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Abstract

A sequence of new experimental investigations is presented that addresses the

modelling of the wave loads within the crests of limiting and breaking waves. This

study identifies important sources of uncertainty within wave loading models that

are applied to the steepest wave conditions. By examining the origins of this

uncertainty, existing loading models are assessed and improvements proposed. In

particular, the local wave impact loads arising on individual horizontal and vertical

members in the crest region are evaluated.

In terms of wave modelling, the key factors are the wave shape and the asso-

ciated water particle kinematics. In addressing these points, the present results

have shown that only nonlinear modelling methods are capable of accurately de-

scribing a limiting wave profile. Indeed, the departures from established analytical

solutions, commonly used in design, highlight the importance of high-order effects

in steep waves approaching their breaking limit.

In predicting the wave impact forces on a body, the gradient or slope of the

water surface is of fundamental importance. Detailed experimental analysis of the

magnitude and direction of the impact force on a horizontal cylinder has high-

lighted an important source of uncertainty. This relates to the nonparallel nature

of the normal to the water surface and the direction of the resultant water particle

kinematics. The present work has shown that in the crests of large, steep waves,

this angular difference creates an important variability in the force predictions.

However, having taken account of this effect, the magnitude of the impact force

can be reliably predicted using a slamming coefficient of Cs = 5.19. This is shown

to be appropriate to a wide range of oblique wave-structure impacts.

When considering the wave forces on a vertical column the present study has

shown that it is crucial to consider both the type of wave breaking and also

the additional complexity of free surface deformation during the loading event.

Overall, measurements of wave run-up are shown to be less dependent on the

occurrence of wave impact forces than previously hypothesised. However, the

extent of the column area subject to large impact loads is shown to be critically

dependent upon the type of wave breaking.
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1
Introduction

1.1 Research motivation

The oceans of the world have provided highways of discovery, trade and a seemingly

limitless supply of resources throughout human history. In today’s world 23% of

the global population lives within 100 km of a coastline (Small & Nicholls, 2003).

Furthermore, the populations of near-sea cities continue to rise due to the allure

of close marine proximity for industry, trade and resource access. Indeed, 60%

of the world’s cities housing over 5 million people, are located within 100 km of

the sea (Nicholls et al., 2007). Whilst the sea continues to be one of humanity’s

greatest providers, it is also one of the most hazardous environments.

Freak or rogue waves were once a topic resigned to folklore and legend, a

menace dating back thousands of years. Early accounts of ships disappearing at

sea to mountains of water were surrounded in mystery. In many cultures, tales of

ocean dwelling monsters provided answers for these seemingly inexplicable events.

In Scandinavian folklore, the tentacled Kraken would rise up from the ocean deep

and engulf ships. With the oceans inspiring such fear and awe, and with little

understanding of the underlying physics, the boundary between fact and fiction

has not always been clear. The writings of esteemed naturalist Pierre Dénys de

Montford, who conducted pioneering work on the giant squid, first called it the
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Figure 1.1: The Poulpe Colossal, or Kraken Octopus by Pierre Dénys de Montford in 1810.

Kraken Octopus. Perhaps unsurprisingly, his first drawings of this colossus showed

it consuming a ship (Figure 1.1). Whilst this mysterious biological giant is now

known to exist and measure over 20 m in length, its ability to devour ocean vessels

remains unproven. However, the destruction of marine vessels by another menace,

extreme waves, is now proven.

Extreme waves remained a qualitative oceanic phenomenon until the turn of

the 21st century, with only the tales of mariners and rare photographic evidence

to substantiate these abnormally large wave events. However, with increasing

use of the world’s oceans and humankind’s desire to explore new frontiers within

the ocean environment, the hazard posed by extreme waves has increased. In

today’s world, over 94% of all goods are transported by sea (WCL, 2012), with

sea-freight specialists commissioning ever larger vessels. The latest E-class cargo

carriers exceed 400 m in length (MAERSK, 2011). In addition to the evolution of

marine vessels, fixed and floating marine structures are being located in deeper,

more remote and more hostile waters. The oil and gas fields of Sakhalin-I, Perdido-

Fold-Belt and Tiber are all recent record holding sites, for depth drilled (12 000 m),

water depth (2400 m) and volume of natural reserves (BP, 2009).

