initial conditions given as follows,
ql
q( x, 0)  
q r

if x  0

(3.77)

if x  0

The Riemann problem is illustrated in Figure 3.8. The results may be broken down into
several cases (i.e. a combination of rarefaction waves or shock waves) depending on the
initial conditions. The following is a summary of the solution procedure. We assume
without loss of generality that the water height is initially higher on the left side of the
dam, i.e. ℎ𝑙 > ℎ𝑟 .

hl

ul
hr

o

ur

x

Figure 3.8 An illustration of the Riemann problem
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(ⅰ) A single rarefaction wave and a single shock wave
For general values of 𝐪𝑙 and 𝐪𝑟 we might have any combination of shock waves and
rarefaction waves in the two families, depending on the specific data. To find the
intermediate state in general we can define two functions 𝜑𝑙 and 𝜑𝑟 (refer to LeVeque,
2002) by
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g1 1 
ur   h  hr 
  
2  h hr 



if h  hl
if h  hl

(3.78)

if h  hr
if h  hr

(3.79)

For a given state ℎ at the boundary, the function 𝜑𝑙 (ℎ) returns the value of u such that q
= [h uh]T can be connected to 𝐪𝑙 by a physically correct 1-wave (if ℎ < ℎ𝑙 , a rarefaction
wave; if ℎ > ℎ𝑙 , a shock wave), while 𝜑𝑟 (ℎ) returns the value such that q= [h uh]T can
be connected to 𝐪𝑟 by a physically correct 2-wave (if ℎ < ℎ𝑟 , a rarefaction wave; if ℎ >
ℎ𝑟 , a shock wave). We want to determine the intermediate state ℎ𝑚 so that 𝜑𝑙 (ℎ𝑚 ) =
𝜑𝑟 (ℎ𝑚 ). This can be accomplished by applying a nonlinear root finder to the function
𝜑(ℎ) = 𝜑𝑙 (ℎ) − 𝜑𝑟 (ℎ).
If the solution consists of a single rarefaction wave and a shock wave, as shown in Figure
3.9, the intermediate state should be calculated, according to Equation (3.78) and (3.79),
by

um  ul  2





ghl  ghm  ur   hm  hr 

g 1 1 
  
2  hm hr 

(3.80)

The shock speed is calculated by
s

hr ur  hmum
hr  hm

(3.81)

The distances of propagation for the shock and rarefaction waves are given as follows,
x1  st

(3.82)
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ghl t

(3.84)
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Within the rarefaction wave region we have the state variable as follows,
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x
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Figure 3.9 Example solution to the Riemann problem in the case of a rarefaction wave
and a shock wave
(ⅱ) Two shock waves
If the solution to the Riemann problem consists of two shock waves (see Figure 3.10), the
intermediate water depth satisfies ℎ𝑚 > ℎ𝑙 and ℎ𝑚 > ℎ𝑟 . According to Equation (3.78)
and (3.79), we have
um  ul   hm  hl 

g 1 1
g 1 1 
    ur   hm  hr 
  
2  hm hl 
2  hm hr 

(3.87)
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Figure 3.10 Example solution to the Riemann problem for two shock waves
The distances of propagation for two shock waves are given as follows,
x1  s1t 

hr ur  hmum
t
hr  hm

(3.88)

x2  s2t 

hl ul  hmum
t
hl  hm

(3.89)

(ⅲ) Two rarefaction waves
If the solution to the Riemann problem consists of two rarefaction waves (see Figure
3.11), the intermediate water depth satisfies ℎ𝑚 < ℎ𝑙 and ℎ𝑚 < ℎ𝑟 . According to
Equation (3.78) and (3.79), we have
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(3.90)

The boundary of the right rarefaction wave is
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(3.91)

x2

(3.92)

r

r

The boundary of the left rarefaction wave is
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Within the right rarefaction wave region (x1<x< x2), we have the state variable as follows,
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Within the left rarefaction wave region (x4<x< x3), we have the state variable as follows,
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u2  ul  2 ghl  2 gh  um  2 ghm  2 gh

hl

Rarefaction wave
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u2

hm

(3.98)
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u1 h1

x1
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Figure 3.11 Example solution to the Riemann problem for two rarefaction waves
(ⅳ) A single rarefaction wave
If the water depth for the right part is zero, i.e. ℎ𝑟 = 0, then the solution is a single
rarefaction wave as shown in Figure 3.12. The solution in the rarefaction wave region is
given as follows,
1 
h2 
 A
9g 

2

x
 , A  ul  2 ghl
t

u2  ul  2 ghl  2 gh

(3.99)
(3.100)

The boundary of the rarefaction wave is given as follows,


 u 



(3.101)

ghl t

(3.102)

x1  ul  2 ghl t
x2

l
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Figure 3.12 Example solution to the Riemann problem for a single rarefaction wave
(ⅴ) Two rarefaction waves with an intermediate water depth of 0
For case (ⅲ), the water depth in the intermediate region is assumed to be larger than 0.
Here we consider another possible condition, i.e. two rarefaction waves with an
intermediate water depth of 0, as shown in Figure 3.13.
The solution to the right rarefaction wave is given as follows,
2

1 
x
h1 
 A1   , A1  ur  2 ghr
9g 
t

(3.103)

u1  ur  2 ghr  2 gh

(3.104)

The boundary of the right rarefaction wave is


 u 



(3.105)

ghr t

(3.106)

x1  ur  2 ghr t
x2

r



The solution to the left rarefaction wave is given as follows,
2

h2 

1 
x
 A2   , A2  ul  2 ghl
9g 
t

(3.107)

u2  ul  2 ghl  2 gh

(3.108)

The boundary of the right rarefaction wave is given by





x3  ul  2 ghl t

(3.109)
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x4  ul  ghl t

hl

ul

(3.110)
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Figure 3.13 Example solution to the Riemann problem for two rarefaction waves with
an intermediate water depth of 0.

3.3.4 Assessment of SWE code
In this section, the finite volume solution of the non-linear SWE code is compared against
some analytical results for the Riemann problems themselves (see Section 3.3.3). A
summary of the initial conditions for different test cases is given in Table 3.1. Note: 𝑥0 is
the location of discontinuity of initial data for a Riemann problem. 𝑡out is the time instant
for the results. These three cases correspond to solution structures of (1) a left rarefaction
wave and a right shock wave; (2) a single left rarefaction wave; and (3) two rarefaction
waves, respectively. It is noted that these cases have been carefully selected by Toro
(2001) such that they offer particular degrees of difficulty for numerical methods. The
comparisons between the numerical and analytical results are shown in Figures 3.14-3.16.
It is noted that the first-order temporal and spatial accuracy is adopted. After convergence
study the mesh size used for these cases is 0.1m and the time step determined by a Courant
number of 0.45. It can be seen that the overall agreement is good, which validates the
developed SWE code.
Table 3.1 Test cases used for assessment of the developed SWE code (refer to Toro,
2001)
Case

ℎ𝑙 (m)

𝑢𝑙 (m/s)

ℎ𝑟 (m)

𝑢𝑟 (m/s)

𝑥0 (m)

𝑡out (s)

1

1

2.5

0.1

0

10

7

2

1

0

0

0

20

4

3

0.1

-3

0.1

3

25

5
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Figure 3.14 Assessment of SWE code for a case (case 1) with the solution structure of a
left rarefaction wave and a right shock wave. Left: water height; Right: momentum.
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Figure 3.15 Assessment of SWE code for a case (case 2) with the solution structure of a
single left rarefaction wave. Left: water height; Right: momentum.
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Figure 3.16 Assessement of SWE code for a case (case 3) with the solution structure of
two rarefaction waves and an intermediate water depth of 0. Left: water height; Right:
momentum.
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3.4

CFD-VOF based numerical wave tank

As discussed in Section 2.2.5, Computational Fluid Dynamics (CFD) is capable (at least
in principle) of modelling the complete greenwater overtopping problem. We have
developed a numerical wave tank (NWT) to investigate overtopping and the evolution of
greenwater on top of a box (e.g. Figure 3.17). The NWT is established based on a
Computational Fluid Dynamics (CFD) solution of the incompressible Navier-Stokes
equations for a two phase flow of water and air with the implementation of a Volume of
Fluid (VOF) scheme for tracking the free surface (Hirt and Nichols, 1981). The governing
equations are solved by the finite volume method, which is discretised on a structured
multi-block mesh within the framework of the open source CFD toolbox OpenFoam® of
version 2.4.0. The numerical model is combined with a fully nonlinear wave generation
and absorption utility, waves2Foam (Jacobsen et al., 2012) to perform two-dimensional
(2D) numerical simulations.
For CFD simulation of greenwater overtopping of a floating box, a dynamic-mesh solver
waveDyMFoam is used, which is derived by coupling waves2Foam with a dynamic mesh
solver – interDyMFoam of OpenFOAM.
A new boundary condition is developed for the purpose of prescribing the motion of an
enclosed boundary (for example, representative of a moving box). This new boundary is
denoted “prescribedMotionDisplacement” and is derived on the basis of two inherent
OpenFOAM

boundaries,

i.e.

“oscillatingDisplacement”

and

“angularOscillatingDisplacement”. It can realize any pre-determined translational and
rotational movement or the combination of these two movements. This code can be
downloaded from Github by searching “zhxter/prescribedMotionDisplacement”.
To run simulations reliably on the Pawsey supercomputer, a container of OpenFOAM
plus waves2Foam has been developed. Containers allow users to package an application
into a single, lightweight piece of software that provides everything needed to run them,
including software dependencies, runtimes, system libraries and configurations. They can
be run on multiple High Performance Computing (HPC) systems with no need to
recompile or relink software. The container developed in this thesis can be downloaded
from the repository – “zhxter/ubuntu1604-mpich314-of1606-w2foam1606-pawsey” in
Docker hub.
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Figure 3.17 A schematic of the CFD-VOF based numerical wave tank

3.4.1 Governing equations
In the present work, both water and air are assumed to be incompressible. A laminar-flow
condition is also assumed (ignoring the effects of turbulence). This is reasonable because
the effect of turbulence on on-deck shallow flow is restricted to the tip region (Park et al.,
2012) and thus this effect is insignificant for integral properties, such as horizontal
momentum flux and overtopping volume, in the rest flow region. The governing
equations including the mass and momentum conservation of the fluid are given as
follows,
 u  0

(3.111)

 u
   (  u)u T  p*  (g  x)    ( u)
t

(3.112)

where 𝐮=(u, v, w) is the velocity field in Cartesian coordinates 𝐱=(x, y, z), with u, v and
w being the velocity component in the direction of x, y and z, respectively, g is the vector
of gravity, ρ is the density, t is time and μ is the dynamic viscosity. The symbol
𝜕

𝜕

T

𝜕

represents the transpose of a vector or a matrix and ∇ is the operator ∇= (𝜕𝑥 , 𝜕𝑦 , 𝜕𝑧).
The excess pressure p* is related to the total pressure p, by

p*  p   g  x

(3.113)

For the two phase problem, the physical properties of the mixed fluid are calculated by
averaging those of each single phase based on the value of the volume fraction as follows:
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   w  (1   )  a

(3.114)

   w  (1   ) a

(3.115)

where the subscripts a and w indicate air and water respectively, while α is the local volume
fraction function which has the value of 0 for air and 1 for water. The volume fraction
function satisfies the transport equation,


   u    u r (1   )  0
t

(3.116)

The last term on the left-hand side of Equation (3.116) is often referred to as an interface
compression term and is introduced to prevent a smeared interface during the calculation
(Berberovic et al., 2009). This term is only active in the interface region where 0<α<1.
The vector 𝐮𝑟 , which has a direction perpendicular to the free surface and a magnitude
proportional to the instantaneous fluid velocity, controls the strength of the interface
compression. The interface compression term can efficiently prevent smearing of the
interface without affecting the solution.

3.4.2 Wave generation and absorption
A NewWave type focused wave group (Tromans et al., 1991) generation boundary
condition has been developed within the framework of waves2Foam. The code has been
uploaded to Github, searching by typing zhxter/NewWaveBoundaryConditions. In our
simulation, focused wave groups rather than regular waves are chosen because the former
are efficient means to represent extreme waves in harsh seas, and they mostly avoid
ambiguities associated with regular waves (e.g. multiple overtopping etc.) whilst allowing
for relatively short simulations.
The input signal for the CFD runs is the sum of the first

(1)

and the second

(2)

order

component of the horizontal and vertical velocity components u and v and the surface
elevation η, which are expressed as follows:

u  u (1)  u (2)

(3.117)

v  v (1)  v (2)

(3.118)

   (1)   (2)

(3.119)

The first order (linear) solutions for the horizontal and vertical velocity component, as
well as the wave elevation, can be obtained as follows (Faltinsen, 1990),
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N

u (1)  

a j k j g cosh k j ( z  h)

j

j 1

cosh k j h

a j k j g sinh k j ( z  h)

N

v (1)  

j

j 1

cosh k j h

cos  k j  x  x0    j  t  t0  

sin  k j  x  x0    j  t  t0  

 (1)   a j cos  k j  x  x0    j  t  t0  

(3.120)

(3.121)

N

(3.122)

j 1

where aj is the amplitude of jth component for NewWave type focused wave group
calculated by
a j  Ac

S j ( f )f
N

(3.123)

 S ( f )f
j

j 1

where Ac is the peak crest elevation of the focused wave group, N is the total number of
wave components drawn from the spectrum, f is the wave frequency, and S(f) is the
spectral density. A JONSWAP spectrum is adopted in the present study.
Dalzell (1999) gave the expression for the velocity and free surface elevation considering
wave-wave interaction of two regular wave components up to second order.
Subsequently, Ning et al. (2009) and Westphalen et al. (2012) extended the expression
for wave-wave interactions of multi-component regular waves, which is adopted in the
present simulation and is given as follows,
N 1

u (2)  

N

 a a k

m 1 n  m 1

m n

m

 kn  Amn 

cosh  km  kn  z  h 
cosh  km  kn  h

 cos  km  kn  x  x0   m  n  t  t0  
N 1



N

 a a k

m 1 n  m 1

m n

m

 kn  Amn 

cosh  km  kn  z  h 
cosh  km  kn  h

 cos  km  kn  x  x0   m  n  t  t0  

N
cosh 2km  z  h 
3
  am2 m km
cos 2  km  x  x0   m  t  t0  
4
sinh 4 km h
m 1
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(3.124)

N 1

N

v (2)  

 a a k
m n

m 1 n  m 1

m


 kn  Amn

sinh  km  kn  z  h  
cosh  km  kn  h 

 sin  km  kn  x  x0   m  n  t  t0  
N 1

N



a


a (km  kn ) Amn

m n

m 1 n  m 1

sinh  km  kn  z  h  
cosh  km  kn  h 

(3.125)

 sin  km  kn  x  x0   m  n  t  t0  
N
sinh  2km  z  h  
3
  am2 m km
sin 2  km  x  x0   m  t  t0  
4
sinh 4  km h 
m 1

N 1

 (2)  

N

a

m 1 n  m 1
N 1




a Bmn
cos  km  kn  x  x0   m  n  t  t0  

m n

N

a


a Bmn
cos  km  kn  x  x0   m  n  t  t0  

m n

m 1 n  m 1



am2 km
3

2
 cos 2  km  x  x0   m  t  t0  
2
sinh (km h) 
m 1 4 tanh  k m h  
N

(3.126)

am2 km
m 1 2sinh  2k m h 
N



−
+
−
+
−
with the components of the interaction kernels 𝐴+
𝑚𝑛 , 𝐴𝑚𝑛 , 𝐵𝑚𝑛 , 𝐵𝑚𝑛 , 𝐷𝑚𝑛 and 𝐷𝑚𝑛
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In our simulation, a relaxation technique is implemented in the wave absorption zone to
avoid reflection of waves from outlet boundaries. In the relaxation zone, the velocity field,
𝐮, and the water volume fraction, α, are updated in each time step in the following way

   ( ) BC  (1   ( ))comp ,

 {u, v, w, }

(3.132)

Where, ξBC is the boundary condition in time and space. ξcomp is the numerically computed
value obtained from the governing equations (3.111), (3.112) and (3.116). In outlet
relaxation zones, uBC= vBC= wBC=0 m/s, and αBC is based on the position of the still water
level. The weighting factor 𝜆(𝜅) is defined as

 ( )  1 

exp( 3.5 )  1
exp(1)  1

(3.133)

where κ is a local coordinate with the value between 0 and 1. The definition of κ is such
that 𝜆(𝜅) is always 1 at the interface between the relaxation zone and the computational
domain.

3.4.3 Principle of mesh generation for CFD simulations
The block distribution adopted in this thesis for mesh generation is shown in Figure 3.18.
Several principles for mesh generation are summarized as follows:
(1) h3 (i.e. blocks 2, 7, 12, 22 and 27) cover the free surface. The mesh has roughly 30-40
cells per wave height in the vertical direction, based on convergence studies.
(2) h2 covers the on-deck flow region. The mesh number in the vertical direction in this
region has been refined in order to capture the greenwater flow evolution on deck.
Generally, there should be at least 2 nodes vertically in the shallow water zone.
(3) h1 corresponds to the air region which is less significant for the numerical results, as
long as air entrainment effects (which can only be important locally) are small – as
assumed here. Consequently, the mesh can be stretched in the vertical direction as long
as the ratio of vertical lengths of adjacent cells is less than 1.1. Similarly, the mesh for h5
can be stretched increasingly from the box to the bottom.
(4) The mesh for h4 can be uniformly distributed in the vertical direction following the
resolution for h3 or can be stretched downward.
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(5) The horizontal mesh for l1 is uniformly distributed. Its number is determined by two
factors. First, the number is roughly 300-500, depending on convergence study results.
Second, the aspect ratio (horizontal to vertical) of the cell in this region is controlled to
be less than 5.
(6) A stretch factor (i.e. the ratio of the lengths of the last cell to the first one) of 0.5 is
used for horizontal mesh for l2 in order to refine the mesh near the box. The horizontal
mesh for l3 is uniformly distributed following the resolution for l2.
(7) A stretch factor of 3 is used for mesh of l4, 2 for l5 and 5 for l6.
(8) The horizontal mesh is uniformly distributed in l7 (which corresponds to the on-deck
flow region) following the resolution for l3.
(9) For the horizontal mesh in l8, a stretch factor of 3 is used.
It should be noted that the general principles listed above for mesh generation may be
slightly adjusted for different numerical cases.