Offshore hydrocarbons remain a dominant source of global energy, contribut-

ing to over 74% of the domestic UK market (Prime et al., 2014). Nonetheless,

the desire to reduce dependency on fossil fuels remains targeted, with increasing

public and private investment in offshore renewables (Hulme et al., 2011). This

particularly concerns offshore wind and the continued testing of wave energy de-
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vices. It is easy to understand the potential for this resource when considering the

scale of renewable energy within the offshore environment. It is estimated that

offshore wind and wave energy in the UK can provide 36 kWh/d per citizen (at

50% power take off efficiency). This would account for 48% of the UK’s energy

demand (MacKay, 2008). Whilst the distribution of energy from traditional hy-

drocarbon and renewable sources remains dynamic, the offshore environment is

energy rich.

The insatiable demand for energy with improved financial efficiency has pushed

the offshore industry for more efficient structural design, whilst maintaining the

same safety, durability and robustness. Despite these demands, the consequences

of extreme waves and extreme weather systems remain shockingly apparent in the

offshore environment. On a global average, one large vessel (over 137 m in length)

sinks every week (Casey, 2011). Furthermore, the largest British vessel ever lost at

sea, the bulk carrier the MV Derbyshire, was fatally struck by an extreme wave in

the south China sea in 1980, resulting in loss of all 44 lives (Faulkner & Buckley,

1997). Less severe accounts of extreme waves are also reported. In 2001, the cruise

ships MS Bremen and MS National Geographic Endeavour were struck by 30 m

high extreme waves in the south Atlantic. Significant damage was suffered and

the ships were left without propulsion.

The consequences of extreme wave impacts are not limited to marine vessels.

Fixed offshore installations are also at risk, evidence of this being provided by the

photograph shown in Figure 1.2. In 1982, the semi-submersible platform Ocean

Ranger (located 167 km east of St. John’s, Newfoundland, in the Hibernia Oil

Field) was struck by a sequence of extreme waves in excess of 20 m amplitude.

The wave inundation caused flooding in a ballast control room and resulted in the

loss of 84 lives and the complete failure of the platform. In 2002, Hurricane Lili

struck the Gulf of Mexico causing widespread damage to offshore structures in

the region. BP’s platform A on Eugene Island Block 322 was struck by a 15.24 m

high wave. Prompt evacuation of platform personnel successfully saved all lives;

however, the structure was damaged beyond repair as shown within Figure 1.3.

Significant damage of the type observed was not an isolated occurrence; the nearby

Nabors Dolphin 105 platform was also completely destroyed in the same storm

event.
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Figure 1.2: A monotower platform stuck by an extreme breaking wave event in the North Sea.

Figure 1.3: Platform A on Eugene Island Block 322 after being struck by extreme waves from

Hurricane Lili.
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Whilst detailed reports of extreme wave damage have existed since the mid-

20th century, these reports remained qualitative observations with no insight into

the cause of the waves. In 1995 this changed. On the 1st January a low-pressure

weather system was developing in the Norwegian sector of the North Sea. Despite

being a relatively mild storm, an extreme wave occurred at the Draupner platform.

As the platform was equipped with a downward pointing laser, the wave proper-

ties could be measured. This wave event, popularised as the Draupner New Year

wave, provided the first field evidence of extreme wave formation. The recorded

water surface elevation surrounding this extreme wave event is highlighted within

Figure 1.4(a). This shows the time-history before, during and after this extreme

event. The abnormally large wave height of 25.6 m and crest elevation of 18.5 m

stands-out from the underlying sea-state that has a significant wave height of

11.9 m. As this free surface time-history, η(t), is widely accepted as the first in-

strument measured extreme wave, the physics of its origin have been the subject

of several recent enquiries (Walker et al., 2004; Haver, 2004; Adcock et al., 2011).

Figure 1.4(b) highlights a second field observation of an extreme wave, measured

in the Ekofisk field of the North Sea in 2007. The wave height of 21.2 m and crest

elevation of 15.0 m again stands-out in a sea-state with significant wave height

of 9.2 m. These two events, measured some 12 years apart, reflect the sparsity

of high-quality field measurements of extreme waves. Nonetheless, these events

exhibit strikingly similar characteristics. In both cases, the wave crest accounts

for 71–72% of the wave height and both waves are extremely large relative to the

significant wave height of the sea-state.

Whilst both these events are extreme, it is not clear if these events should

be described as freak. Whether they are simply rare events within a normal

distribution or common events within rare distributions has been a topic of ongoing

statistical review (Haver & Anderson, 2000). Some oceanic regions of the world

are susceptible to large waves due to bed bathymetry, wave refraction and strong

currents. Such regions include the eastern coast of South Africa, where the Agulhas

current passes the Somali-Nubian tectonic shelf, and Drake’s passage between

Cape Horn and the South Shetland Islands. Nonetheless, there are other regions of

the world where extreme waves form in the deep ocean. In these locations, currents

and refracting bathymetry are not important. The extreme waves that form in
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Figure 1.4: Free surface time-histories of measured extreme waves in the open ocean. (a)

Draupner extreme wave, measured in sector 16/11 of the North sea on 1st January 1995 and (b)

Andrea extreme wave, measured in the Ekofisk field on 8th November 2007.
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these conditions highlight the global hazard posed by extreme waves. Recent

studies concerning the space tracking of extreme waves confirm the ubiquitous

nature of such large wave events (Gain, 2007). Indeed, this result indicates that the

small number of extreme wave measurements is not simply due to infrequency of

occurrence, but also reflects the insufficient spatial coverage of existing measuring

systems.

Whilst some of the physical mechanisms that cause the formation of extreme

waves have now been introduced (and are explained further within Chapter 2),

the forcing these extreme events impose upon structural bodies remains poorly

understood. Extreme wave forces remain uniquely important within a design

context; the forces relating to the ultimate loads that a structure must withstand.

An improved understanding of extreme wave forces is therefore vital to both the

safe design of new offshore structures and the re-assessment of existing structures.

Traditionally, the design of fixed offshore structures focuses on the definition

of a design wave. This process commences with the collection of storm data from

a proposed geographical site to define values of the significant wave height, Hs,

and the spectral peak period, Tp. An extreme value analysis is performed to

extrapolate values of Hs and Tp to a specified annual return period; typically a

1:10 000 year storm. These are commonly known as the long-term statistics and

define the design sea states. Information of this type is commonly represented on

a Hs-Tp environmental contour.

In the calculation of a design wave, a short-term statistical distribution is

used to define a wave height and crest height for a given sea state and specified

probability of exceedance. In its simplest form, this may be assumed to be Rayleigh

distributed (Cartwright & Longuet-Higgins, 1956). This probability of exceedance

typically relates to the largest wave within a 3 hour storm window. The crest

elevation of a design wave is key to defining many of the important properties of

an offshore structure. Specifically, it sets the required deck elevation consistent

with the maintenance of effective air-gap (the distance between the maximum

crest elevation and the underside of the lowermost deck). Furthermore, it sets

the inputs for any water particle kinematics model. When the design wave crest

elevation is defined, the water particle velocities are typically modelled using a

deterministic wave solution (introduced within Chapter 2). Predictions of the
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crest elevation and wave kinematics are an important prerequisite to accurately

defining the wave forces.

The extreme wave forces on any fixed offshore structure may be subdivided

into two parts; (i) substructure loads and (ii) wave-in-deck loads. The first of

these forces relates to the wave loads on members beneath a topside structure.

These forces arise over the full water column but are largest and most uncertain

at high elevations close to the instantaneous water surface. This is particularly

true when the wave conditions are limiting or breaking. The second set of forces

only occurs when the incident crest elevation exceeds the base elevation of the

topside structure. In such cases the air-gap reduces to zero and wave inundation

occurs on the topside structure. When inundation of this type occurs, the fluid

loading on the structure significantly increases due to increased blocking of wave

momentum. Indeed, wave-in-deck forces are so significant, retaining a positive

air-gap remains an important part of safe offshore structural design. However,

increasing the elevation of the air-gap to avoid these forces has penalties. These

include increased financial cost, reduced dynamic stability and an increased wind-

induced overturning moment. For this reason, setting the air-gap requires a careful

compromise.