Figure 3.18 Block distribution for mesh generation

3.4.4 Validation of the numerical model
Validation has been carried out by considering three aspects of the numerical model:
(1) Greenwater usually occurs under large waves, for which nonlinearity, especially the
second order sum-frequency contribution, significantly influences the wave crest height
and shape. For this reason the second order frequency components associated with a
focused wave group have been analysed in the NWT. Specifically, both crest- and troughfocused wave groups have been simulated and used to extract the even harmonics
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(following the method suggested in Fitzgerald et al., 2014). Then the second order sum
and difference frequency terms are calculated by band-pass filtering the even harmonics.
The second order terms can also be calculated by combining the linear time series and its
Hilbert transform (e.g. Walker et al., 2004). A wide range of wave length and steepness
is considered. As an example, results obtained by using the two approaches for the case
𝜆p ⁄𝐷 = 6 and 𝐴/𝜆p = 0.044 (D=0.2m) are compared and the agreement is good (see
Figures 3.19 and 3.20). This provides confidence in the ability of the NWT to accurately
simulate the nonlinear second order contribution.
(2) CFD-generated free surface elevations have been compared to results from linear
potential flow theory for interaction of NewWave type focused wave groups of small
wave steepness with a rectangular box. Good agreement is obtained (see Figure 3.21, in
the absence of overtopping).
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Figure 3.19 Crest- and trough- focused wave group in the numerical wave tank. λp/D =
6 and AC/λp = 0.044 (AC is the peak crest amplitude). In CFD simulation, D=0.2m.
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Figure 3.20 Validation of second order terms of CFD generated wave groups shown in
Figure 3.19. The wave elevation is normalized by the peak crest or trough. Left: second
order sum frequency term; Right: second order difference frequency term.
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(3) CFD results have been compared to experimental measurements (Greco et al., 2001;
2005; 2007) for the interaction (specifically, greenwater overtopping) of waves having
larger wave steepness with a rectangular box. The problem geometry for these
experiments is a rectangular box with a fillet below the water line at the bow and the
incident waves were regular with a linear ramp in time. Two specific test cases – resulting
in different types of overtopping events – have been considered. The set-up of the NWT
was similar to the experiment, including the locations of upstream (wave generation) and
downstream (wave absorption) boundaries, the location of the box and the water depth.
For the first test case (which leads to an overtopping event with plunging features;
reproduced in Figure 8.4 of Greco, 2001) the phase of the incident wave in the CFD
simulations was adjusted iteratively to match the reported experimental time series close
to the wave maker. The resulting time series of water level on top of the box (at gauges
WL1~3) are shown in Figure 3.22a-c together with the experimental results (indicated as
an upper and lower bound across seven repeated experiments). It can be seen that the
agreement between numerical and experimental results is very good at all locations on
deck. The second test case considered a more violent overtopping event, denoted by
Greco (2007) as a Hammer Fist (HF) event (see Figure 9 in Greco et al., 2007). For this
test case the quantitative information available included the free surface elevation at a
distance of 2.08f in front of the box (where f is freeboard) and the water height on top of
the box at the leading edge. The transient time series and phase of the incident wave in
the CFD was therefore tuned to best match the time series in front of the leading edge.
Comparison of subsequent numerical and experimental water height associated with
overtopping at the edge of the box is given in Figure 3.22d. It can be seen that the
numerical result is in reasonable agreement with the experimental data (the error bar
shown is taken from Fig.13 of Greco et al., 2007 while it is based on several experimental
tests of the plunging overtopping event in Greco, 2001). Figure 3.23 gives a more
qualitative comparison of the numerical and experimental overtopping profiles for both
test cases. The key features are similar; i.e. the shape of the crest and the volume of water
in the crest overtopping the box. Test case 1 is described by Greco et al. (2007) as a
Plunging Dam Break (PDB) overtopping type, whilst Test case 2 is described as a
Hammer Fist (HF) overtopping type, owing to the fist-like shape of the overtopping crest.
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Figure 3.21 Comparison of wave elevation at the leading edge of the structure
calculated by CFD and the linear potential flow theory. λp=1m, Hl=0.002m (Hl is the
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Figure 3.22 Comparison of CFD results to experiments conducted by Greco et al. (2001;
2005; 2007). The vertical axis shows the water height normalized by incident wave crest
height and the horizontal axis is the time normalized by wave period. (a)-(c) Greenwater
height at WL1, WL2 and WL3, respectively. Test case 1: incident crest height Hl =
0.08m and period TW=1.1s. (d) Greenwater height at WL1. Test case 2: incident crest
height Hl = 0.06m and period TW=0.98s.
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(a)

(b)

(c)

(d)

Figure 3.23 Comparison of greenwater profiles under regular waves obtained by present
study and by experimental measurement by Greco et al. (2001; 2005; 2007). (a,b) Test
Case 1 at the instant when water hits the top of the box: Hl = 0.08m and period TW=1.1s.
(c,d) Test Case 2 at the instant when fluid arm starts to drop due to gravity: Hl = 0.06 m
and period TW=0.98s. It is noted that the increment of the tick marks near the deck is
0.005m for (a,b) and 0.04m for (c,d).
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CHAPTER 4

NUMERICAL

INVESTIGATION

OF

2D

GREENWATER

OVERTOPPING OF A FIXED BOX
4.1

Introduction

As outlined in Chapter 2, greenwater events (in which a compact mass of seawater
exceeds the freeboard and flows onto the deck) in severe wave conditions can cause
damage to deck structures and equipment, as well as reduce the dynamic stability of
offshore floating facilities (Ersdal and Kvitrud, 2000; Faulkner, 2002). Therefore, it
continues to be a critical issue in offshore industry.
Due to the complexity of greenwater overtopping, much early work on modelling this
phenomenon made use of the fact that greenwater flow onto the deck somewhat resembles
a classical shallow water dam break flow (Buchner, 1995; Ryu et al., 2007). For example,
Figure 4.1(a) shows an example of greenwater flow on deck and Figure 4.1 (b) presents
water profiles for a dam break flow. The resemblance is apparent, with the location of the
dam at the ship bow, and the bed downstream from the dam standing in for the deck of
the ship. Based on this similarity, the classical dam break solution due to Ritter (1892)
may be used to estimate greenwater flow on deck given an initial dam height based on
some calculation in the fluid domain surrounding the vessel. One approach is to set the
dam height to the (theoretical) maximum freeboard exceedance - the maximum water
level above deck which would have occurred for a vessel with infinitely high freeboard.
This could be calculated, for example, by a linear or higher-order potential flow
simulation (Wang et al., 2017). Alternatively, the dam height may be based on the
maximum water level at the deck edge during overtopping. In this case the overtopping
must be simulated or measured, and allowance made for the fact that the overtopping
makes the water height at the edge of the deck smaller than the equivalent initial dam
height. For example, Buchner (1999) argued that if this second approach is used the initial
dam height should be the observed freeboard exceedance increased by the factor 9/4
(which, applied to the depth of flow at the initial location of the dam, would recover the
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initial dam height in Ritter’s solution). Contrastingly, in Faltinsen et al. (2002), the dam
height was taken as the observed freeboard exceedance but the time instant of the dam
break was adjusted for each individual event.

Figure 4.1 Water-surface profiles for greenwater and classical dam break flow. Different
lines represent profiles at different time instants. (a) Greenwater flow on a 2D deck
from CFD simulation. The upper right is a broad view of waves approaching the box
and overtopping onto deck for a given time instant. (b) Analytical solution for classical
dam break flow due to Ritter (1892).
In an effort to better understand and model the underlying physics associated with
greenwater overtopping Greco et al. (2005) studied greenwater incidents for a twodimensional fixed FPSO both experimentally and numerically, and across a relatively
wide parameter space. In their experiments they observed that overtopping resembled a
dam break in some instances, but in many other cases started as a plunging wave hitting
the deck before evolving into a dam break like flow along the deck. The same problem
was further investigated by Greco et al. (2007), in which an attempt was made to
qualitatively classify greenwater events into different overtopping types based on visual
observations of the plunging kinematics. The classification was performed in terms of
two parameters - incoming wave steepness and the vertical fluid velocity associated with
the waves close to the leading edge of the box. These different overtopping types are of
potential importance for offshore engineers if the types are related to the flow
characteristics and, ultimately, impact loads, i.e. the severity of damage to offshore
structures. Motivated by this practical application, further work to quantitatively classify
the different types of overtopping and to explore impact loads (or quantities linked to
loading) across the range of overtopping types would appear to be worthwhile.
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The present study aims to extend the work of Greco et al. (2007) to determine proxies for
damage potential – here, horizontal momentum flux and greenwater overtopping volume
– across a wide parameter space of conditions and different types of overtopping events.
Numerical investigations are conducted for greenwater overtopping of a fixed box in 2D,
similar to that analysed by Greco et al. (2005, 2007) (see Figure 4.2). This particular
problem has the advantage that it represents a conceptual and computational
simplification of a 3D, moving body problem, but retains much of the complexity inherent
in overtopping events. It also represents a reasonable approximation for overtopping at
the bow of a (3D) FPSO (Barcellona et al. 2003). Nevertheless, one key difference
between the present work and that undertaken by Greco et al. (2005, 2007) is that here
the box is subjected to incident focused wave groups based on the NewWave formulation
(Tromans et al. 1991) rather than regular waves. This decision has been made because
focused wave groups are an efficient means to represent extreme waves in harsh seas, and
they mostly avoid ambiguities associated with regular waves (i.e. multiple overtopping
etc.) whilst allowing for relatively short simulations.
The 2D problem is solved using CFD with a Volume of Fluid (VOF) surface capturing
scheme (Hirt and Nichols, 1981). The use of a numerical approach is motivated by two
factors. Firstly, application of CFD to greenwater problems has shown promising
agreement with experimental measurement (for example, Zhu et al. (2006); Nielsen and
Mayer (2004)). Secondly, the numerical model allows for post processing of the
overtopping events at a spatial and temporal resolution that is difficult to achieve in model
scale testing.

Figure 4.2 Schematic of the interaction of incident focused wave groups with a
rectangular structure.
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4.2

Numerical methodology

Three different numerical tools are developed and used in the present study (see Chapter
3). The linear potential flow model is used for a preliminary parametric study in order to
determine the wave and box parameters. The CFD based numerical wave tank (NWT) is
adopted to perform the complete simulation of the greenwater overtopping. The shallow
water equation (SWE) model is responsible for helping to understand the greenwater
problem by modelling local on-deck flow.
Although air compressibility may be important for local impact pressure during
overtopping (e.g. Bredmose et al., 2015), the incompressible approach has been adopted
in the present work because the focus is on integrated properties such as momentum flux
and overtopping volume.
For the NWT, the upstream (wave generation) boundary is located at around 5 times the
peak wave length 𝜆𝑝 in front of the box while the downstream boundary is located 4𝜆𝑝
behind the rear edge of the box. The water depth is set as the peak wave length to ensure
deep water conditions are achieved. Generally, after a grid convergence study, the mesh
resolution is characterized by around 400 cells in a peak wave length and 20~30 cells in
a crest height. The mesh is stretched both horizontally and vertically in the computational
domain to further refine the mesh near the box, especially in the local deck region (which
is important for accurate calculation of momentum flux and overtopping volume).

4.3

Non-dimensional parameter space

A range of ‘ship’ (i.e. box) and wave parameters may be considered for the simplified
problem outlined in Figure 4.2. Assuming deep water conditions exist, three parameters
define the geometry of the box: the box length L, draft D and freeboard f. NewWavetype incident wave groups are used (see Tromans et al., 1991). If these wave groups are
made to focus with maximum free surface elevation at the leading edge of the box and
are generated with a JONSWAP spectral shape (with a peakedness parameter of 3.3) then
further two parameters effectively describe the incident wave group: the peak crest
elevation above still water 𝐴 and the peak wave length 𝜆p of the spectrum.
From this set of five box and wave parameters, the following four non-dimensional ratios
have been defined
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𝐿 𝑓 𝐴 𝜆p
𝑓(𝐿, 𝐷, 𝑓, 𝐴, 𝜆p ) = 𝑓 ( , , , ) .
𝐷 𝐷 𝜆p 𝐷

(4.1)

Representative ranges of these ratios have been selected based on actual FPSO
dimensions and realistic storm conditions. For example, OMO (2016) indicates that most
FPSOs have drafts falling in the range 10-25 m. Assuming that the wave period for a real
sea state is between 8-15 s (corresponding to deep water peak wavelengths 100-350 m)
therefore implies that λp/D = 4-35. Equally, taking the wave crest height to be 𝑂(1-10 m)
and noting that the limiting steepness is around A/λp=0.07-0.09 (Toffoli et al 2010)
suggest we should consider A/λp = 0.01-0.06. Based on these results λp/D = 5−30 and A/λp
= 0.01-0.06 have been simulated in this study. OMO (2016) suggests f/D lies between
1/4-1/2 and L/D between 14-18 for actual FPSOs. For the former ratio, values of f/D=
1/4, 1/2 and 1 have therefore been adopted in this thesis (the last of these values is outside
the range of FPSOs, but may be relevant for other types of offshore floating facilities such
as Prelude Floating Liquid Natural Gas which has f/D~1). For the ratio L/D, L/D=15 has
been used throughout. The reason for this choice is explained as follows (see Figure 4.3).
Figure 4.3(a) shows, for a given L/D ratio, the variation of the peak crest of disturbed
wave elevation (normalized by the peak crest of undisturbed incident waves) at the
leading edge of the rectangular box with respect to the peak wave length, calculated using
linear potential flow theory. It can be seen that there exists a maximum value at a given
peak wave length, where the effect of evanescent modes (i.e. local, non-propagating free
surface disturbances) leads to a value above 2. Then we plot this maximum normalized
peak crest against L/D ratio in Figure 4.3(b). It can be seen that the effect of L/D on the
maximum free surface elevation at the leading edge of the rectangular box is insignificant
for L/D within the range 14-18.
In listing the range of wave parameters above, the crest height is the full (nonlinear) value.
When generating focused wave groups in the NWT, the crest height at focus, and the
focal position and time are different from those predicted by linear theory based on the
inputs at the boundary because of nonlinear wave-wave interaction. To account for these
differences, the actual focal position of the undisturbed incident wave group was
determined numerically by running CFD simulations for each case without the box
present. Subsequently, the box was placed so that the leading edge coincided with the
focus location.
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Figure 4.3 (a) The peak crest amplitude (normalized by incident peak crest) at the
leading edge of the rectangular box calculated using linear potential flow theory (refer
to Chapter 3) for different wave length. L/D=15. (b) The maximum peak crest
amplitude for different L/D ratios. Deep water conditions are assumed.

4.4

Results of greenwater overtopping simulations

4.4.1 Profiles of different overtopping types
Greco et al. (2007) identified four types of overtopping event: dam break (DB), plunging
plus dam break (PDB), plunging wave (PW) and hammer fist (HF). Each of these
overtopping types have been observed in the present CFD simulations. Three types are
shown in Figure 4.4. For a DB type event (Figure 4.4a), a small amount of water can be
seen to ship onto the deck without any visible plunging, whilst the free surface elevation
is close to horizontal offshore from the leading edge of the box. Alternatively, for a PDB
type event (Figure 4.4b), the water shipping starts as a plunging wave with an air cavity
entrapped on the deck. As indicated by Greco et al. (2007) both PDB and PW type events
are characterized by this plunging characteristic. The difference is that the former’s initial
plunging phase has a smaller scale in both time and space and is followed by a dam break
like flow, while for the latter the plunging wave is of larger scale and may impact
superstructures on deck directly before progressing into a dam break like flow. As no
superstructure is considered in the present study, PDB and PW represent similar
overtopping types and are denoted PDB hereafter. Finally, as shown in Figure 4.4c, for
the HF event the water which exceeds the freeboard takes the form of a ‘fluid arm’ with
almost unchanged shape until it impacts bluntly onto the deck without forming a visible
air cavity.

Chapter 4: Numerical investigation of 2D greenwater overtopping of a fixed box

Figure 4.4 Profiles of different wave overtopping types: (a)DB, λp/D=15, A/λp=0.01,
t/Tp=0.06; (b)PDB/PW, λp/D=8, A/λp=0.03, t/Tp=0.15; (c)HF, λp/D=5, A/λp=0.0445,
t/Tp=0.17. Tp is the peak period of the focused wave group. The dashed line represents
the still water level. The green line indicates the free surface. The vectors represent the
velocity field. The box is shaded grey and f/D = 0.25 for all three examples. t=0
corresponds to the time instant when the free surface elevation exceeds the freeboard.
The time instants are chosen differently for different events (when the wave crest
touches the deck) to easily illustrate the overtopping characteristics of these events.
In addition to differences in water profile, Figure 4.4 also indicates that the velocity field
displays clear differences for each overtopping type, especially near the front edge of the
box. For the DB event, the velocity near the edge of the box and in front of the box is
upward and slightly diverted towards the deck, whilst on the deck the velocity is almost
horizontal. This is in contrast to the HF event, for which the velocity is directed
downwards and forwards on deck. For the PDB event the velocity near the deck is
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upward, whilst that near the plunging crest is downwards. The effect of these velocity
profiles on the momentum flux and overtopping volume is investigated further in §4.4.3.