The separation of the applied forces into substructure and wave-in-deck loads

is part of a design approach. However, some wave induced forces, such as the

occurrence of wave impact loads, occur on both parts of the structure. This is

particularly evident within extreme wave events when the maximum water surface

elevation is high (a requirement for wave-in-deck loads) and the wave steepness is

high (as required for impact loads at any elevation). Consequently, as improved

understanding of the wave impact loads on substructural members (addressed

within this study), also provides important physical insights for the improved

prediction of wave-in-deck forces.

When considering the substructure loads on a fixed jacket structure, each mem-

ber (or structural element) is subjected to local forces from the given design wave.

These local loads must, in turn, be appropriately summed to find the total, or

global, forces applied to a structure. Depending on the elevation of the design

wave, a wave-in-deck load may also be added to this global substructure force.

As a result, global loads are crucially dependent on well-defined local loads. It is
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important to note that these local wave forces are externally applied onto indi-

vidual structural elements. However, when evaluating the design forces that an

element must resist, consideration also needs to be given to the dynamic response

of the body to the load. This is particularly important when considering the wave

impact forces, where a large force is applied over a short duration; the possible

implication being dynamic amplification of the hydrodynamic force and ultimate

structural failure.

In considering local loading, impact (or slamming) forces represent the largest

loads. As such, they remain critically important for design. The explanation for

the occurrence of these very large loads lies in the fact that the fluid forcing is

not simply related to the local fluid flow (u and ∂u/∂t on the body centreline)

but also the change in the momentum of the fluid that follows. In some cases

it is brought (rapidly) to rest and in others it is simply deflected. Indeed, the

magnitude of the impact forces is critically dependent upon the balance between

these alternatives; the key factors being the wave shape and the geometry of the

body. It is the former of these factors that is core to this study, examining how

wave impact forces on local members in waves of limiting and breaking steepness

can be better modelled.

1.2 Research aims

The core aims of the thesis are described as follows:

(1) To establish a method for accurately modelling extreme waves of limiting

and breaking steepness generated in a deep-water laboratory environment.

(2) To design and develop sensing apparatus, combined with any required signal

processing techniques, to measure the transient and sustained wave loads

on fixed cylinders in a wide range of wave conditions.

(3) To identify the most important differences between the wave loads acting

on cylinders in low steepness wave conditions and those where a breaking

wave steepness is reached. This includes assessing the principal sources of

uncertainty in:
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(a) the transient (impact or slamming) load models,

(b) the sustained (drag, inertia and buoyancy) load models.

(4) To consider both horizontal and vertical cylinders; the former representing

a constrained two-dimensional flow and the latter a fully three-dimensional

flow.

(5) To assess the importance of the water surface deformation effects that oc-

cur when waves of limiting and breaking steepness interact with a body,

including the effects of wave run-up and to evaluate whether these flow

deformation effects are, in any way, competing with the other forcing mech-

anisms.

1.3 Thesis outline

The five chapters within this thesis are subdivided into two main sections. After

introducing important background material concerning waves and wave loading

within Chapter 2, Chapter 3 specifically concerns the modelling of extreme waves,

including deep-water wave breaking. This work provides the input to Chapters

4, 5 and 6 which considers various aspects of the associated fluid loading. In all

cases, the associated structures (or members) lie within the slender-body regime.

Chapter 2 introduces the theoretical fundamentals of wave modelling and the

associated fluid forcing. The constraints of the slender-body regime are highlighted

and the physical origins of the different force components discussed. Particular

attention is paid to the force components arising high in the water column.

Chapter 3 concerns the modelling of limiting and breaking waves within both

the laboratory and numerical environments; the latter using the Boundary Ele-

ment Method (bem) developed by Hague & Swan (2009). Water particle velocities

measured using Laser Doppler Anemometry (lda) and the velocities produced

from numerical simulations are presented. These results, alongside velocity cal-

culations based upon the commonly applied analytical theories (introduced in

Chapter 2), assess the prediction of the wave kinematics within these extreme

wave events. In addition to the wave kinematics, wave shape is also addressed.
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This allows an investigation of the relative phasing of the velocity and acceleration

components within a large evolving, and potentially breaking, wave event.