4.4.2 Classification of different overtopping events
Figure 4.5 summarises the occurrence of different overtopping types observed in the CFD
simulations as a function of the wave steepness (A/λp) and the relative wave length (λp/D).
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Figure 4.5 Classification of different wave overtopping types. L/D=15. (a) f/D=0.25; (b)
f/D=0.5; and (c) f/D=1. The hollow symbols that marked with a “×” represent cases for
which the free surface elevation reached the bottom of the box during the passage of the
wave group (resulting in slamming). These cases are less relevant to wave overtopping
of FPSOs and are an artefact of the box fixity.
The black curved dashed line in these figures approximately bounds the range of
parameters for which overtopping occurs. For small wave steepness (e.g. A/λp < 0.015)
this boundary has been calculated using linear potential flow theory (see Chapter 3) to
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identify when the water elevation equals the freeboard, whilst for large wave steepness
the boundary is obtained by interpolating between CFD results which did/did not overtop.
Each individual type of event was determined qualitatively based on the descriptions
given in Section 4.4.1.
Overall, it can be seen that the parametric plane of overtopping types presented in Figure
4.5 resembles the classification diagram proposed by Greco et al. (2007) if their ratio
(WW)max/(W)max is replaced by λp/D (both parameters characterize the local effect of the
structure on the wave field). In particular, it is evident that the HF type events occur for
small wave length and large wave steepness, whilst DB events occur for small wave
steepness (regardless of the incident wave length). PDB are the most common
overtopping type and are more likely to be triggered by waves of moderate steepness and
intermediate wave length, or by long waves of large crest height. These same general
trends appear to hold regardless of relative freeboard (f/D), however, the freeboard does
have some effect on specific events. For example, events vary from PDB to HF, or from
PDB to DB, when f/D varies from 0.25 to 0.5, whereas DB type events become far less
common as the freeboard increases.

4.4.3 Characteristics of greenwater flow
To explore the characteristics of greenwater flow associated with the different
overtopping types, the overtopping volume and the horizontal momentum flux have been
computed in each of the CFD simulations. Both of these metrics are of practical
importance in greenwater design, since the overtopping volume influences ship dynamics
and drainage, and the momentum flux is related to the impact force on tall thin
superstructures and also broad vertical-plate type superstructures provided the Froude
number of shallow water flow on deck is large (such that the impact force is dominated
by horizontal momentum flux instead of hydrostatic pressure). In cases where hydrostatic
pressure is important, combined knowledge of flow rate and momentum flux also enable
estimates of horizontal force. These metrics may be compared to those computed using
the classical dam break solution. Ritter (1892) used the method of characteristics to obtain
this solution from Equation (3.70) for initial conditions describing a semi-infinite initial
water domain on a flat bed (i.e. ℎ(𝑥1 ≤ 0) = ℎ0 ).
Downstream of the dam, the solution is given by
ℎ(𝑥1 , 𝑡) =

1
𝑥1 2
(2√𝑔ℎ0 − )
9𝑔
𝑡

for 𝑥1 /𝑡 < 2√𝑔ℎ0 ,
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(4.2)

and

2 𝑥1
𝑈(𝑥1 , 𝑡) = ( + √𝑔ℎ0 )
3 𝑡

for

𝑥1 /𝑡 < 2√𝑔ℎ0 ,

(4.3)

where t is the time after the dam break.
The ‘overtopping volume’ associated with the dam break is therefore given by

𝑡

𝑄(𝑡) = ∫ 𝑈(0, 𝑡 ′ )ℎ(0, 𝑡 ′ ) 𝑑𝑡 ′ =
0

8𝑡
√𝑔ℎ03 ,
27

(4.4)

and the horizontal momentum flux is

𝑀𝐷 (𝑥1 , 𝑡) = 𝑈 2 ℎ =

2 𝑥
2
4 𝑥1
1
( + √𝑔ℎ0 ) ( − 2√𝑔ℎ0 ) for 𝑥1 /𝑡 < 2√𝑔ℎ0 .
81𝑔 𝑡
𝑡

(4.5)

It is noted that Equation (4.5) has a maximum when 𝑥1 /𝑡 = √𝑔ℎ0 /2 of

̂D,max =
𝑀

1 2
𝑔ℎ .
4 0

(4.6)

Hence the maximum momentum flux associated with the classical dam break is constant
in time and occurs at a location which moves downstream at a constant speed of
√𝑔ℎ0 /2 .
To use Equations (4.4) and (4.6) (i.e. the classical dam break solution) to form
comparative estimates of overtopping volume and the maximum horizontal momentum
flux of greenwater overtopping requires an effective definition of both the equivalent dam
height ℎ0 and the equivalent duration of dam break 𝑡 for this event. For this purpose, a
repeated CFD simulation was performed for each combination of parameters indicated in
Figure 4.5, in which the freeboard was set infinitely high so that no overtopping could
occur (see Figure 4.6) while other wave and geometric parameters were kept unchanged.
For each ‘infinite freeboard’ case a value of hNOT – the maximum run up on the box minus
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the original
freeboard level – and TNOT – the length of time during which run up at the
40
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bow exceeded the original freeboard – were determined. The equivalent dam height was
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Figure 4.6 Simulations using the same waves as in Figure 4.4, but for a very high
freeboard. t=0 coincides with the time instant when the free surface elevation exceeds
the original freeboard. (a) λp/D=15, A/λp=0.01; (b) λp/D=8, A/λp=0.03; (c) λp/D=5,
A/λp=0.0445. hNOT is the maximum run up on the box minus the original freeboard level
and TNOT is the duration of free surface exceeding the original freeboard.
then set to ℎNOT and the equivalent dam break time duration set to 𝑇NOT . This approach
was chosen because it is in-keeping with estimates which are normally available in (linear
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and non-linear) potential flow models and because it may be estimated more easily in a
numerical framework than values obtained with overtopping. The adoption of other
approaches (such as equivalent dam heights obtained from the initial CFD simulations)
did not lead to qualitatively different results.
It can be seen from Figure 4.6 that for the wave λp/D=15 and A/λp=0.01 (small steepness,
causing DB for finite freeboard), the time series of wave elevation at the leading edge is
almost symmetric around the crest. This leads to the duration of the rising and falling
phases (of water level) being the same. For the wave λp/D=8 and A/λp=0.03 (medium
steepness, causing PDB for finite freeboard), the wave elevation becomes slightly
asymmetric with the duration of the falling phase being smaller than that of the rising
phase. The asymmetry is further enhanced for the wave λp/D=5 and A/λp=0.0445 (large
steepness, causing HF for finite freeboard).
Figure 4.7 presents the maximum horizontal momentum flux in space on the deck
̂D,max from Equation
(MG,max) computed from the CFD simulations, normalised by 𝑀
(4.6), for several overtopping events (coinciding with the examples in Figures 4.4 and
4.6). Also shown in Figure 4.7 is the location along the deck where the maximum
momentum flux occurs at any instant. Unlike the classical dam break result, the maximum
horizontal momentum flux in space is not constant in time for each of the overtopping
cases, but increases initially before plateauing and then reducing. These observations
reflect the transient nature of overtopping. The location where the momentum flux has a
maximum at any instant does move ‘downstream’ in time, as observed in the classical
dam break solution, though not at constant speed. Comparing across events, there is a
difference in the location at which the maximum horizontal momentum flux in space and
̂G,max ) occurs: at 𝑥1 /ℎNOT =1.78, 1.19 and 0.67 for the DB, PDB and HF
time (denoted 𝑀
type event, respectively.
Figure 4.7 shows that the normalised maximum momentum flux in space and time varies
considerably from event to event. To summarise this momentum flux analysis for all of
̂G,max normalised by the
the simulations for each overtopping type, Figure 4.8a presents 𝑀
classical dam break estimate. This normalised maximum momentum flux can be
significantly greater or less than unity. This indicates that the classical dam break solution
produces somewhat inaccurate predictions; both under- and over-estimating the
maximum horizontal momentum flux for some parts of the range of overtopping types.
The deviation from the classical estimate is most pronounced for the HF type events.

Chapter 4: Numerical investigation of 2D greenwater overtopping of a fixed box

Nevertheless,
the scatter within an overtopping type is substantial. For example, the range
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Figure 4.7 Calculation of greenwater horizontal momentum flux on deck for the same
three overtopping events shown in Figure 4.4. The left column represents the shipped
water profile at different time instants. The right column shows variation of the
maximum horizontal momentum flux MG,max and the corresponding position on deck x0
with time. (a) DB, λp/D=15, A/λp=0.01; (b) PDB, λp/D=8, A /λp=0.03; (c) HF, λp/D=5,
A/λp=0.0445.
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A similar set of observations is formed for the overtopping volume, displayed for all
simulations in Figure 4.8b. In this figure the classical dam break solution (Equation 4.4)
with a time equal to half of the duration of an overtopping event (denoted 𝑇NOT /2; see
Figure 4.6) has been used to normalise the results computed from the CFD simulations.

Figure 4.8 A summary of (a) the maximum horizontal momentum flux and (b)
overtopping volume for different overtopping events. Square: HF, triangles: PDB and
diamond: DB. Black: f/D=0.25, red: f/D=0.5 and blue: f/D=1.
Collectively, the results for horizontal momentum flux and overtopping volume
demonstrate the limitations of using the classical dam break solution to predict
overtopping characteristics. Figure 4.7 indicates that one limitation is associated with the
inability of the classical dam break to replicate the transient nature of an overtopping
event. A second limitation, hinted at in Figure 4.4, is that the velocity field is not
necessarily representative of a shallow flow close to the leading edge of the box. Greco
et al. (2000) referred to this region close to the edge of the box as the transition zone, in
which non-hydrostatic flow transitions into a shallow water flow.
To explore the second of these aspects further, a transition zone length 𝑥T has been
calculated for each CFD simulation. This length has been defined as the distance from
the edge of the box to the first point on the deck beyond which the flow is ‘shallow’ at all
time. The flow is assumed to be shallow when the ratio of vertical to horizontal
momentum flux (denoted 𝛽) is less than 0.1. Figure 4.9 gives an example of the variation
of 𝛽 at different locations on deck for a DB type greenwater event. Close to the leading
edge of the deck, 𝛽 varies over a large range with respect to time, but it is almost zero for
all time on deck away from the leading edge. For this event 𝑥T ~1.22ℎNOT .
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A summary of 𝛽max and the normalized transition zone length 𝑥T /ℎNOT is presented for
all simulations in Figure 4.10. It can be seen that 𝑥T is 0.6-1.6 times the freeboard
exceedance for all events. On average, the normalized transition length varies with
overtopping type: increasing in order from HF, to PDB and DB. This trend occurs because
for HF events, the vertical momentum is significant in the initial stage of overtopping (see
Figure 4.10a; HF events have the largest values of 𝛽max ), which increases the freeboard
exceedance but restricts the transition zone. Consequently, the transition length relative
to freeboard exceedance is small. For PDB and DB, the vertical momentum is less
dominant. This decreases the freeboard exceedance and extends the transition zone,
which results in a larger relative transition length.
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Figure 4.9 An example of the variation of momentum flux ratio β at different positions
from the leading edge on deck for the CFD simulation. A/λp = 0.01, λp/D = 22. (a)
Shipped water profile and velocity field; (b) Variation of β with time at different
locations.
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(a)

(b)

Figure 4.10 A summary of (a) 𝛽max and (b) transition length xT for all simulated
overtopping events. Square: HF, triangles: PDB and diamond: DB. Black colour:
f/D=0.25, red colour: f/D=0.5 and blue colour: f/D=1.

Figure 4.11 Comparison of SWE solution (solid line) and CFD (displayed as colour
contours of the volume fraction) for overtopping associated with A/λp = 0.01, λp/D = 22.
(a) SWE utilizing the boundary condition at x/hNOT=1.22; (b) SWE utilizing the
boundary condition at x/hNOT=0.
An important implication of the transition zone is that it not only suggests the dam break
solution is invalid for all locations on deck, but also that any shallow water solution
computed with different boundary/initial conditions is also invalid. To demonstrate this,
Figure 4.11 presents a comparison of CFD with numerical solution of the SWEs. For the
latter, boundary conditions on flow depth and depth-averaged velocity computed from
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the CFD at (a) the boundary of the transition zone (taken to be 𝑥T = 1.22ℎNOT ) and (b)
the leading edge of the box are used. Overall, Figure 4.11 indicates good agreement
between the CFD and SWE results for the first of these boundary conditions, but not for
the second. For both scenarios some small differences are observed near the front of the
greenwater flow; these are associated with viscous effects, which are neglected in the
present implementation of the SWEs.

4.5

Discussions and conclusions

In this chapter, 2D greenwater overtopping of a fixed box under focused wave groups has
been numerically investigated using CFD across a wide parameter space. A range of
overtopping events have been identified in the CFD results, including the dam break (DB)
type, plunging plus dam break (PDB) type and hammer-fist (HF) type events observed
previously by Greco et al. (2005; 2007). Using qualitative classification, the occurrence
of these different types of events has been mapped out as a function of incident wave
steepness and relative wave length for different values of relative freeboard. In general,
this mapping indicates that HF type events occur for small wave length and large wave
steepness, whilst DB type events tend to occur for small wave steepness (regardless of
the incident wave length). PDB was the most commonly observed overtopping type,
resulting from waves of moderate steepness and intermediate wave length or long waves
with large steepness. Furthermore, as the relative freeboard increased DB events were
less common, indicating that overtopping is associated with more significant plunging
onto the deck as the freeboard increases. This observation may have implications for
modelling overwash associated with low freeboard structures (e.g. ice floes; Skene et al.
2018) compared with greenwater on high freeboard vessels.
From a design perspective, a key requirement is to predict the severity of greenwater
events, which may be explored in terms of various metrics. In this work the horizontal
momentum flux and overtopping volume were assessed; the former influencing the load
potential on deck structures (away from immediate plunging wave loads) and the latter
ship dynamics and drainage. In broad agreement with earlier literature, comparisons of
CFD calculations of horizontal momentum flux and overtopping volume were found to
differ substantially from predictions based on the classical dam break model with a dam
height set equal to the maximum freeboard exceedance (without overtopping). This
inaccuracy was associated with the inability of the classical model to capture transient
aspects of the overtopping process and the non-hydrostatic flow near the edge of the deck.
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Finally, although the focus of this chapter has been placed on integrated quantities rather
than, for example, impact pressures at specific locations on deck, some insight may also
be drawn from the CFD analysis concerning the transition zone length. Across all cases
analysed this zone was confined to a distance of 0.6-1.6ℎNOT extending from the edge of
the box. Consequently, any deck structures placed inside this distance may be subjected
to impact forces associated with plunging, whilst outside this region impact pressures are
expected to result from interaction with a shallow water flow.
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5.1

Introduction

Chapter 4 shows that CFD calculations of horizontal momentum flux and overtopping
volume of greenwater differ substantially from predictions based on the classical dam
break model with a dam height set equal to the maximum freeboard exceedance (without
overtopping). This is because despite their similarity, some of the physics associated with
overtopping is absent in the classical dam break solution
Noting that the physics of greenwater overtopping is more complex than classical dam
break flow, some authors have improved on the classical dam break solution. Schønberg
and Rainey (2002), for example, developed a potential flow model to investigate the effect
of the finite duration of freeboard exceedance events. This model considered a shelf
which moved up and down in calm water, leading to intermittent overtopping events on
the shelf. The model indicated that (provided the vertical accelerations of the shelf were
not significant) the maximum horizontal momentum flux was reduced compared with the
classical dam break prediction, by an amount that increased as the duration of the
overtopping event reduced.
Other authors have chosen to replace the classical dam break model with the Shallow
Water Equations (SWEs) (for example, Huang and Hsiung, 1997; Greco and Lugni, 2012;
Greco et al., 2014); the key difference in this case being that the water depth and velocity
at the edge of the deck can be used as boundary conditions rather than just an equivalent
dam height (or an equivalent time at which the dam breaks). This approach can also
capture the finite duration of an overtopping event. Nevertheless, whilst application of
this approach for overtopping of objects with minimal freeboard has indicated good
95

results (Skene et al. 2015; 2018), the application of this approach to general greenwater
problems has indicated differing levels of agreement with experiments (e.g. Stansberg, et
al. 2002; despite body motion leading to reduced instantaneous freeboard which may
enlarge the applicability of SWE modelling) and is more computationally expensive than
simpler dam break solutions.
Summarising the body of greenwater research discussed above as well as the numerical
results of greenwater overtopping in Chapter 4, the aim of this chapter is to further explore
the deficiencies in the classical dam break model across the full range of overtopping
types, and to investigate how these deficiencies might be overcome by modifying the dam
break solution in various ways. It is expected that the modified solutions will be
instructive for further understanding the greenwater problem and improving composite
methods used in practice to screen sea states based on estimated greenwater loads.

5.2

Modified dam break solutions

To try to overcome the inadequacies of the classical dam break solution for predicting
momentum flux and overtopping volume (indicated in Chapter 4), several modifications
to the dam break problem are investigated in this section. The modified dam break
solutions are then used to reinterpret the CFD results in Chapter 4. Four different
modifications are considered, to attempt to account for: (i) the finite duration of an
overtopping event; (ii) the finite quantity of water in the crest of a wave which exceeds
the freeboard; (iii) the local geometry at the edge of the box; and (iv) the horizontal
momentum in the crest of a wave which exceeds the freeboard. The first two
modifications have been introduced to account for the observation in Chapter 4 that
overtopping events are transient, since they last for a short time and only involve a
compact volume of water associated with the crest of an overtopping wave. The second
two modifications have been introduced to more appropriately represent the geometry
and boundary conditions associated with overtopping.

5.2.1 A modified dam break problem with finite duration
The classical dam break problem may be extended to incorporate a finite duration by
allowing the water level to vary in time (refer to Figure 5.1 for snapshots of this modified
dam break flow), somewhat akin to the variation in water level above the freeboard in a
greenwater event. Noting that Figure 4.6 indicated that the variation in water level above
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the freeboard is approximately sinusoidal in time even for steep waves, in this work the
water level is modified by introducing a vertical flux of fluid 𝑞(𝑥1 , 𝑡) (in both CFD and
SWE simulations) at all locations to the left of the dam according to

𝑞(𝑥1 , 𝑡) =

ℎ0 𝜋
𝜋
cos ( 𝑡) ,
𝑇0
𝑇0

for 0 ≤ 𝑡 ≤ 𝑇0

and 𝑥1 ≤ 0 .

(5.1)

where ℎ0 is the maximum water level, and 𝑇0 the duration during which the water level
is above bed at a location far to the left of the dam. 𝑇0 is analogous to (and has a similar
range of values as) TNOT – the length of time during which run up at the bow exceeded
the original freeboard –defined in Section 4.4.3. This flux leads to a variation in water
level at a location 𝑥1,−∞ far upstream of the dam of:
𝑡

ℎ(𝑥1,−∞ , 𝑡) = ∫ 𝑞(𝑥1,−∞ , 𝑡 ′ )𝑑𝑡 ′ = ℎ0 sin (
0

𝜋
𝑡) ,
𝑇0

for 0 ≤ 𝑡 ≤ 𝑇0 .

(5.2)

with an initial condition defined by ℎ(𝑥1 , 𝑡 = 0) = 0.
Compared with the classical dam break flow, this modified problem introduces an
additional time scale 𝑇0 . The ratio of this time scale to the implicit time scale associated
with run out of a classical dam break defines a relative duration given by:

𝑇′ =

𝑇0
√ℎ0 ⁄𝑔

.

(5.3)

For small 𝑇 ′ the water available for runout will only exist for a short time; hence the
runout volume and momentum flux are expected to be limited. Alternatively, in the
opposite limit 𝑇′ → ∞, water will be available for runout indefinitely, as in the classical
dam break solution.
CFD simulation of this modified dam break flow is achieved by defining a vertical-flux
boundary condition given by Equation (5.1) while shallow-water-equation modelling is
performed by substituting 𝑆(𝑥, 𝑡) = [𝑞(𝑥1 , 𝑡) 0]T (where 𝑞(𝑥1 , 𝑡) is defined by Equation
(5.1)) into Equation (3.69).
Figure 5.1 presents solutions obtained via CFD and the SWEs for two different values of
relative duration. For the larger relative duration (i.e. 𝑇 ′ =20), the water can be seen to
97

flow onto the bed without any visible plunging; i.e. the water profile is similar to that
associated with the classical dam break solution (see Figure 1b). For this duration the
SWEs also compare well with the CFD results. In contrast, for small relative duration (i.e.
𝑇 ′ =4) a plunging phase is evident in the CFD results initially, which is qualitatively
similar to that observed for PDB type overtopping events. Since the SWEs cannot capture
the non-hydrostatic effects associated with plunging, the water profiles show a poorer
agreement with CFD.

Figure 5.1 Comparison of SWE solution for modified dam break (solid line) with CFD
(displayed as contours of volume fraction) (a) 𝑇 ′ = 𝑇0 ⁄√ℎ0 ⁄𝑔 = 20; (b) 𝑇 ′ =
𝑇0 ⁄√ℎ0 ⁄𝑔 = 4.
Figure 5.2 presents snapshots of the CFD profiles obtained for a larger range of relative
̂D,max (the maximum horizontal momentum flux in
durations together with a plot of 𝑀
both space and time) for each case, normalised by the classical dam break solution in
̂D,max is similar to calculation of 𝑀
̂G,max detailed in
Equation (4.6). The calculation of 𝑀
Section 4.4.3 of Chapter 4. A series of probes are set in the region 𝑥1 > 0 and momentum
flux recorded at each, for each time step. The peak momentum flux during the
overtopping process is obtained for each probe and then the maximum value of these peak
̂D,max . The range considered in Figure 5.2 is
momentum flux readings identified, i.e. 𝑀
based on the range of durations and equivalent dam heights observed in the CFD
simulations without overtopping. Across this range it can be seen that the relative duration
directly influences the local profiles and the resulting horizontal momentum flux. The
general trend is that, with reduced relative duration, plunging is more likely and relatively
smaller maximum momentum flux is observed. Figure 5.2b also indicates that these
effects are not captured by the SWE method; in effect, finite duration introduces nonhydrostatic flow phenomena that influence the greenwater characteristics. It is noted that
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the discussions above are based on a large relative dam length (𝑙/ℎ0 ≫ 1). The effect of
a finite relative dam length (for example, 𝑙/ℎ0 = 4 shown in Figure 5.2b) is discussed in
Section 5.2.2.

Figure 5.2 (a) Snapshots of water profile associated with the modified dam break for
different value of relative duration 𝑇 ′ . From the upper to the lower: 𝑇 ′ =
20, 12, 8 and 4. (b) Normalised maximum momentum flux as a function of relative
duration. 𝑙 is the dam length. The data corresponding to l/h0=4 is discussed further in
§5.2.2.
Inspired by the modified dam break results in Figure 5.2, the results of the CFD
overtopping simulations in Chapter 4 are reinterpreted. For each of the CFD simulations
repeated without overtopping (e.g. Figure 4.6) a relative duration has been computed
according to

𝑇′ =

𝑇NOT
√ℎNOT ⁄𝑔

,

(5.4)

where ℎNOT and 𝑇NOT are as defined in Section 4.4.3 of Chapter 4 and are regarded as
roughly analogous to ℎ0 and 𝑇0 , respectively.
̂G,max of greenwater events calculated using
The maximum horizontal momentum flux 𝑀
CFD (see Figure 4.8a in Chapter 4), normalised by the classical dam break result, has
then been plotted as a function of this relative duration in Figures 5.3(a) - 5.3(c). It is
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noted that the cases indicated by hollow symbols were not considered when calculating
the relative duration. As a result, the contour line of effective duration for f/D=1 (see Fig.
5.3(f)) was not shown (or calculated) due to a limited number of cases available for
calculation. A number of observations can be made based on these subfigures.
Firstly, the use of the relative overtopping duration has led to a significant collapse of the
data for all values of wave steepness, relative freeboard and relative wave length. This
collapse suggests that the relative duration explains much of the variability in maximum
momentum flux observed between the classical dam break solution and the CFD
computations. Secondly, the different overtopping types tend to cluster in different ranges
of relative duration. The HF events, for example, tend to occur for 𝑇 ′ <~3.5, whilst DB
events are more common for larger durations associated with 𝑇 ′ >~5-6. This observation
can also be seen clearly in Figures 5.3(d)-5.3(f), which reproduce the classification
diagrams from Figure 4.5 with contours representative of the relative duration. These subfigures make clear that steep, short waves tend to have smaller relative duration, and viceversa. It is interesting to note, however, that the groupings are not perfect (see, for
example, simulation 70 in figure 5.3c); this may reflect the somewhat subjective nature
of the classification, but is significant in suggesting that relative duration is more
important than overtopping type for determining maximum momentum flux. Thirdly, for
small relative duration the normalised maximum horizontal momentum flux is much less
than unity. Alternatively, for large duration, the normalised maximum momentum flux
can exceed unity. This is not explained by relative duration alone, since in the limit of
larger duration the modified dam break results (see Figure 5.2) suggest that the maximum
momentum flux should limit towards the classical dam break result. This aspect of the
results is examined further in Section 5.2.3.
In traditional greenwater prediction methodology using potential flow and a dam break
model, the freeboard exceedance is usually regarded as the only important parameter
indicating the severity of greenwater events (Buchner, 2002). However, the present
results reveal another important parameter, i.e. the duration of overtopping, which may
also be important for the severity of greenwater incidents. The relative duration of
overtopping, 𝑇NOT ⁄√ℎNOT ⁄𝑔, can be taken as a function of the three non-dimensional
parameters - A/λp, λp/D and A/f – which are adopted to classify different overtopping types
(See Section 4.4.2). The freeboard exceedance, hNOT, calculated based on a no
overtopping condition, is used to get the momentum flux for the classical dam break (i.e.
2
0.25gℎNOT
). Then the relative overtopping duration, which combines the effects of wave
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and ship parameters, can be used to give a simple prediction of the horizontal momentum
flux (or damage potential) of greenwater events i.e. to tell what fraction of the classical
dam break predicted result applies to greenwater on-deck flows.

Figure 5.3 (a-c) Variation of normalised maximum horizontal momentum flux with
respect to the relative duration for greenwater events. (d-f) Reproduction of Figure 4.5
with contour lines representing 𝑇′ (only cases indicated by solid symbols were used for
the calculation of 𝑇′). Note: f/D=0.25 for (a) and (d); f/D=0.5 for (b) and (e); f/D=1 for
(c) and (f). The light grey circular symbols in (a)-(c) represent the results for the other
two f/D ratios. Symbols are numbered to aid cross-comparisons.
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Figure 5.4 shows the maximum horizontal momentum flux and the overtopping duration
for some greenwater cases which have similar freeboard exceedance hNOT. The freeboard
exceedance for cases A and B (or cases D and E) are almost the same but the resultant
momentum flux (or equivalently impact loading) are different. This difference can be
explained if one accounts for duration of overtopping for each greenwater event. For
example, although cases A and B have the same freeboard exceedance, the overtopping
duration for A is larger than that for B, which leads to the momentum flux of the former
being larger than the latter. Case C has a larger freeboard exceedance than case A and B
but a smaller momentum flux than the latter, which is also caused by a smaller
overtopping duration.
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Figure 5.4 The maximum horizontal momentum flux 𝑀
TNOT for similar values of freeboard exceedance hNOT. f/D=0.25. The number in the
bracket indicates the case shown in Figure 5.3(a).
Figure 5.5 presents results for the overtopping volume and the transition zone length in
terms of relative overtopping duration. It is apparent that the relative duration also appears
to explain the difference between the CFD calculations and the classical dam break
predictions for the overtopping volume (when comparing Figure 5.5 with Figure 4.8b).
The collapse of the data is less clear for the transition zone length. Nevertheless, it is clear
that HF type events appear to have shorter transition length (normalised by freeboard
exceedance) and relative duration, whilst DB type events have longer (normalised)
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transition length and duration. Furthermore, an important conclusion based on Figure 5.5b
is that the transition length (normalised by ℎNOT ) is between 0.6 and 1.6 for all scenarios.
This is arguably the first quantitative estimate of the extent of this zone and could be used
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in practice to determine locations on deck where impact due to plunging may occur.
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Figure 5.5 (a) Relative overtopping volume, computed for the first half of the
overtopping duration and (b) The transition zone length, plotted as a function of relative
duration. The three values of f/D (0.25,0.5 and 1) are distinguished by the transparency
of the symbols, which are more transparent for larger f/D.
Figure 5.6 gives the position on deck corresponding to the maximum horizontal
momentum flux of shipped water flow, obtained from CFD simulations. In general, for
HF type events, the maximum horizontal momentum flux occurs in the transition zone,
while for PDB and DB, the most severe damage potential caused by greenwater flow will
exist in the shallow water zone. As the vertical movement near the leading edge is
significant for HF event, the large water depth in the transition zone will dominate the
horizontal momentum flux, which is larger than that in the shallow water zone (in which
the velocity increases and the water depth drops). For PDB and DB, the vertical
movement near the leading edge is less significant and the momentum flux will be
dominated by the horizontal velocity of the fluid. Thus the maximum horizontal
momentum flux will occur in the shallow water zone.
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Figure 5.6 The position on deck x0 corresponding the maximum horizontal momentum
flux. Three values of f/D (0.25,0.5 and 1) are distinguished by the transparency of the
symbols, which are more transparent for larger f/D.

5.2.2 A modified dam break problem to account for finite crest length
In the previous subsection the water level upstream of the dam was made to vary in time
to mimic the transient nature of overtopping events. An alternative way to introduce
transient effects is to modify the dam so that it has a finite upstream width (so that the
water available for run out is finite). This can be achieved by modifying the initial
conditions such that

𝑙
𝑙
ℎ (|𝑥1 + | ≤ , 0) = ℎ0
2
2

(5.5)

where 𝑙 defines the width of the dam.
To investigate this modification a series of simulations were undertaken incorporating
Equation (5.5) together with Equation (5.1) (but with the vertical flux only applied where
|𝑥1 + 𝑙/2| ≤ 𝑙/2). Results for 𝑙/ℎ0 =4 are given in Figure 5.2b. For sufficiently short
duration (e.g. 𝑇 ′ < 6) there is no difference between the results for 𝑙/ℎ0 =4 and the results
for an ‘infinite’ reservoir (which, for practical reasons, has been modelled with
𝑙/ℎ0 =60). This implies the water level rises and falls sufficiently quickly when 𝑇 ′ <6
so that there is insufficient time to exhaust the fluid within the finite length of dam. In
contrast, for longer duration the horizontal momentum flux is reduced below that for an
infinitely long reservoir because the finite dam width limits the amount of runout.
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To place these results into context for the overtopping simulations it is assumed that 𝑙/ℎ0
may be estimated as 𝑙/ℎNOT ~𝜆𝑝 /2𝐴. For the range of simulations performed this gives
𝑙/ℎNOT ~9-50. Noting that 𝑇 ′ <10 for these simulations suggests that the finite crest width
does not contribute to the transient nature of the overtopping events (i.e. the duration of
the overtopping events is too short for the finite crest length to influence/limit the
greenwater momentum flux or overtopping volume).

5.2.3 Modifications to account for local geometry and initial horizontal
momentum
Comparing the variation of normalised momentum flux with respect to relative
overtopping duration for modified dam break (see Figure 5.2b) and greenwater flows (see
Figure 5.3a), two principal differences are apparent: (i) for modified dam break flow the
variation of normalized momentum flux with respect to relative duration is a single curve
while scatter of data exists for greenwater flow; and (ii) for modified dam break flow the
momentum flux is bounded from above by the classical dam break solution while the
greenwater momentum flux is larger than this limit for large values of overtopping
duration. Therefore, two further modifications to the classical dam break problem attempt
to better represent the geometry and boundary conditions observed in overtopping events.
For the first modification, a ‘bottom step’ is introduced at the location of the dam to
represent the fact that the water depth is not constant near the edge of the box (Figure
5.7a). To investigate this modification CFD simulations have been undertaken for various
step sizes using the vertical flux in Equation (5.1) to simultaneously mimic a finite
duration dam break. The width of the dam has been set to 𝑙/ℎ0 =60. Figure 5.7b presents
the CFD results. It can be seen that the bottom step geometry leads to an increase in
momentum flux compared to the classical flat bottom geometry. This increase is most
pronounced at large duration and occurs because the rarefaction wave associated with the
draw-down of water upstream of the dam travels faster in deep water. Consequently, the
fluid contributing to the dam runout can be drawn from a larger region upstream of the
dam, resulting in (on average) a larger water level just upstream of the dam compared to
the flat bed geometry. This larger water level helps to drive increased run out volume and
momentum flux. It is noted that a more detailed explanation of why the introduction of
bottom step leads to the increase of horizontal momentum flux based on an analytical
solution to the “bottom step” problem is given in Appendix B.
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Figure 5.7 (a) Modification of classical dam break to incorporate a bottom step at the
dam location. (b) Normalised maximum horizontal momentum flux for different bottom
steps. Results obtained from CFD simulations
A direct quantitative analogy to the greenwater overtopping results is not straightforward
for the modified dam break illustrated in Figure 5.7. Nevertheless, it is interesting to note
that this modification can result in maximum momentum flux values in excess of the
classical dam break solution, especially at large duration. These characteristics are
consistent with those observed for large duration events in Figure 5.3.
The final modification to the classical dam break problem is somewhat motivated by the
secondary trends observed in the scatter of data points shown in Figure 5.3. To illustrate
these secondary trends Figure 5.8 displays the normalised momentum flux of greenwater
on-deck flow obtained from CFD simulations as a function of relative wave length and
steepness for several sets of data with very similar relative duration (see Figure 5.3).
Although the variations are small, it is apparent that the momentum flux consistently
increases with λp/D and A/λp for a given relative duration. A possible explanation for these
trends is that the input horizontal momentum in the overtopping wave crests are different
for different values of the relative wave length λp/D and the wave steepness A/λp. Due to
the complexity of the wave structure interaction problem it is not straightforward to
determine the input horizontal momentum for a given greenwater event. Nevertheless, for
short waves the incident wave group will be totally reflected by the structure and the input
horizontal velocity under the wave crests may have little effect on the momentum flux of
shipped water flow. In contrast, for relatively long waves, the input horizontal momentum
under a wave crest may affect the greenwater flow. An extreme condition is that the
incident wave group is very long relative to the size of the box, such that the input
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momentum flux of water flow on deck may be estimated from the momentum flux in the
undisturbed incident wave crest.
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Figure 5.8 Variation of the relative maximum horizontal momentum flux with respect to
wave length or wave steepness for similar values of the relative overtopping duration.
f/D=0.25.
Motivated by the results above, the final modification introduces a uniform input
horizontal velocity Ux in the classical dam break model, such that 𝑈(𝑥1 ≤ 0,0) = 𝑈𝑥 and
ℎ(𝑥1 ≤ 0,0) = ℎ0 . This velocity is introduced to mimic the input momentum anticipated
for the overtopping of long and steep waves. If duration effects are ignored, the SWEs
can be solved analytically for this modification, resulting in (Toro, 2001):

4
̂𝐷,𝑚𝑎𝑥
4𝑀
𝑈𝑥
=(
+ 1)
𝑔ℎ02
2√𝑔ℎ0

(5.6)

Thus the input velocity leads to an increase in the maximum momentum flux compared
with the classical dam break result.
In relating this modified dam break result back to the overtopping results it is important
to note that Equation (5.6) is only appropriate in the limit of long duration overtopping
events, since it does not incorporate the effects of finite duration. For the long duration
CFD simulations (i.e. for cases 30, 31, 32 and 59 having 𝑇 ′ >7 in Figure 5.3) the depth̅𝑥 under the largest crest (but above the freeboard) of the undisturbed
averaged velocity 𝑈
focused wave groups, normalised by √𝑔ℎNOT , takes values of between 0.25-0.3. Using
Equation (5.6) this would give normalised maximum momentum fluxes of 1.6-1.75.
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Strictly speaking these results cannot be compared directly with the normalised
momentum fluxes obtained via CFD (plotted in Figure 5.3) because the depth-averaged
velocity is only a crude approximation for the input velocity associated with the
overtopping flow. In addition, reflection of waves by the box is not considered when
̅𝑥 , so that 𝑈
̅𝑥 may overestimate the input velocity associated with
calculating 𝑈
overtopping (as reflection tends to reduce the horizontal input velocity). Nevertheless, it
can be seen that the estimated fluxes are not too dissimilar from the CFD results.
Consequently, the correction based on Equation (5.6) does appear to offer a second
explanation (in addition to the local geometry) as to why the normalised maximum
momentum flux exceeds unity for large duration overtopping events.