Chapter 4 describes a new experimental study of extreme wave forcing on a

slender horizontal cylinder located close to the water surface in a deep-water wave

environment. This study represents a progressive advancement of Chapter 3; the

horizontal cylinder being subject to the wave conditions detailed within Chapter

3. This chapter includes measurements of the applied (local) forces, examination

of the dynamic response of the structure and an analysis of the hydrodynamic

force components. These components are segregated on the basis of their physical

origins into drag, inertia and wave impact forces. This chapter also highlights

the importance of wave impact loads within ultimate limit state design and, most

importantly, the sources of uncertainty associated with this load. The sustained

wave forces arising within a range of limiting wave conditions are also examined

and the data used to provide insights into the limitations of present modelling

methods.

Chapter 5 presents a second experimental study investigating the nature

of impact loading. Specifically, this chapter provides the first documented case

of modelling oblique wave impact conditions on a cylinder with high-resolution

measurements. New data is generated describing the pressure distribution on the

cylindrical body when it impacts the water surface obliquely. This data allows the

asymmetric nature of fluid-structure impacts (first identified within Chapter 4) to

be analysed in further detail and improved modelling methods proposed.

Chapter 6 presents the final investigation within this study. This considers

a new experimental arrangement to examine the near-surface loads on a vertical

column that pierces the free surface. Specifically, it considers how the impact forces

are affected by a change in the flow confinement and how they are influenced by

wave shape. In the latter case this is assessed by expressing the impact forces as

a function of the wave breaking postion, relative to the column face. Finally, the

complex interaction between the occurrence of impact loads and the generation of

run-up (and large run-up velocites) is quantitatively assessed.

To conclude, Chapter 7 presents the principal findings of this work and details

recommendations for further investigation.
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2
Background

2.1 Overview

This chapter introduces background material and methods of analysis that are

relevant to all chapters of this thesis. In cases where additional information is

discussed further within specific chapters, the reader will be referenced forward to

that appropriate chapter.

This chapter commences by introducing the wave-structure interaction problem

and how it is subdivided within the present study. The discussion of this problem

is done in two parts. First, the incident wave field is addressed in §2.2. This

investigates the modelling of the incident wave conditions in the absence of a

structural body or member. This section introduces the requirements of real ocean

wave and assesses the available analytic wave models. The modelling of real seas

is discussed with particular focus on the deterministic methods for modelling the

largest and steepest waves within an ocean environment.

The second part of this chapter focuses on the modelling of the fluid-structure

forcing when a structure is introduced in the wave field. The hydrodynamic forcing

on slender-body structures will be discussed within §2.3. The geometric limits of

this flow regime will be identified and discussed with an examination of fluid forcing

on slender-bodies within a linear context. At the end of this section, nonlinear
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hydrodynamic forces and transient wave impact forces are discussed. To conclude,

the current state-of-the-art for fluid load predictions in the crests of large ocean

waves is evaluated and key areas for improvement identified.

2.2 Deterministic incident wave models

To better understand the processes that influence the fluid loading problem, the

incident wave field is first addressed. With relatively few exceptions the commonly

applied wave models are based upon a number of key assumptions. These con-

ditions assume the fluid flow is homogeneous, isotropic, inviscid, incompressible

and irrotational. These flow assumptions provide a physically appropriate starting

point for many wave models. Without these assumptions the wave-structure inter-

action problem would be prohibitively complex to model given the current state of

understanding and challenges faced by the offshore research community. Nonethe-

less, some of these assumptions inhibit certain features of real wave-structure in-

teractions from being addressed. Such effects include wave breaking, flow aeration

and viscous flow separation. Some of these processes are important in realistic

wave-structure interactions. In order to best approach this challenge, these omit-

ted effects are introduced after the appropriately simplified model is outlined. In

several cases, further discussions of these modelling limitations are given in Chap-

ters 3, 4 and 5.

The assumptions noted above allow the flow field to be described by a scalar

potential, φ(x, y, z, t). Adopting this approach, the fluid velocity, u, is defined by

u = (u, v, w) = ∇φ, where u, v and w are the velocity components in the x, y

and z directions respectively, and t denotes time. The vertical z-axis is upward

pointing and equal to zero at the still water level. The free surface elevation is

defined by η(x, y, t). The governing equation, representing mass continuity is given

by Laplace’s equation, such that:

∇2φ = 0. (2.1)

This must be solved subject to the following boundary conditions:
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� If the bed is assumed to be horizontal and impermeable, then a no flow

condition requires:
∂φ

∂z
= w = 0, on z = −d, (2.2)

where d is the constant water depth.

� The dynamic free surface boundary condition (dfsbc) states that the pres-

sure at the fluid surface, z = η(x, y, t), is constant. Applying the unsteady

Bernoulli equation, this can be expressed as:

∂φ

∂t
+

1

2

[(
∂φ

∂x

)2

+

(
∂φ

∂y

)2

+

(
∂φ

∂z

)2
]

+ gη = 0, (2.3)

where g is the acceleration due to gravity.

� The kinematic free surface boundary condition (kfsbc) requires the velocity

of the fluid normal to the surface to be equal to velocity of the surface along

that normal. Physically, the kfsbc enforces a particle of fluid on the free

surface to remain on the surface. In an Eulerian frame of reference, this

condition can be expressed as:

∂η

∂t
+
∂φ

∂x

∂η

∂x
+
∂φ

∂y

∂η

∂y
− ∂φ

∂z
= 0. (2.4)

Any solution to the water wave problem is complex due to the nonlinear terms

present within both the dfsbc and kfsbc. This is further complicated by the fact

that the boundary conditions must be applied on a surface that cannot be known

a priori. Unfortunately, the inclusion of nonlinearity is an essential element in

the description of design waves, particularly in steep near-breaking and breaking

waves. If a sea surface is described by the superposition of an infinite series of

regular wave components of different amplitude, frequency, phase and direction,

this only satisfies a linearised description of the free surface boundary conditions.

In real seas these wave components interact and evolve. It is these interactions

that are only modelled correctly by retaining the full nonlinearity of the boundary

conditions.

In addition to the nonlinearity, a real sea state is also unsteady. This describes

the temporal and spatial variation which ensures that real waves are continuously
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evolving. In a linear sense, it is the superposition of many wave components at any

point in space and time that defines this evolution; the largest waves arising due

to the summation of wave crests. This is a transient occurrence with the largest

crests dispersing rapidly in both space and time. The inclusion of unsteadiness

is a fundamental feature of any sea state and represents an important difference

between the theoretical regular wave solutions commonly used in design and the

real ocean waves.

In terms of underlying physics, a real sea state is also directionally spread. This

reflects the three-dimensional nature of real seas and the fact that individual waves

are made up from components travelling in a range of different directions. The

effect of directionality determines how short-crested or long-crested an extreme

wave event is. Within the present study directionality is omitted, allowing the

investigation to concentrate on the many other elements of extreme wave modelling

and wave loading in two dimensional space. However, the significance of this

omission is reconsidered within Chapter 7.

2.2.1 Linear regular waves

The first solution to the water wave problem was published by Airy (1845) in which

the boundary conditions detailed within Equations 2.3 and 2.4 were linearised and

combined to give:
∂2φ

∂2t
+ g

∂φ

∂z
= 0

∣∣∣∣
z=0

. (2.5)

The linear solution of φ for a single, freely propagating, frequency wave component

was defined by:

φ(x, y, t) =
aω

k

cosh(k(z + d))

sinh(kd)
sin(kx− ωt), (2.6)

and the corresponding description of the water surface given by:

η(x, t) = η = −1

g

∂φ

∂t
= a cos(kx− ωt), (2.7)

where a is the wave amplitude, ω the circular frequency of the wave component

and k the wave number. In adopting these definitions ω = 2π/T , where T is the

wave period, and k = 2π/λ, where λ is the wave length. The relationship linking
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ω and k is referred to as the dispersion relation. In its linear form this is defined

by

ω2 = gk tanh(kd). (2.8)

The above solution corresponds to a two-dimensional or unidirectional wave. Fur-

thermore, it neglects any nonlinearity. In effect, this assumes that the amplitude

of the wave component is small compared to other length scales (water depth and

wavelength) such that the nonlinear terms within the free surface boundary con-

ditions can be assumed negligible. This restriction is significant since the largest

waves, appropriate to design applications, do not satisfy this criterion and are

inherently nonlinear.