5.3

Conclusions and discussions

In this chapter, the deficiencies in the classical dam break model across the full range of
greenwater overtopping types (shown in Chapter 4) are investigated by modifying the
dam break solution in various ways.
Modifications to the classical dam break model help to explain the inaccuracy observed
with the classical dam break model. In particular, introducing finite duration into the
classical dam break problem resulted in a new parameter – the relative duration 𝑇 ′ =
𝑇NOT /√ℎNOT /𝑔 – which explained much of the disagreement in overtopping volume and
maximum horizontal momentum flux. In physical terms, for overtopping events with
short relative duration, the overtopping crest is only present for a short time compared
with the time required for runout of the water on deck; consequently, the overtopping
volume and momentum flux are smaller than that predicted by the classical dam break
solution. In comparison, for long duration events, transient effects are less significant and
the overtopping volume and momentum flux approach (and may exceed) the classical
dam break predictions. The relative duration also appears to be roughly correlated with
the occurrence of different overtopping types, (HF events ~ small duration, DB ~ large
duration and PDB intermediate), though the relative duration appears to be a superior
quantitative predictor of important parameters like momentum flux and overtopping
volume.
Considering these characteristics, the relative duration may have implications for
greenwater assessment. In particular, it suggests that screening sea states based on only
the maximum freeboard exceedance is potentially misleading (consider cases 1, 14 and
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32 from Figure 5.4 which have similar freeboard exceedances, but momentum fluxes
which differ by a factor of 3). With this in mind, a convenient aspect of 𝑇′ (as defined
here) is that it can be computed at little extra cost compared to that required to estimate
the maximum freeboard exceedance. All that is needed is an estimate of 𝑇NOT for each
event that exceeds the freeboard; this may be extracted readily from potential flow models
used commonly in practice.

5.4
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6.1

Introduction

The two-dimensional models adopted by Greco et al. (2005, 2007) and in the preceding
chapters are based on rectangular boxes with a vertical bow. However, most ship-shaped
offshore structures, such as FPSOs, have bow flares. The effect of bow flare (or bow
geometric parameters) on greenwater is still not completely understood. For example,
O’Dea and Walden (1984) reported that the increase in the bow flare angle reduces the
shipped water height on deck of a frigate model with forward speed. While in Lloyd et
al. (1985), more frequent freeboard exceedance and deck wetness were observed for a
frigate model (with forward speed) of heavily flared bow. Buchner (1998) investigated
greenwater for a freely floating model (with no forward speed) experimentally. They
observed that bow flare reduced ship motions but increased the relative wave motions (if
the relative wave motions did not come high above the deck edge). Based on model tests
conducted for a tanker and a cargo ship in regular and irregular waves, Ogawa (2003)
concluded that the effect of bow flare on greenwater load was small unless it was
extremely varied.
Considering the above-mentioned ambiguities in the effects of bow flares, more
fundamental investigations appear warranted to obtain a deeper and clearer understanding
of the underlying physics associated with greenwater overtopping on an offshore structure
with a bow flare. Following the approach taken in earlier chapters, this chapter focuses
on a simplified two-dimensional greenwater problem in which NewWave-type focused
wave groups (Tromans et al., 1991) overtop onto a fixed rectangular box with a flare. In
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this sense the present study does not consider vessel motions and, therefore, it does not
consider the effect of a flare on vessel motions. Nevertheless, the present work does
enable the effect of a flare on the local water motions near the bow to be investigated, as
well as the effect of these altered water motions on greenwater.
The problem is numerically investigated using CFD together with a VOF surface
capturing scheme. Based on the numerical results, the effects of bow flare on the
freeboard exceedance, overtopping volume and momentum flux associated with
greenwater events are explored in detail.

6.2

Numerical methodology

A schematic of the interaction between focused wave groups and a rectangular box with
a bow flare is given in Figure 6.1. A Cartesian coordinate system is defined with x axis
placed on the still water plane and z axis defined positive upwards and coinciding with
the box leading edge for the case with no flare (i.e. for θ=0 deg.).
NewWave-type focused wave groups are used as the input waves. The input signals for
the CFD simulations are again the sum of the first and second order components (see
Chapter 3). The rectangular box is placed with z axis coinciding with the actual focal
position of the undisturbed wave groups. It is noted that the crossing point of the stem
and still water level may deviate from the actual focal position, especially for a large bow
flare angle (e.g. 50 deg.). However, the peak water surface elevation in the undisturbed
wave at the location of the stem deviates from the undisturbed crest elevation at the focus
point by less than 5%, which indicates an insignificant effect on greenwater overtopping
properties.
z

Freeboard f

o
Draft D
Peak crest height Anl
Peak wavelength λP
Focal position, xf
Phase shift, φ
JONSWAP peak lifting factor χ

x

Box

Length L

Figure 6.1 Schematic of the interaction of incident focused wave groups with a
rectangular box with bow a flare.
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6.3

Wave and geometric parameters

Following previous chapters, the length L, draft D and freeboard f are modelled as L/D=15
and f/D=0.25, which are representative dimensions for a FPSO unit. The water depth is
set equal to the peak wave length λp so that the waves travel in deep water. Bow flare
angles of 10, 30 and 50 degrees are chosen for the following analysis, which extends
beyond the typical range of a FPSO unit (Buchner, 2002). The draft D is set as 0.2m- a
similar value adopted in the model test conducted by Greco et al. (2005; 2007). This
choice is made because it facilitates the comparison between CFD and experiments by
removing some additional effects such as the difference of Reynolds number using fullscale CFD simulation.
In previous chapters, the peak wave length and steepness of wave groups are chosen as
λp/D = 5-30 and Anl/λp = 0.01-0.06, which were derived from representative wave
conditions. A range of greenwater events including dam break (DB), plunging plus dam
break (PDB) and hammer fist (HF) type overtopping events were identified and classified
based on the CFD simulations of overtopping. We choose a subset of the cases in previous
chapters to perform the present numerical analysis. The subset is highlighted by a red
ellipse in Figure 6.2. Collectively, the subset intentionally cover the range of different
overtopping types observed in the Chapter 4. Details of wave parameters are listed in
Table 6.1. It should also be noted that a grid convergence study has been performed for
all cases in the present study.

Figure 6.2 A classification of greenwater events caused by focused wave groups
overtopping onto a rectangular box with no bow flare, f/D=0.25, L/D=15.
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Table 6.1 Details of wave parameters for simulation
Case
1
2
3
4
5
6
7
8
9
10
11
12

6.4

𝐴nl /𝜆p
0.044
0.03
0.053
0.04
0.03
0.02
0.04
0.03
0.022
0.022
0.01
0.01

𝜆p
/𝐷
6
6
10
10
10
10
15
15
15
22
22
30

Results of greenwater overtopping

6.4.1 Shipped water profiles
Figure 6.3 shows the shipped water profiles for different bow flare angles for an incident
wave group with λp/D=6 and Anl/λp=0.044. For bow flare angle θ=0 deg., this wave group
leads to a HF type greenwater event (see Figure 6.3a), in which the water ships in the
form of a fluid arm. For a small flare angle (10 deg.), the water shipping still bears the
shape of a HF (see Figure 6.3b), whereas a large bow flare angle has a more significant
disturbance on the water profile around the bow, causing an obvious jet like feature which
overturns away from the box back into the incident wave (See Figure 6.3c and 6.3d). The
increase of bow flare angle inhibits water shipping, leading to less shipped water flowing
onto the deck and an absence of a visible plunging feature when the bow flare is 50 deg..
The shipped water profiles for different bow flare angles under another wave group
having λp/D=22 and Anl/λp=0.01 are shown in Figure 6.4. This incident wave group causes
a DB type greenwater event for a rectangular box with bow flare of θ=0 deg.. It can be
seen from Figure 6.4 that the dam break like flow feature is preserved for all bow flare
angles considered. As this wave group is relatively long compared with the principal box
dimensions (and the steepness is small), the disturbance of the bow flare on the incident
wave profiles near the bow is much less significant than that caused by shorter waves
(shown in Figure 6.3). For this long wave group, the largest bow flare angle (50 deg.)
causes only small ripples on the free surface in front of the box.
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Figure 6.3 Shipped water profiles for different bow flare angles, λp/D = 6 and Anl/λp =
0.044. The wavemaker is placed at x=-6.75 λp. (a) θ=0 deg.; (b) θ=10 deg.; (c) θ=30
deg.; and (d) θ=50 deg.. Tp is the peak period of the wave group.

Figure 6.4 Shipped water profiles for different bow flare angles, λp/D = 22 and Anl/λp =
0.01. The wavemaker is placed at x=-5.05 λp. (a) θ=0 deg.; (b) θ=10 deg.; (c) θ=30 deg.;
and (d) θ=50 deg..

6.4.2 Freeboard exceedance
The freeboard exceedance near the bow, together with the duration of the overtopping
event, was shown in Chapter 5 to be partly responsible for the severity of greenwater
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incidents. In this section, the effect of bow flare angle on the freeboard exceedance at the
deck front is investigated.
For each CFD simulation a wave probe was set vertically at the deck front to measure
time series of water level during greenwater overtopping, from which the maximum
freeboard exceedance can be derived. Figure 6.5 shows two examples of the time series,
which is normalized by the maximum freeboard exceedance for bow flare of 0 deg. i.e.
(hOT)0deg.
When the water level increases during overtopping for a particular wave group, the time
series for different flare angles overlap with each other (except for a small offset for the
bow flare angle of 50 deg.). However, the water level starts to decrease at an earlier time
for the relatively larger bow flare angles. The increase of the bow flare angle therefore
results in a reduced maximum freeboard exceedance and overtopping duration at the deck
front.
Comparison of Figure 6.5(a) and 6.5(b) shows that the effect of bow flare angle on the
freeboard exceedance (or time series of shipped water level) is more significant for short
waves than for longer waves. This observation is consistent with the disturbance of bow
flare on wave profiles observed in Figure 6.3 and Figure 6.4. For example, the ratio of
freeboard exceedance for bow flare angle of 50 deg. to that without bow flare is about 0.4
and 0.73 for a focused wave group with λp/D = 6 and 22, respectively.
Figure 6.6 summarizes the effects of bow flare angle on freeboard exceedance for
different wave group parameters (indicated in Figure 6.2). For each wave condition, the
freeboard exceedance hOT is normalized by the corresponding value for no flare condition,
(hOT)0deg. Overall, it can be seen that the increase of bow flare angle normally reduces the
maximum freeboard exceedance, especially for wave groups of shorter length. The
reduction of freeboard exceedance by the bow flare angle is also affected by wave
steepness although the trend is not so clear.
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Figure 6.5 Water level at the deck front for different bow flare angles. (a) λp/D = 6 and
Anl/λp = 0.044; (b) λp/D = 22 and Anl/λp = 0.01.
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Figure 6.6 A summary of the effect of bow flare angles on the freeboard exceedance at
the deck front.
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6.4.3 Horizontal momentum flux
For a greenwater event, the horizontal momentum flux of water flow on deck is related
to the horizontal impact force on superstructures. As noted in Chapter 4, due to the
similarity between greenwater flow and dam break flow, the classical dam break solution
(Ritter, 1892) is often used in practice to predict the greenwater momentum flux once the
freeboard exceedance is determined (see Equations (4.5) and (4.6)).
For the CFD simulations, the horizontal momentum flux of shipped water flow on deck
was calculated directly. To achieve this a set of ‘probes’ were placed on the deck to
measure the instantaneous horizontal momentum flux. Based on these probes, at each
time instant, it was possible to obtain the maximum horizontal momentum flux on deck,
MG,max. Finally, analyzing the entire time series of MG,max allowed for the determination
̂G,max .
of the maximum horizontal momentum flux in both space and time, denoted as 𝑀
Figure 6.7 presents some examples of the variation of the horizontal momentum flux with
respect to time for the greenwater events shown in Figure 6.3 and Figure 6.4. Unlike the
classical dam break solution, the spatial maximum greenwater momentum flux on deck
is not constant but varies with time, increasing from 0 to a maximum value before
reducing more gradually back to 0. The increase of bow flare angle leads to a reduction
̂G,max . Similar to
in the maximum horizontal momentum flux (in both space and time), 𝑀
freeboard exceedance, the maximum momentum flux of water flow on deck is more
affected by the bow flare angle for short waves than for long waves. For example, a bow
flare angle of 10 deg. can reduce the momentum flux up to 25% for short waves (λp/D =
6) while its effect is insignificant for long waves (λp/D = 22). For the largest bow flare
angle (50 deg.), the greenwater momentum flux caused by long wave groups is about 60%
of that for the no flare condition while this ratio is only 25% for short waves.
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Figure 6.7 Variation of greenwater horizontal momentum flux on deck. (a) λp/D = 6 and
Anl/λp = 0.044; (b) λp/D = 22 and Anl/λp = 0.01.
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Figure 6.8 A summary of the effect of bow flare angles on the maximum horizontal
momentum flux of shipped water flow on deck.
A summary of the effect of bow flare angles on the maximum horizontal momentum flux
of shipped water flow on deck for different overtopping events is given in Figure 6.8. It
can be seen that the larger the bow flare angle, the smaller the maximum momentum flux.
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The decrease of momentum flux by the bow flare is also affected by wave length and
steepness, which shows a similar trend to that for freeboard exceedance.

6.4.4 Overtopping volume
For a greenwater event, the overtopping volume may be a critical design input to ensure
adequate drainage. To measure overtopping volume in the CFD simulations a “probe”
was introduced to measure the overtopping flow rate at the edge of the deck, q. This flow
rate has then been integrated in time to calculate the overtopping volume, Q.
Figure 6.9 shows the variation of overtopping flow rate with time for different bow flare
angle. The increase of bow flare angle leads to a reduction in the maximum overtopping
flow rate at the deck front. Again it can be seen that the bow flare affects the overtopping
flowrate more significantly for short waves than for long waves.
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Figure 6.9 Variation of greenwater overtopping flow rate. (a) λp/D = 6 and Anl/λp =
0.044; (b) λp/D = 22 and Anl/λp = 0.01.
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Figure 6.10 A summary of the effect of bow flare angle on greenwater overtopping
volume Q.
Figure 6.10 summarizes the effects of bow flare angle on greenwater overtopping volume.
Overall, the introduction of bow flare reduces the overtopping volume of greenwater
events. The larger the bow flare angle, the smaller the overtopping volume. The reduction
of overtopping volume by bow flare is also affected by wavelength and steepness of
incident wave groups, with a trend appearing to be as clear as it was for momentum flux
and freeboard exceedance.

6.5

Interpretation using modified dam break models

6.5.1 Modified dam break models
Considering the similarity between greenwater flow and dam break flow, a classical dam
break model is often used in practice to predict greenwater properties on deck. For
example, Equation (4.5) can be used to estimate the maximum horizontal momentum flux
for a dam break flow with an initial height of h0 set equal to some representative freeboard
exceedance. Similarly, the volume of water that breaks through the dam, QD, can be
calculated for the classical dam break problem according to Equation (4.3).
As an extension to the classical dam break model, chapter 5 proposed a modified dam
break (MDB) model in which the upstream water depth increased and decreased over
time to mimic the finite duration of greenwater overtopping, which is one of the principal
differences between greenwater and classical dam break. The MDB model indicated that,
in addition to the dam height, a second key parameter - the duration – also influenced the
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momentum flux and volume of water that breaks through the dam. This relative duration
was defined in Equation (4.11). The relative duration given in Equation (4.11) represents
the ratio of (i) the time for which the upstream water is available to flow through the dam
in the MDB, to (ii) the time scale associated with run out for a classic dam break (given
by √ℎ0 /𝑔).

6.5.2 Application of dam break models to greenwater
To use the dam break models to predict the momentum flux and overtopping volume
associated with greenwater events there is a need to define the dam height and the duration
of the dam break (both to compute volume flow rate and relative overtopping duration).
Chapter 5 estimated these values by increasing the freeboard in their numerical model so
as to prevent overtopping occurring. Each focused wave group simulation was re-run. By
measuring the free surface elevation at the leading edge of the rectangular box for each
event both (i) a maximum freeboard exceedance (i.e. the maximum wave elevation above
the original freeboard without overtopping), denoted hNOT, and (ii) the overtopping
duration (i.e. the time duration when the wave elevation is above the original freeboard),
denoted TNOT, were obtained. The momentum flux, volumetric of overtopping and
relative overtopping duration where then computed in terms of these parameters
according to (derived from Equations (4.11), (4.5) and (4.3)):
1 2
𝑔ℎ
.
4 NOT

(6.1)

4𝑇NOT
3
√𝑔ℎNOT
27

(6.2)

̂G,max =
𝑀

𝑄G =

𝑇 ′ = 𝑇NOT /√ℎNOT /𝑔 .

(6.3)

Following previous chapters, a similar analysis is conducted for the greenwater
simulations in the present paper for boxes with bow flare angle. Figure 6.11 shows an
example of the calculation of hNOT and TNOT. As indicated in Figure 6.11(a), the freeboard
along the bow flare has been increased to make sure that no overtopping occurs. A
“probe” is then placed along the bow flare to measure wave run up distance along the
bow flare. The maximum surface elevation above the original freeboard measured by this
probe is denoted as hNOT and the time duration in which the surface elevation is above the
original freeboard is denoted as TNOT.
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Figure 6.11 Free surface elevation for very high freeboard (such that no overtopping
occurs). λp/D = 6 and Anl/λp = 0.044. Bow flare angle of 10 deg.. (a) Free surface
elevation (b) Wave profiles.
To briefly summarise the CFD results obtained using an increased freeboard, Figure 6.12
shows the effective freeboard exceedance, overtopping duration and the relative
overtopping duration for different bow flare angles. The line in the subfigures represents
the bisector of the quadrant (i.e. slope = 1). For a given point in the figure, the horizontal
coordinate represents the relevant greenwater parameter for a bow flare of 0 deg., while
the vertical coordinate corresponds to the same greenwater parameter for a bow flare of
10, 30 and 50 deg., respectively.
Figure 6.12 (a) shows the effect of bow flare angle on the freeboard exceedance for the
no overtopping condition. For small (10 deg.) or medium (30 deg.) bow flare angles, the
freeboard exceedance is reduced when compared with that for a vertical bow (0 deg.).
However, for an extremely large bow flare angle (50 deg.), the freeboard exceedance may
be enlarged. This is caused by the fact that the introduction of large bow flare angle leads
to the occurrence of a violent jet along the bow (see Figure 6.14).
It can be seen from Figure 6.12(b) that the overtopping duration calculated under a no
overtopping condition is reduced as the bow flare angle increases (even for the extremely
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large angle of 50 deg.). As indicated in Figure 6.12(c), this leads to an overall reduction
in relative overtopping duration as the bow flare angle increases.
(a)

(b)

(c)

Figure 6.12 The freeboard exceedance (a), overtopping duration (b) and the relative
overtopping duration (c) for different flare angles (no overtopping condition).
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6.5.3 Prediction using dam break models
To compare the greenwater overtopping CFD results for momentum flux with the dam
break model predictions, Figure 6.13 plots the maximum horizontal momentum flux of
greenwater flow measured in the CFD divided by the prediction according to Equation
(6.2). The horizontal axis in this figure represents the relative duration of the overtopping
event (computed from Equation (6.3)). The results for bow flare angle of 0 deg. are
obtained from Chapter 5. It can be seen in Figure 6.13 that for small and medium bow
flare angles (i.e. 0, 10 and 30 deg.), the greenwater momentum flux (normalized by the
classical dam break prediction) shows a clear increasing trend with an increase of the
relative overtopping duration. This general increasing trend with relative duration
indicates that the classical dam break solution over-predicts the greenwater momentum
flux at smaller relative overtopping duration, whilst it gives an under-prediction at larger
relative duration. Consequently, accurate prediction of momentum flux should
incorporate an estimate of relative duration; in essence the relative overtopping duration
determines what fraction of the classical dam break prediction is appropriate for
greenwater on-deck flow characteristics including the horizontal momentum flux and
overtopping volume.
With respect to results for different flare angles, Figure 6.13 indicates that although the
maximum greenwater momentum flux is reduced by up to 25% and 50% by a bow flare
of 10 deg. and 30 deg., respectively (see Figure 6.8), the curve of normalized momentum
flux as a function of relative overtopping duration for bow flare angle of 10 and 30 deg.
almost collapses with that for bow flare angle of 0 deg.. The fact that the data collapse
suggests that the “mechanism” of overtopping is similar for different flare angles (i.e. 0,
10 and 30 deg.); the only difference is that the flare alters the freeboard exceedance and
the overtopping duration.
Compared with the small and medium bow flare angles, the collapse is less convincing
for the large bow flare angle of 50 deg.. For this case the deviation from the general trend
is caused by the violent interaction between waves and the box, which results in a larger
freeboard exceedance that is associated with a jet (see Figure 6.14).
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Figure 6.13 Variation of horizontal momentum flux (normalized by the dam break
prediction) with respect to the relative overtopping duration for greenwater events.

Figure 6.14 A snapshot of wave run up for bow flare angle of 50 deg.. λp/D = 6 and
Anl/λp=0.044. The time instant is t/Tp=19.6.
To compare the greenwater overtopping CFD results for overtopping volume with the
dam break model predictions Figure 6.15 presents the variation of overtopping volume
measured in the CFD divided by the prediction according to Equation (6.2). The data for
bow flare angle of 0 deg. again comes from Chapter 5. Similar to that observed for
momentum flux in Figure 6.13, it can be seen in Figure 6.15 that for small and medium
bow flare angles (i.e. 0, 10 and 30 deg.) the normalized overtopping volume increases
with an increase of relative overtopping duration. It can also be seen that the data for bow
flare of 0, 10 and 30 deg. collapse with each other. Alternatively, for the largest bow flare
angle of 50 deg. there is a deviation from the other smaller bow flare angles.
In summary, Figure 6.15 therefore demonstrates (as in Figure 6.13) that the relative
duration is an important parameter that determines what fraction of the classical dam
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break prediction is appropriate for greenwater overtopping volume. The results in Figure
6.15 also indicate that the comparison between relative overtopping volume and relative
duration is relatively indifferent to flare angle, provided the angle is less than 30 deg..

Figure 6.15 Variation of the overtopping volume (normalized by the dam break
prediction) with respect to the relative overtopping duration for greenwater events.

6.6

Conclusions

NewWave type focused wave groups overtopping a fixed two-dimensional box with a
bow flare has been investigated numerically using CFD. For a given focused wave group,
the results indicate that the increase of bow flare angle reduces the freeboard exceedance,
momentum flux and overtopping volume of greenwater events. The reduction in these
properties is most significant for waves that are short relative to the draft of the box.
To interpret the momentum flux and overtopping volume a classical dam break model
and a modified dam break model proposed in Chapter 5 have been used. The classical
dam break model was seen to over- and under-predict the momentum flux and the
overtopping volume, depending on the relative duration of overtopping. In this way, it is
apparent that the relative overtopping duration is an important parameter which should
be estimated together with freeboard exceedence to estimate potential greenwater
loading.
The relationship between the momentum flux and overtopping volume (normalized by
the classical dam break predictions) and the relative overtopping duration have been
shown to collapse well for a fixed box with bow flare angle up to 30 deg. (i.e. up to angles
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well within that expected in practice). This is a convenient result, which implies that the
local physics of overtopping are similar for different flare angles. Hence, provided the
relative water level elevation at the box edge can be computed accounting for flare angle,
the local prediction of momentum flux and overtopping volume using this relative water
elevation can proceed in the same way regardless of practical flare angle. For a flare angle
of 50 deg. collapse of the data was less convincing because of more complex wavestructure interaction at the edge of the box.
Finally, it is noted that although a bow flare angle appears to be advantageous in the sense
that it mitigates greenwater, this advantage may come at the cost of increased slamming
pressure on the bow (not considered in this chapter). This presents a trade-off when
considering bow flare angle design for offshore structures.
Additionally, it should be noted that the work in this chapter has focused on fixed boxes
only. To properly assess the effects of flare angle on greenwater the motions of the
box/vessel need also be accounted for. Moving boxes are considered in the next Chapter.
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CHAPTER 7

NUMERICAL

INVESTIGATION

OF

2D

GREENWATER

OVERTOPPING OF A FLOATING BOX
7.1

Introduction

The results in earlier chapters are obtained for a fixed box. For quite short waves (relative
to the box), the fixity of the box may be unimportant because the motion induced by such
waves is negligible. However, for waves of length comparable to the box length, the
motion of the box cannot be neglected and should be taken into account. In this chapter,
as an extension to previous work, CFD simulations are performed on 2D greenwater
overtopping of a floating box under focused wave groups. The incident wave groups are
chosen to give maximum relative wave elevation (or freeboard exceedance). The motion
of the box is calculated using linear potential flow theory and then prescribed in the CFD
model. Based on the numerical results, the appropriateness of the prescribed motions is
assessed and the influence of box motion on the greenwater characteristics is investigated.

7.2

Determination of wave and box parameters

For a fixed box, the incoming wave group is chosen as a crest-focused NewWave type
group at the leading edge of the box because this wave group is expected to cause the
maximum freeboard exceedance. However, this is not generally the case if the motion of
the box is considered. In other words, the maximum freeboard exceedance (or relative
wave elevation – the local wave elevation minus box motion) for a floating box is not
necessarily associated with the occurrence of the largest incident wave crest.
If we assume that the wave-structure interaction is linear, the average shape of the relative
wave elevation corresponding to a large freeboard exceedance can also be described by a
NewWave (Tromans et al., 1991). Then the target incoming wave groups can be
determined by applying the amplitude and phase transfer functions between the incident
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wave and the relative wave. This methodology has been adopted by Santo et al. (2017)
and Chen et al. (2018).

7.2.1 Wave and box parameter used for CFD simulations
A Schematic of the rectangular box can be found in Figure 4.2. The geometrical properties
of the box are set to be identical to those for the fixed box studied in Chapter 4, i.e. 𝐿/𝐷 =
15 and 𝑓/𝐷 = 0.25. For each wave group, the water depth is equal to the peak wave
length in order to ensure deep water conditions prevail. For simplicity, a uniform
distribution of mass is assumed for the box, which means that the total mass of the box is
𝑚 = 𝜌𝐿𝐷

(7.1)

and the moment of inertia for pitch motion of the box (i.e. rotation in the x-z plane about
the center of the box) is
1

𝐼p = 12 𝑚[𝐿2 + (𝐷 + 𝑓)2 ]

(7.2)

It is noted that a unit third dimension (in the y direction) is adopted for the twodimensional problem in Equation (7.1) and (7.2). In the linear potential flow model and
CFD simulations, 𝐷 = 0.2m.
For the two-dimensional problem only heave (i.e. translational movement in z direction)
and pitch (i.e. rotation around y axis) are considered. The heave and pitch Response
Amplitude Operators (RAOs) for the rectangular box calculated by the linear potential
flow code developed in Chapter 3 are shown in Figure 7.1. It can be seen that the heave
RAO of the rectangular box increases with the relative wave length 𝜆/𝐷, being close to
0 for extremely short waves (i.e. a fixed box condition) while approaching 1 for long
waves (i.e. the box following the vertical motion of waves). With the increase of 𝜆/𝐷, the
pitch RAO first increases, reaches a maximum value at 𝜆/𝐷 ≅ 22 and then decreases.
For relatively short waves (for example, 𝜆/𝐷 < 10), both the amplitudes of heave and
pitch motions are small, which means that the box can be approximated as fixed and
thereby the findings derived from a fixed box in Chapter 4 and Chapter 5 may be still
valid. However, for the range 10 < 𝜆/𝐷 < 30 the motion of the box induced by waves
cannot be neglected and its effect on greenwater overtopping should be considered.
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Figure 7.1 RAOs for heave (m/m, left figure) and pitch (rad/m, right figure) motions of
the rectangular box calculated by the linear potential flow code developed in Chapter 3.
𝐿/𝐷 = 15 and 𝑓/𝐷 = 0.25. A uniform distribution of mass is assumed for the box.
Deep water condition is assumed.
The wave parameters chosen for the numerical simulations are listed in Table 7.1. In this
table, RWtarget and Atarget are the target relative wave elevation and crest height of the
undisturbed incident wave group, respectively, based on linear potential flow theory.
Arecorded is the crest height of the CFD generated undisturbed incident wave group. It is
noted that case 1 corresponds to small heave and pitch motions while for other cases the
motion is more significant. The target undisturbed incident wave group is obtained based
on linear potential flow theory by using the procedure described in Section 7.2.2. The
CFD generated undisturbed incident wave group is determined following the procedure
shown in Sections 7.2.2 and 7.2.3.
Table 7.1 Wave parameters used for simulation
Cases

𝜆𝑝 /𝐷

RWtarget/f

Atarget/𝜆𝑝

Arecorded/𝜆𝑝

1

8

2.4

0.0315

0.04

2

15

1.5

0.0081

0.0081

3

15

2

0.0109

0.0113

4

22

1.5

0.0058

0.0059

5

22

2

0.0078

0.0079

6

30

1.5

0.0052

0.0053

7

30

2

0.0067

0.0071

8

22

3

0.0116

0.0120

133

Figure 7.2 The CFD generated undisturbed incident wave elevation at the leading edge
of the box. Tp is the peak period of wave spectrum. t=0 is the time instant when the
relative wave elevation exceeds the original freeboard of the box.
The CFD generated undisturbed incident wave time series at the leading edge of the
rectangular box for all cases considered are summarized in Figure 7.2. For each incident
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wave group shown in Figure 7.2 (or Table 7.1), two sets of simulations are run in CFD –
the first set corresponds to a finite freeboard of the box (i.e. f/D=1/4) for which wave
overtopping occurs (some snapshots are given in Figure 7.12) and the second set has a
very high freeboard and thereby waves run up along the bow without overtopping
(snapshots shown in Figure 7.13).

7.2.2 Determination of the target incident wave group using linear
potential flow theory
The relative wave elevation (RW) is the difference between the wave elevation at the edge
of the vessel (η) and the vertical motion of the vessel edge (z), i.e., at the vessel edge and
time t:
𝑅𝑊(𝑡) = 𝜂(𝑡) − 𝑧(𝑡)

(7.3)

Greenwater overtopping occurs when the relative wave elevation RW exceeds the
freeboard, f, of the vessel. As noted earlier, for the two-dimensional problem considered
in this chapter, only heave and pitch motion of the box are considered. So the vertical
motion of the vessel edge 𝑧(𝑡) is a result of both heave and pitch motion.
The energy spectrum of the undisturbed wave field is defined as 𝑆(𝜔) . Following
previous chapters, a JONSWAP spectrum is used. A complex transfer function between
incident wave and relative wave is defined as 𝑍RW (𝜔) = |𝑍RW (𝜔)|exp(i𝛼RW ), where
|𝑍RW (𝜔)| is the amplitude ratio of relative wave to incident wave for a given frequency
𝜔 and 𝛼RW is the phase difference between the two signals. The linear potential flow code
developed in Chapter 3 is used to calculate the transfer function. With these definitions,
the underlying spectrum for relative wave elevation is given as follows,
𝑆RW (𝜔) = 𝑆(𝜔)|𝑍RW (𝜔)|2

(7.4)

Then the averaged shape under a large relative wave crest (i.e. NewWave type relative
wave elevation) at the leading edge of the box is given by (refer to Tromans et al., 1991)

𝑅𝑊NW (𝑡) = 𝑅𝑊C

∑𝑗 𝑆RW (𝜔𝑗 )∆𝜔Re{exp(i𝜔𝑗 𝑡)}
∑𝑗 𝑆RW (𝜔𝑗 )∆𝜔
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(7.5)

where 𝑅𝑊C is the peak crest of the NewWave type relative wave elevation, ∆𝜔 is the
frequency interval and Re {} represents the operation of taking the real part of a complex
variable.
Thus, the incident wave time series at the leading edge of the box which is associated
with the relative wave elevation indicated by Equation (7.5) is defined as

𝜂I,LE (𝑡) = 𝑅𝑊C

−1
∑𝑗 𝑆RW (𝜔𝑗 )∆𝜔Re{𝑍RW
exp(i𝜔𝑗 𝑡)}

∑𝑗 𝑆RW (𝜔𝑗 )∆𝜔

(7.6)

As an example, we consider two cases of different relative wave length, i.e. 𝜆𝑝 /𝐷 =
22 and 8, and the box parameters given in Section 7.2.1. Using the linear potential flow
code developed in Chapter 3, the NewWave type relative wave elevation and the
corresponding incident and local waves (i.e. combined incident, diffracted and radiated
waves) and box motions are calculated and shown in Figure 7.3 and 7.4.
It can be seen from Figure 7.3 that for a floating box the maximum relative wave elevation
(or freeboard exceedance) is not associated with the occurrence of the largest incident
wave crest because the vertical motion of the box’s leading edge is out of phase with the
disturbed local wave elevation (see the right subplot of Figure 7.3). It is noted that results
shown in Figure 7.3 are obtained for a relatively long wave length, i.e. 𝜆𝑝 /𝐷 = 22, which
corresponds to large heave and pitch motion RAOs (see Figure 7.1) as well as large
vertical motions of box edge. When the wave length is relatively small, for example,
𝜆𝑝 /𝐷 = 8 shown in Figure 7.4, the maximum relative wave elevation is in phase with the
incident wave peak crest, both of which are out of phase with the (small) vertical motion
of the box front edge. Hence a crest-focused wave group coincides with the maximum
freeboard exceedance.
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Figure 7.3 The NewWave-type relative wave elevation at the leading edge of the box
and its corresponding incident and local waves and box motions. λp/D=22, 𝐿/𝐷 = 15,
𝑓/𝐷 = 0.25. Left: the averaged shape under a large relative wave crest and the
corresponding incident wave. Right: the incident, local waves and box motions. All
results are calculated using the linear potential flow code developed in Chapter 3.
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Figure 7.4 The NewWave-type relative wave elevation at the leading edge of the box
and its corresponding incident and local waves and box motions. λp/D=8, 𝐿/𝐷 = 15,
𝑓/𝐷 = 0.25. Left: the averaged shape under a large relative wave crest and the
corresponding incident wave. Right: the incident, local waves and box motions. All
results are calculated using the linear potential flow code developed in Chapter 3.