2.2.2 Nonlinear regular waves

The first model to incorporate the nonlinear terms within a steady wave solution

was proposed by Stokes (1847). This solution was based upon a perturbation

expansion in which all the relevant wave parameters (φ, η, u, w and P , where P

is the pressure) were expressed as a series expansion in terms of increasing powers

of the wave steepness, ε = Hk/2. Stokes noted that when evaluating the potential

and free surface elevation at second-order, a new nonlinear term was included.

Despite this change in φ and η at second-order, the dispersion relation given in

Equation 2.8 remains unchanged. The original perturbation expansion developed

by Stokes (1847) was increased to fifth-order by Fenton (1985). Fenton’s fifth-order

solution defines the fluid potential as:

φ(x, z) = −ūx+ C0

( g
k3

) 1
2

5∑

i=1

εi
i∑

j=1

Aij cosh(jkz) sin(jkx) (2.9)

where ū represents a depth-uniform current, ε is the wave steepness Hk/2, where

H is the wave height, and the coefficients, Aij are defined within Fenton (1985).

41



Chapter 2: Background

Likewise, the free surface elevation is defined by:

kη(x) = ε cos(kx) + ε2B22 cos(2kx) + ε3B31[cos(kx)− cos(3kx)] (2.10)

+ ε4[B42 cos(2kx)− B44 cos(4kx)]

+ ε5[−(B53 + B55) cos(kx) + B53 cos(3kx) + B55 cos(5kx)],

where the additional coefficients, Bij are also defined within Fenton (1985). The in-

clusion of nonlinear effects, evaluated to higher-order, provide an improved descrip-

tion of the actual boundary conditions which are inherently nonlinear. Nonethe-

less, this remains a regular wave model, with only one freely propagating wave

component. As a result, the higher-order effects are bound to the phase speed of

the underlying linear component.

The agreement between this nonlinear solution and comparable experimental

observations (involving nonlinear regular waves), both in respect of the water

surface elevation and underlying water particle kinematics (u,w), has led to its

wide acceptance in design methods for computing wave loads (Swan, 1990). Whilst

the fifth-order solution undoubtedly provides a significant improvement over linear

theory when predicting both η(t) and (u,w) (due to the inclusion of nonlinearity),

this solution includes neither the unsteadiness nor the directionality. As a result,

it may be considered to provide an accurate description of physically unrealistic

waves, at least when it comes to the description of extreme ocean waves.

2.2.3 Real seas: nonlinear irregular waves

In the modelling of realistic large ocean waves, nonlinearity, unsteadiness and

directionality should all be incorporated. The inclusion of nonlinearity within a

regular wave model was introduced in §2.2.2. In the present section the inclusion

of unsteadiness is considered.

Linear random wave theory

The linear regular wave theory first described by Airy (1845), summarised in

§2.2.1, can be expanded to include unsteadiness by considering the spread of wave

energy across the frequency range. Linear random wave theory (lrwt) assumes
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that a sea state or a wave field is formed through the superposition of a large

number of individual, linear wave components, each defined by Equations 2.6 and

2.7. This superposition leads to the velocity potential and water surface elevation

defined by:

φ(1)(x, z, t) =
N∑

n=1

anωn
kn

cosh(kn(z + d))

sinh(knd)
sin(knx− ωnt+ ϕn), (2.11)

η(1)(x, t) =
N∑

n=1

an cos(knx− ωnt+ ϕn), (2.12)

where an, ωn, kn and ϕn are respectively the wave amplitude, circular wave fre-

quency, wave number and the phase angle of the nth wave component. The total

number of components is summed from 1 to N , where N is large. The above

equations indicate the application of lrwt to uni-directional wave conditions.

However, within this description of lrwt, wave directionality can be introduced

to allow the modelling of a three-dimensional wave field. In this case, the ve-

locity potential becomes φ(x, y, z, t), and the wave number knx is redefined as

kn(x)x + kn(y)y within the cosine and sine functions; where kn(x) and kn(y) are the

x and y components of the nth wave number. Similarly, within the hyperbolic

functions, kn is replaced by
√

(kn(x))2 + (kn(y))2. Whilst lrwt now includes the

unsteady nature of real waves (and, potentially, the directionality within 3D mod-

elling situations), this remains a linear solution and does not therefore incorporate

the wave nonlinearity.