7.2.3 Determination of input signal for the numerical wavemaker
For the numerical wave tank (see Figure 7.7) the distance between the wavemaker (i.e.
input boundary) and the leading edge of the box is set as 3 times the peak wave length
(3𝜆𝑝 ) of the focused wave group. Based on the linear assumption, the incident wave
elevation at the wavemaker can be derived from Equation (7.6) as follows,
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𝜂I,WM (𝑡) = 𝑅𝑊C

−1
∑𝑗 𝑆RW (𝜔𝑗 )∆𝜔Re{𝑍RW
exp(i𝜔𝑗 𝑡+3𝑘𝑗 𝜆𝑝 )}

∑𝑗 𝑆RW (𝜔𝑗 )∆𝜔

(7.7)

where 𝑘𝑗 is the wave number for the jth component and is related with 𝜔𝑗 by the linear
dispersion relationship.
It is noted that for an intermediate or large wave steepness the undisturbed wave elevation
at the leading edge of the box is likely to deviate from the target incident wave (indicated
by Equation (7.6)) due to nonlinear wave-wave interactions when using Equation (7.7)
(together with the corresponding velocity signals) as the input for the wavemaker.
Therefore, the input signals for the wavemaker need to be modified iteratively to
reproduce the target linear wave elevation at the leading edge of the box, i.e. making the
linear (or odd) harmonics of the CFD generated undisturbed wave elevation at the leading
edge of the box closely match the target wave elevation indicated by Equation (7.6). If
this is not achieved the prescribed box motions will not be compatible with the incident
wave group.
The self-correcting method (see Fernandez et al., 2014) has been used to obtain the input
signals, the procedure of which is briefly introduced here. First, we re-express Equation
(7.6) as follows,
𝜂I,LE (𝑡) = ∑𝑗 𝐴𝑡𝑎𝑟𝑔𝑒𝑡,𝑗 cos(𝜔𝑗 𝑡 + 𝜑𝑡𝑎𝑟𝑔𝑒𝑡,𝑗 )

(7.8)

The input signal for the wavemaker indicated by Equation (7.7) is also re-expressed as
𝜂I,WM (𝑡) = ∑𝑗 𝐴old,𝑗 cos(𝜔𝑗 𝑡 + 𝜑old,𝑗 )

(7.9)

Another set of input signals with a phase shift of 𝜋 for each component in Equation (7.9)
is also considered as follows,
𝜂I,ps,WM (𝑡) = ∑𝑗 𝐴old,𝑗 cos(𝜔𝑗 𝑡 + 𝜑old,𝑗 + 𝜋)

(7.10)

By putting the two sets of input signals represented by Equations (7.9) and (7.10) in the
numerical wave tank (without the box), we obtain two corresponding wave elevations at
the leading edge of the box, i.e. 𝜂I,LE,1 and 𝜂I,LE,2 . Then the linear harmonics of the
undisturbed wave elevation can be approximated as
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1

𝜂I,LE,odd (𝑡) = (𝜂I,LE,1 (𝑡) − 𝜂I,LE,2 (𝑡))

(7.11)

2

After spectral analysis using the Fast Fourier Transform (FFT) of 𝜂I,LE,odd , the amplitude
𝐴recorded,𝑗 and phase 𝜑recorded,𝑗 for the components with frequency 𝜔𝑗 are obtained.
Then the new input signal for the wavemaker is defined as follows,
𝜂I,WM,new (𝑡) = ∑𝑗 𝐴new,𝑗 cos(𝜔𝑗 𝑡 + 𝜑new,𝑗 )

(7.12)

where
𝐴𝑡𝑎𝑟𝑔𝑒𝑡,𝑗

𝐴new,𝑗 = 𝐴old,𝑗 ∗ 𝐴

(7.13)

recorded,𝑗

and
𝜑new,𝑗 = 𝜑old,𝑗 + 𝜑𝑡𝑎𝑟𝑔𝑒𝑡,𝑗 − 𝜑recorded,𝑗

(7.14)

The procedure represented by Equations (7.9) - (7.14) is then repeated until the linear
harmonics of the CFD generated undisturbed wave elevation at the leading edge of the
box agrees well with the target wave elevation indicated by Equation (7.8).
We also consider two cases to illustrate the above-mentioned procedure. One case has
𝜆𝑝 /𝐷 = 22 and 𝑅𝑊C /𝑓 = 2 (Case 5) and the other case 𝜆𝑝 /𝐷 = 8 and 𝑅𝑊C /𝑓 = 2.4
(Case 1). It is noted that 𝑅𝑊C is the peak crest of the (linear) target relative wave
elevation. As shown in Figure 7.5, for this case the incident wave steepness is small
(𝐴C,I /𝜆𝑝 ≅ 0.008, where 𝐴C,I is the peak crest of the recorded incident wave after the first
iteration) and thus after one iteration both the time series of recorded incident wave and
its odd (or linear) harmonic amplitude spectrum show rather good agreement with the
(linear) target incident wave. The second case corresponds to a large incident wave
steepness (𝐴C,I /𝜆𝑝 ≅ 0.04). As shown in Figure 7.6, there is a significant mismatch
evident in both the time series and odd harmonic spectrum between the (linear) target and
initially recorded incident wave due to strong nonlinear wave-wave interaction. After the
first iteration, the amplitude spectrum of the linear harmonics of the recorded incident
wave shows a reasonable agreement with that for the (linear) target incident wave.
However, due to strong nonlinear effects, the recorded incident wave (including nonlinear
harmonics, after the first iteration) has a higher crest and lower trough than target incident
wave. Overall, one iteration was required to achieve the target profile.
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Figure 7.5 Reproduction of target incident wave elevation at the leading edge of the box
in the numerical wave tank (NWT). λp/D=22, RWC/f = 2. 𝐿/𝐷 = 15, 𝑓/𝐷 = 0.25. For
CFD simulation, 𝐷 = 0.2m. Left: the target and recorded incident wave elevation.
Right: the amplitude spectrum of target or recorded incident wave.
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Figure 7.6 Reproduction of target incident wave elevation at the leading edge of the box
in the numerical wave tank (NWT). λp/D = 8 , RWC/f = 2.4. 𝐿/𝐷 = 15, 𝑓/𝐷 = 0.25. For
CFD simulation, 𝐷 = 0.2m. Left: the target and recorded incident wave elevation.
Right: the amplitude spectrum of target or recorded incident wave.

7.3

Computational fluid dynamics approach

A schematic of the CFD-VOF based numerical wave tank used for simulation of
greenwater overtopping of a floating box is shown in Figure 7.7. As stated in Section
7.2.3, the distance between the wavemaker and the leading edge of the box is 3𝜆𝑝 . The
length of the relaxation zone (which is used to absorb the transmitted waves and radiated
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waves) is set as 𝜆𝑝 . The distance between the rear edge of the box and the relaxation zone
is also 𝜆𝑝 .
In the present study, a dynamic-mesh solver waveDyMFoam, which is derived by
coupling a fully nonlinear wave generation toolbox - waves2Foam (Jacobsen et al., 2011)
with a dynamic mesh solver – interDyMFoam of OpenFOAM, is used to perform the
numerical simulation of greenwater overtopping of a floating box.
The approach described in Section 7.2 is used to obtain the input signal for the
wavemaker. By assuming that the motion of the box (only heave and pitch motion are
considered) induced by waves is linear, the linear (or odd) harmonics of the CFD
generated undisturbed wave elevation at the leading edge of box is used as input for
calculation of the motion of the box using the RAOs shown in Figure 7.1 (Section 7.2.1).
The calculated box motion is then prescribed in the CFD simulations when the incident
wave starts to be generated at the wavemaker. This “uncoupled” method is more stable
compared with solving the wave-structure interaction directly in the CFD model. The
accuracy of this method will be investigated later in Sections 7.4.1 and 7.4.2, but is based
on the common observation that vessel motions are less nonlinear than free surface
motions.

Figure 7.7 A schematic of the CFD-VOF based numerical wave tank used for simulation
of greenwater overtopping of a floating box
As noted in Chapter 3, a new boundary condition has been developed for the purpose of
prescribing the motion of an enclosed boundary (to represent the moving box). This new
boundary is denoted “prescribedMotionDisplacement” and is derived on the basis of two
inherent

OpenFOAM

boundaries,

i.e.
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“oscillatingDisplacement”

and

“angularOscillatingDisplacement”. It can realize any pre-determined translational and
rotational movement or the combination of these two movements.

7.4

Results and discussions

7.4.1 Comparison of wave elevations calculated by CFD and linear
potential flow theory
First, the free surface elevations around the box (with a very high freeboard) extracted
from CFD simulations are compared with those calculated by the linear potential flow
theory. Here we consider case 6 and case 7 in Table 7.1 as an example. The wave elevation
at 1.8 m (i.e. 9D) in front of the box calculated from both CFD and linear potential flow
theory is shown in Figure 7.8.

Figure 7.8 Comparison of wave elevation time series calculated by CFD and linear
potential flow theory for focused wave groups interacting with a floating box with very
high freeboard. The location is at 9D in front of the box. (a) case 6: λp/D = 30,
Arecorded/λp = 0.0053; (b) case 7: λp/D = 30, Arecorded/λp = 0.0071.
As the incident wave steepness is small (see Table 7.1), good agreement is observed
between the wave elevation calculated by the two different methods. It is noted that
comparisons of wave elevations at other locations also show rather satisfactory agreement
(although not shown here). The good agreement shown in Figure 7.8 also suggests that
the prescribed motion of the box in the numerical wave tank by the newly developed
boundary “prescribedMotionDisplacement” correctly implements linear potential flow
motions for the incident wave group. For Case 7, we also plot the wave profiles in space
in front of the box for different time instants in Figure 7.9. It can be seen that the
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agreement between CFD and linear potential flow theory is satisfactory, except very close
to the box where higher frequency non-linear free-surface effects are evident.

Figure 7.9 Comparison of wave profiles in front of the box calculated by CFD and
linear potential flow theory for focused wave groups interacting with a floating box with
very high freeboard. case 7: λp/D = 30, Arecorded/λp = 0.0071. t=0 corresponds to the time
instant when waves starts to overtop. (a)-(c): 𝑡/𝑇p = 0.03, 0.23 and 0.43, respectively.

7.4.2 Comparison of moments on the box calculated by CFD and linear
potential flow theory
In this section, the moment exerted on the box which corresponds to the pitch motion is
calculated using both the CFD (including finite freeboard and very high freeboard
conditions) and linear potential flow theory. In the frequency domain, the equation of
motion of the box given by Equation (3.60) is re-written as follows,

 2Mξ =FW + 2M Aξ +i Bξ  Kξ =FDyn

(7.15)
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where 𝐅Dyn is the dynamic force exerted on the box. The second element of the vector
𝐅Dyn corresponds to the pitch moment.

Figure 7.10 The pitch moment exerted on the box calculated by CFD and linear
potential flow theory. (a) case 5: λp/D = 22, Arecorded/λp = 0.0079; (b) case 8: λp/D = 22,
Arecorded/λp = 0.0120.
We consider two cases – case 5 and case 8 – for the pitch moment calculation. The results
are shown in Figure 7.10. The pitch moment is defined as positive when it is anticlockwise. It can be seen that the pitch moment for the no overtopping case calculated by
CFD shows reasonable agreement with that calculated by linear potential flow theory.
For the overtopping condition the on-deck flow adds extra (positive) moment. This
modification is more significant for a larger overtopping event (as indicated by comparing
Figures 7.10a and 7.10b). In fact, case 8 represents an extremely large event, with water
up to twice freeboard above the deck. For the more realistic events, the moment
comparison is more reasonable.

7.4.3 Discussion on the overtopping types
In Section 4.4 of Chapter 4, we discussed the kinematics related to different overtopping
types including dam break (DB), plunging plus dam break (PDB) and hammer fist (HF)
and mapped out these different overtopping events as a function of incident wave
steepness and relative wave length (see Figure 4.5). Here we briefly discuss how the box
motion affects the occurrence of different overtopping types as well as their classification.
We add the overtopping cases for a floating box studied in this chapter to the classification
figure for a fixed box (i.e. Figure 4.5) and re-plot in Figure 7.11. Examples of water
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profiles for DB and PDB events for a floating box can be found in Figure 7.12 and the
corresponding wave profiles for a box with very high freeboard are shown in Figure 7.13.
Several observations can be made from Figure 7.11. First, when the relative wave length
𝜆𝑝 /𝐷 is small (for example, 𝜆p /𝐷 < 10), the motion of the box caused by waves is
insignificant (as shown in Figure 7.1) and thereby the classification of overtopping types
for a fixed box which is within this range is still valid. For example, case 1 corresponds
to a PDB event. Likewise, since HF events usually occur for waves of small wave length,
it is expected HF events will still exist for a floating box (with large length) when wave
and box parameters match those for a fixed box. Second, for intermediate wave length
(e.g. 10 < 𝜆p /𝐷 < 30), the motion of the box cannot be neglected and will contribute to
an increase of freeboard exceedance under focused wave groups determined using the
method outlined in Section 7.2. This effect leads to (i) a shift of the no freeboard
exceedance boundary to a lower wave steepness; and (ii) a shift of DB and PDB
overtopping types to a lower wave steepness. Third, the cases corresponding to a wave
trough below the bottom of the box (and indicated by hollow symbols for a fixed box)
may not occur if the box is allowed to move. Finally, when the wave length is extremely
long, the box will follow the motion of waves and thus no overtopping events are expected
to occur.
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Figure 7.11 Plotting the overtopping events of a floating box on the classification
diagram of overtopping types for a fixed box. Note: breaking wave impact on the bow is
observed for case 8 (indicated as a hollow symbol).
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Figure 7.12 Examples of shipped water profiles for a box. (a) case 5, DB event; (b) case
1, PDB event.
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Figure 7.13 Examples of wave profile in front of a box with very high freeboard. (a)
wave profiles corresponding to case 5; (b) wave profiles corresponding to case 1.

7.4.4 Momentum flux of overtopping water flow on deck
As an extension of the analysis conducted for the fixed box cases, for the floating box we
measure the ‘deck-parallel’ (instead of horizontal) momentum flux of water flow on deck.
A series of probes are set and fixed on the deck with which the maximum horizontal
momentum flux 𝑀𝐺,𝑚𝑎𝑥 (in the body-fixed coordinate system) at any given time instant
̂𝐺,𝑚𝑎𝑥 in both space
is recorded. Then the maximum momentum flux parallel to the deck 𝑀
and time is obtained by taking the maximum of 𝑀𝐺,𝑚𝑎𝑥 . An example of the variation of
𝑀𝐺,𝑚𝑎𝑥 with time is given in Figure 7.14a (corresponding to case 7). During the
overtopping process, the horizontal momentum flux 𝑀𝐺,𝑚𝑎𝑥 first increases, reaches a
maximum value and then decreases. For this case, the maximum momentum flux parallel
to the deck is larger than (around 1.25 times) the classical dam break prediction
147

2
0.25𝑔ℎNOT
, where, as indicated in Figure 7.14b, ℎNOT is the maximum freeboard

exceedance calculated based on wave run up along a box of very high freeboard.

Figure 7.14 (a) the horizontal momentum flux MG,max (parallel to the deck of the box) of
on-deck water flow (corresponding to the finite-freeboard condition) and (b) the
freeboard exceedance h (calculated from the high-freeboard condition) from CFD
simulations for case 7
For waves overtopping onto a floating box, the relative duration can also be defined as
follows,

𝑇′ =

𝑇NOT
√ℎNOT /𝑔

(7.16)

where 𝑇NOT is the overtopping duration when the wave elevation is above the original
freeboard and is calculated based on wave run up along the bow of a box with very high
freeboard. An illustration of such a calculation is shown in Figure 7.14.
2
̂G,max /gℎNOT
A summary of the normalized ‘deck-parallel’ momentum flux 4𝑀
with

respect to the relative duration 𝑇NOT /√ℎNOT /𝑔 for all cases shown in Table 7.1 is given
in Figure 7.15a. It is noted that case 8 is not included because it is not straightforward to
determine ℎNOT due to the wave impacting onto the bow. Also shown in Figure 7.15a are
the data for a fixed box (see Figure 5.3).
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(a)

(b)

Figure 7.15 The variation of normalized horizontal momentum flux (parallel to the
deck) with respect to the relative duration for waves overtopping onto a floating box.
The number of each case is highlighted in the figure. (a) The normalization does not
consider box motion; (b) The normalization considers box motion.
It can be seen from Figure 7.15a that case 1 (i) has a small relative duration of about 3.6
and the maximum momentum flux is overestimated by the classical dam break solution;
and (ii) is located within the range of data for a fixed box presented in Chapter 5. This is
reasonable because wave length is relatively short (about half of the box length) and the
motion of the box is insignificant (see Figure 7.12b). Other cases have a large relative
duration and the normalized momentum flux within 0.9-1.4. Again this is consistent with
the findings in Chapter 5, with larger duration coinciding with normalised flux close to
and slightly larger than 1. Nevertheless, there is slightly more scatter evident in the
present moving box results. There are several possible reasons which may lead to this
increased scatter at large relative durations. Firstly, for a fixed box condition, we have
discussed the potential effects of bottom step and input momentum flux on the greenwater
momentum flux for larger duration (see the discussion in Section 5.2.3). Secondly, for
the cases considered in this Chapter the motion (including both heave and pitch) of the
box may also contribute. For example, the slope of the deck caused by the ‘bow’ pitching
down (see Figure 7.12a) during overtopping tends to reduce the ‘deck-parallel’ velocity
of on-deck flow while the acceleration (reduction of heave and pitch downward velocity)
leads to a larger equivalent acceleration effect on the run out of greenwater on deck.
In the following, we analyze the effects of heave and pitch motion on the momentum flux
using the dam break model for a sloping bed (see Figure 7.16). For the static case of a
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fixed slope angle, Chanson (2006) gave the analytical solution for velocity U and water
depth h for this problem as follows,

ℎ
1
1 2
= (2 − 𝑋 + 𝑌) ,
ℎ0 9
2
𝑈
√𝑔ℎ0

=

2
(1 + 𝑋 + 𝑌) ,
3

1
−1<𝑋 <2+ 𝑌
2

(7.17)

1
−1<𝑋 <2+ 𝑌
2

(7.18)

where

𝑋=

𝑥

𝑔
, 𝑌 = 𝑆0 √ 𝑡
ℎ0
𝑡√𝑔ℎ0

(7.19)

with 𝑆0 = − sin(𝜃) being negative for an upward slope.
The horizontal momentum flux of dam break flow is calculated by

𝑀𝐷 = 𝑈 2 ℎ =

4
1 2
𝑔ℎ02 (1 + 𝑋 + 𝑌)2 (2 − 𝑋 + 𝑌)
81
2

(7.20)

The maximum horizontal momentum flux can then be derived from Equation (7.20) as
follows,

̂𝐷,𝑚𝑎𝑥 =
𝑀

1 2
1 4
𝑔ℎ (1 + 𝑌)
4 0
2

(7.21)

In order to use Equation (7.21) to estimate the effect of heave and pitch motion on the
momentum flux, some definitions and assumptions are necessary. Firstly, we assume that
the greenwater flow on deck is quasi-steady with respect to the vessel motions (i.e. the
run out time is small relative to the wave period, which defines the time scale of the vessel
motions). This allows direct application of Chanson’s solution. Second, as shown in
Figure 7.17, we consider the time period ∆𝑇 from starting overtopping to reaching the
maximum momentum flux. Over this time period we then calculate the time-averaged
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pitch displacement, heave and pitch acceleration, denoted as 𝜃̅, ̅̅̅
𝑎ℎ and 𝛼̅, respectively.
For a small pitch angle, the time-averaged slope is calculated as 𝑆0 = −𝜃̅. Finally, if we
take the freeboard exceedance for the no overtopping condition, ℎNOT , as an equivalent
initial dam height ℎ0 . The slope coefficient is then calculated as follows,

𝑔
𝑔
𝑌 = 𝑆0 √ 𝑡 = −𝜃̅√
∆𝑇
ℎ0
ℎNOT

(7.22)

The vertical component of acceleration due to pitch motion is approximately calculated
by

𝑎
̅̅̅𝑝 = 𝑎̅√𝐿2 + (𝑓 + 𝐷)2 /4

(7.23)

Then the equivalent acceleration of the dam break flow is given by the sum of acceleration
due to gravity and the vertical acceleration due to heave and pitch

𝑎̅ = ̅̅̅
𝑎ℎ + 𝑎
̅̅̅𝑝 + 𝑔

(7.24)

Substituting Equations (7.22) and (7.24) into Equation (7.21), the maximum horizontal
momentum flux considering effects of heave and pitch motion is obtained as follows,
4

1
1
𝑎̅
1
𝑔
̂𝐷,𝑚𝑎𝑥 = 𝑔ℎ02 ∗ 𝐶 = 𝑔ℎ02 ∗ (1 − 𝜃̅√
𝑀
∆𝑇)
4
4
𝑔
2
ℎNOT

where C is a coefficient indicating effects of heave and pitch motion.

Figure 7.16 A schematic of dam break flow on a sloping bed.
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Figure 7.17 The freeboard exceedance, heave and pitch motion of the box for case 5. In
CFD simulation, D=0.2m.
We take cases 3, 5 and 7 as examples to illustrate the effects of motion on momentum
flux. For these three cases, the coefficients C are 0.94, 0.80 and 0.81, respectively.
Generally, the motion reduces the maximum momentum flux of greenwater flow and this
reduction may vary for different cases. Figure 7.15b shows the variation of normalized
momentum flux with the relative duration considering the correction due to box motion.
The data becomes a little more compact and the increasing trend of normalized
momentum flux with the relative duration becomes more recognizable. However, it
should be noted that this is only a rough estimate and the effect of motion should be
combined with other effects including time varying slope and acceleration, for a more
accurate analysis.
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Figure 7.18 Comparison of water profiles calculated by CFD and SWE for Case 5. For
CFD, the water height in the body-fixed coordinate system (i.e. x is always parallel to
deck) is recorded. For SWE, the water height and horizontal velocity at x=hNOT in bodyfixed coordinate system are extracted from CFD simulations and taken as the boundary
condition. It is noted that SWE are solved on a horizontal bed.
To further analyse the effects of box motion, Figure 7.18 shows a comparison of water
profiles on deck calculated by CFD and the SWEs for Case 5. For the results, the water
height is recorded in the body fixed coordinate system (i.e. x is always parallel to the
deck). The water height and depth-averaged horizontal velocity at 𝑥 = ℎNOT (within the
shallow water zone) in the body-fixed coordinate system are extracted from CFD and
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used as the boundary conditions for the SWE simulation. It is noted that the SWE are
solved on a horizontal bed which means the effects of slope and modification of
acceleration introduced by heave and pitch motion on the evolution of the water profiles
are removed. It would have been perfectly possible to include these effects in the SWE
solver – but this is a matter of routine in the literature and would not have added greatly
to this discussion. In contrast to the results for a fixed box (see Figure 4.11), the water
profiles calculated by the SWE without considering box motion show some degree of
disagreement with the CFD results, which confirms the effect of box motion on the
evolution of water profiles as well as momentum flux. More specifically, the simulated
water heights are lower than those calculated by the SWE when the pitch angle is positive
(i.e. the bow pitching down, 𝑡/𝑇NOT < 1) while the reverse is true when the bow is
pitching up (see the comparison at 𝑡/𝑇NOT = 1.43). This trend is consistent with that
described by Equation (7.19).

7.5

Conclusions

Greenwater overtopping of a 2D floating box is numerically investigated using CFD. The
incident wave groups are chosen to produce the averaged shape in time (NewWave type,
Tromans et al., 1991) of the largest relative wave elevation. By assuming that the motion
response is linear, the heave and pitch motion of the box is calculated using linear
potential flow theory and then prescribed in the CFD simulations, so as to match the linear
component of the (generally non-linear) incident wave group.
Dam break (DB) and Plunging plus dam break (PDB) type events have been identified
from CFD simulations for a floating box. For intermediate wave length (comparable to
box length), the motion of the box tends to extend the no freeboard exceedance boundary
as well as the occurrence of PDB events to cover smaller wave steepness.
The slope of the deck caused by the bow pitching down during overtopping tends to
impede the flow on deck and thereby reduce the momentum flux, while the upward
acceleration of heave and pitch motion increases the momentum flux. Using an analytical
solution for a classical dam break on a fixed slope, up to 20% reductions in momentum
flux due to box motion are identified for cases considered here. The effect of box motion
on the water flow evolution is also highlighted by the disagreement between CFD
simulated water profiles in a body-fixed coordinate system and the SWE solved on a
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horizontal bed with boundary conditions extracted from CFD results in the shallow water
zone.
Despite the effects of vessel motion on the greenwater flow characteristics, overall, the
relative duration (defined as in Chapter 5 using the acceleration due to gravity) still
appears to be a good indicator for assessing greenwater damage potential of a large
floating vessel. For the present example, for small relative duration, greenwater incidents
are caused by relatively short waves of large steepness, which lead to negligible vessel
motion. Hence the findings for a fixed vessel in the range of small relative duration are
still applicable (these findings include an overestimation of greenwater damage potential
by the classical dam break solution). In contrast, non-negligible vessel motion occurs for
relatively long waves comparable to vessel length. Because the box is long, overtopping
events in these waves tend to have large relative duration. The normalised momentum
flux is scattered just above a value of 1 in these cases, which is in broad agreement with
observations for a fixed box. Although some additional scatter has been noted and
attributed to vessel motion in part, for the realistic input parameters considered here, the
normalised momentum flux (using the definition in Chapter 5) is still bounded from above
by a value of ~1.5.
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CHAPTER 8

CONCLUDING REMARKS

This thesis has focused on exploring the underlying physics associated with greenwater
overtopping using two-dimensional Computational Fluid Dynamics (CFD), supported
with additional numerical tools, aiming to improve the prediction of overtopping
quantities, including the volume and damage potential of greenwater for an offshore
structure. In this chapter, the main conclusions of this work are summarised and possible
future work is suggested.

8.1

Conclusions

8.1.1 Development and validation of numerical tools
Three different numerical tools, namely a semi-analytical model based on linear potential
flow theory for a floating box, a finite volume shallow water equations solver and a CFDVOF based numerical wave tank have been implemented and validated. The linear
potential flow theory method (based on eigenfunction expansion matching) can be used
to obtain a rough estimate of freeboard exceedance and an approximate calculation of
vessel motion induced by waves. The shallow water equations are capable of modelling
shallow water flows on the deck of the vessel. The CFD-VOF based numerical wave tanks
are capable of reproducing the bulk flow properties of different greenwater overtopping
events such as plunging plus dam break events and hammer-fist events observed
experimentally by Greco et al. (2005; 2007).

8.1.2 Numerical investigation of 2D greenwater overtopping of a fixed
box
2D greenwater overtopping of a fixed box under focused wave groups has been
numerically investigated using CFD across a wide parameter space. A range of
overtopping events have been identified in the CFD results, including the dam break
(DB), plunging plus dam break (PDB) and hammer-fist (HF) events observed previously
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by Greco et al. (2005; 2007). Using qualitative classification, the occurrence of these
different types of events have been mapped out as a function of incident wave steepness
and relative wave length for different values of relative freeboard.
It is found that CFD calculated maximum horizontal momentum flux and overtopping
volume deviate substantially from predictions using the classical dam break model with
a dam height equal to the maximum freeboard exceedance (i.e. hNOT) recorded in CFD
for an infinite freeboard vessel (no overtopping conditions). More specifically, the
classical dam break solution appears to overestimate these integral quantities for HF
events while it may give an over- or under- estimation for PDB and DB events.
Across all cases the transition zone is confined to a distance of 0.6-1.6ℎNOT from the
leading edge of the box. As a result, deck structures in this zone may experience impact
forces associated with plunging whilst outside this region impact pressures are due to
interaction with a shallow water flow.

8.1.3 Interpretation of 2D greenwater overtopping of a fixed box using
modified dam break models
Modifications to the classical dam break model help to explain the inaccuracy observed
with the classical dam break model. In particular, introducing the transient feature of
overtopping into the classical dam break model leads to a new parameter - the relative
duration 𝑇 ′ = 𝑇NOT /√ℎNOT /𝑔 (TNOT and hNOT are the duration and maximum freeboard
exceedance derived from a no overtopping condition). It is found that this parameter
explains much of the discrepancy in overtopping volume and maximum horizontal
momentum flux. Greenwater momentum flux is overestimated by the classical dam break
solution for small duration whilst this integral quantity approaches (and may exceed) the
classical dam break prediction for large relative duration. The underestimation of
greenwater quantities by the classical dam break model for large relative duration may be
explained by effects of the local geometry at the bow and the input momentum in the crest
of a wave exceeding the freeboard. It is also found that the occurrence of overtopping
types also appears to be correlated with the relative duration, i.e. HF for small duration,
PDB for intermediate and DB for large duration.
The relative duration proposed may suggest that screening sea states based on only the
maximum freeboard exceedance is potentially misleading. As a (potentially) better
indicator for determining design sea states, the relative duration can be computed at little
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extra cost compared to that required to calculate the freeboard exceedance, from (higherorder) potential flow models used commonly in practice.

8.1.4 Numerical investigation of effects of bow flare angle on
greenwater overtopping a fixed offshore vessel
Increasing the bow flare angle reduces the freeboard exceedance, momentum flux and
overtopping volume of greenwater events. The reduction in these properties is most
significant for waves that are short relative to box length scales.
By re-interpreting the results using modified dam break solutions, it is found that the
relationship between the momentum flux and overtopping volume (normalized by the
classical dam break predictions) and the relative duration collapses well for a fixed box
with bow flare angle up to 30 deg. This implies that the local physics of overtopping is
similar for different flare angles. Therefore, provided the relative wave elevation at the
box edge can be calculated accounting for flare angle, the prediction of greenwater
integral quantities using this relative wave elevation can be carried out in the same way
as that demonstrated for 2D fixed vessels regardless of practical flare angle.

8.1.5 Numerical investigation of 2D greenwater overtopping a floating
box
Greenwater overtopping of a 2D floating box responding linearly to incident waves is
numerically investigated using CFD. The incident waves used are compact groups which
correspond to the maximum relative wave elevation according to linear theory. The heave
and pitch motion of the box is considered and calculated using the linear potential flow
theory and then prescribed in CFD simulations.
For a relatively small incident wavelength, the relative duration of the overtopping events
is small and the normalized “deck parallel” greenwater momentum flux is consistent with
that for a fixed box because of negligible box motion. For larger incident wavelengths,
the box motion is appreciable and contributes significantly to the relative wave motion.
This means that overtopping occurs for less steep waves than for the fixed box case. For
these wavelengths, the relative duration of the overtopping events is larger and the
normalised momentum flux is close to and above 1, again in agreement with the fixed
box results. However, arguably more scatter in the normalised momentum flux is
observed as a function of relative duration. This is attributed, in part, to the effects of box
159

motion. More specifically, the deck slope due to the box pitching down reduces the
momentum flux, whist heave and pitch acceleration increase the momentum flux.
Assuming quasi-static conditions, the analytical solution for a dam break on a slope
suggests that the motion may reduce the momentum flux by up to 20%.
It is not straightforward to exactly quantify effects of box motion on greenwater
characteristics, especially considering effects such as the local geometry at bow edge and
input momentum flux in the crest of a wave exceeding freeboard discussed in earlier
chapters. Nevertheless, it seems for the range of realistic conditions considered in this
work that the normalized maximum momentum flux is bounded from above by a value
of ~1.5, which may be a good reference for greenwater assessment.

8.2

Future Research

8.2.1 Future work on 2D greenwater overtopping onto a box
In Chapter 7, results from SWEs solved on a horizontal bed but with boundary conditions
derived from a floating box have shown the effects of box motion on greenwater flow. In
the near future, it is worth solving SWEs on a moving bed (as in, e.g. Greco and Lugni,
2012) to explore the effects of box motion more thoroughly and quantitatively.
It is worth conducting model tests of 2D greenwater overtopping onto a fixed or floating
box. First, focused wave group (as well as random waves) tests are worthwhile for the
purpose of (i) exploring the metrics of greenwater flow such as momentum flux and
overtopping volume; and (ii) evaluating whether the assumption of box responding
linearly to incident waves holds. It should be mentioned that measurement of momentum
flux of on-deck flow is not easy in the experiment. However, some alternative solutions
may be considered, for example, placing a vertical plate at different locations on the deck
to measure the impact forces. Second, random wave test may be run to evaluate whether
the conclusions from the focused wave groups hold, especially whether the relative
duration is an improved indicator for screening critical sea states and whether the design
wave group for maximising relative motion for a moving box is associated with maximum
momentum flux on deck.

8.2.2 Three dimensional greenwater overtopping of an offshore vessel
For simplicity, the present work focuses on a two-dimensional problem. However, in the
future, a more realistic three-dimensional (3D) problem should be considered. The 3D
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greenwater overtopping problem can be investigated either numerically (using CFD) or
experimentally with different levels of complexity, for example, starting from greenwater
overtopping a fixed 3D offshore vessel. A major concern is how the three-dimensionality
may affect the role of the relative overtopping duration in greenwater quantities such as
the horizontal momentum flux and overtopping volume. The main findings associated
with greenwater overtopping in the present work can be improved by exploring the threedimensional effects. As an example, Chen et al. (2018) reported that greenwater flow
evolution on deck is quite different for several different bow geometries including
rectangular, semi-circular and elliptical shapes whilst the peak impact forces on a vertical
wall on deck show relatively small quantitative differences.

8.2.3 Improved estimates of greenwater loads on complex structures
The maximum horizontal momentum flux of greenwater flow on deck explored in the
present work is expected to be related to the maximum loads that could be exerted on
slender structures on deck. However, most offshore vessels have more complicated
topside modules which are geometrically porous arrangements of slender members.
Greenwater impact loads on such modules does not appear to have been addressed. An
improved estimation of greenwater loads on porous modules is crucial for structural
integrity evaluation of an offshore vessel. In this context, both CFD simulations and
model testing can be performed to explore the underlying fluid mechanism associated
with flow interaction with porous structures.
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Appendices

APPENDICES
A Expressions for the elements in the matrix S, FS, 𝐅𝐑(𝒋)
(𝑗)

Here the expressions for the elements 𝑆𝑝,𝑞 , 𝐹S𝑝 and 𝐹R𝑝 (𝑝, 𝑞 = 1,2, … , 𝑁) in the matrix
(𝑗)

S, 𝐅S and 𝐅R (see Equation (3.48) and (3.49)) are given in the following.
(1) Expressions for the elements in the matrix S
S p , p   p N  p , h, 0 

(A.1)
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(2) Expressions for the elements in the vectors 𝐅S and 𝐅R
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B SWE used to explain why bottom step leads to increase of momentum
flux
Here we will seek to use the SWEs to suggest why the introduction of a bottom step level
leads to an increase in momentum flux. For simplicity, we ignore the source term (i.e.
ignore the time variation of water level far to the left of the step). As shown in Figure
B.1(a), the water in the lower bottom region is initially still with height of h1. The
Riemann solution structure of this problem is given in Figure B.1(b) (refer to Alcrudo and
Benkhaldoun, 2001).
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Figure B.1 Bottom step model. (a) Initial condition of bottom step model; (b) Riemann
solution structure of bottom step model.
The flow states (h1, u1)T and (h2, u2)T, (h3, u3)T and (h4, u4)T are both connected by 1rarefaction waves. The flow state (h3, u3)T is critical, which means that 𝐹𝑟3 = 𝑢3 /√𝑔ℎ3 =
1 (𝐹𝑟3 is the Froude number). The relationship of these flow states are given as follows,

u2  2 gh2  u1  2 gh1  2 gh1

(B.1)
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The horizontal velocity 𝑢̃ and water level ℎ̃ on the right bottom (‘deck’) is given by
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The momentum flux on the right bottom is given by
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Then the maximum momentum flux is
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Appendices

x 3
81
Mˆ D,max  gh32 , occuring at 1 
gh3
64
t 4

(B.6)

If we denote ℎ0 = ℎ1 − ∆𝑧, keep ℎ0 to be constant and increase the value of ∆𝑧, then the
variation of the maximum momentum flux on the right bottom with the bottom step level
∆𝑧 is obtained and shown in Figure B.2. It can be seen that the momentum flux for a
bottom step model approaches the classical dam break solution when ∆𝑧 is zero. As ∆𝑧
increases, the maximum momentum flux on the right bottom for the bottom step model
increases and becomes larger than for the classical dam break solution.
A physical explanation of why the existence of a bottom step leads to the increase of
horizontal momentum flux will also be given based on the Riemann solution structure of
the bottom step problem. As shown in Figure B.1(b), the water volume W2 on the right
bottom comes from the water volume W1 in the upstream region, i.e. W2 = W1. If ℎ0 is
fixed, the increase of the bottom step level ∆𝑧 will lead to the increase of the propagation
speed of the rarefaction wave in the upstream region, 𝑢A = −√𝑔ℎ1 = −√𝑔(ℎ0 + ∆𝑧).
As shown in Figure B.3, for ∆𝑧/ℎ0 large, the flow state (h2, u2)T, the contribution of the
velocity to the total hydraulic head can be neglected in comparison with that of the water
depth. Thus Equation (B.2) may be simplified as

h2  z  1.5h3

(B.7)

Three possible conditions may exist for the variation of ℎ2 − ∆𝑧 (or the vertical level of
the point C in Figure B.1b), i.e. decreasing, being unchanged or increasing with the
increase of the bottom step level. If ℎ2 − ∆𝑧 decreases or is unchanged, the water volume
W1 will increase due to the increase of 𝑢A . However, the value of h3 decreases or is
unchanged according to Equation (B.7), which leads to the volume W2 decreasing or
being unchanged. This is contradictory. Thus the value of ℎ2 − ∆𝑧 as well as h3 should
increase with the increase of the bottom step level, causing an increase in momentum flux
on the right bottom (as indicated by Equation (B.6)).
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Figure B.2 The variation of relative maximum horizontal momentum flux on the right
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Figure B.3 The variation of hydraulic head with respect to the bottom step level