Second-order random wave theory

In modelling realistic ocean waves, the inclusion of nonlinearity, unsteadiness and

directionality vastly increases the solution complexity. Longuet-Higgins & Stewart

(1960) proposed the basis for the first unsteady and nonlinear wave solution by

considering the interaction of two linear freely propagating wave components. This

solution was generalised by Sharma & Dean (1981) to sum the interaction pairs

associated with any number of freely propagating wave components. Adopting

this solution proposed by Sharma & Dean (1981), the water surface elevation is
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defined by,

η = η(1) + η(2), (2.13)

where η(1) is the linearly predicted free surface, as defined by Equation 2.12, and

η(2) is the sum of the second-order wave-wave interactions, defined by:

η(2) =
1

2

∞∑

n=1

∞∑

m=1

anam

[(D+
nm − (kn · km −RnRm)√

RnRm

+ (Rn +Rm)

)
cos(ψn + ψm)

+

(D−nm − (kn · km +RnRm)√
RnRm

+ (Rn +Rm)

)
cos(ψn − ψm)

]
, (2.14)

where

ψn = kn · x− ωnt+ ϕn, (2.15)

and kn is the vector of wave numbers.

Likewise the velocity potential, φ is defined by:

φ = φ(1) + φ(2), (2.16)

where φ(1) is the linear potential defined in Equation 2.11 and φ(2) is the sum of

the second-order wave-wave interactions defined by:

φ(2) =
1

4

∞∑

n=1

∞∑

m=1

BnBm
cosh k+

nm(d+ z)

cosh k+
nmd

D+
nm

ωn + ωm
sin(ψn + ψm)

+
1

4

∞∑

n=1

∞∑

m=1

BnBm
cosh k−nm(d+ z)

cosh k−nmd

D−nm
ωn − ωm

sin(ψn − ψm), (2.17)

where Bn = (ang)/ωn. In both Equations 2.14 and 2.17 the Dnm coefficients are

defined by,

D+
nm =

(√
Rn +

√
Rm

) (√
Rn [k2

m −R2
m] +

√
Rm [k2

n −R2
n]
)

(√
Rn +

√
Rm

)2 − k+
nm tanh(k+

nmd)

+
2
(√

Rn +
√
Rm

)2
(kn · km −RnRm)

(√
Rn +

√
Rm

)2 − k+
nm tanh(k+

nmd)
, (2.18)
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and

D−nm =

(√
Rn −

√
Rm

) (√
Rm [k2

n −R2
n]−√Rn [k2

m −R2
m]
)

(√
Rn −

√
Rm

)2 − k−nm tanh(k−nmd)

+
2
(√

Rn −
√
Rm

)2
(kn · km −RnRm)

(√
Rn −

√
Rm

)2 − k−nm tanh(k−nmd)
, (2.19)

where the D+
nm terms describe the coefficients of the high-frequency or frequency-

sum terms and D−nm the coefficients of the low-frequency or frequency-difference

terms. In both cases the coefficient Rn (or Rm) are defined by,

Rn = kn tanh(knd), (2.20)

and the wave numbers

k−nm = |kn − km|, (2.21a)

k+
nm = |kn + km|. (2.21b)

The interacting n and m wave pairs are summed, with each interaction pair pro-

ducing a frequency sum and difference contribution. These are respectively defined

by lines one and two of Equation 2.14 and lines one and two of Equation 2.17 when

n 6= m. It is noteworthy that when a wave pair is self interacting, or n = m, the

Stokes second-order waves are produced as defined by Equations 2.9 and 2.10 at

order ε2. Whilst Equations 2.14 and 2.17 are defined for a unidirectional wave

field, directionality can be included within the second-order solution of Sharma

& Dean (1981). The second-order model of Sharma & Dean (1981) provides the

first inclusion of nonlinear effects within a random wave theory. However, with

the importance of nonlinearity evident in the modelling of the steepest waves, the

understanding (and inclusion) of nonlinear terms above second-order also becomes

important.

Third-order effects and higher

When seeking to model a random wave solution at third-order and above, an

important physical change in the solution occurs. The second-order solution of
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Sharma & Dean (1981) highlights the formation of two bound nonlinearities that

occur for all interacting wave pairs. These bound terms are locked to the wave

phase speed of the underlying freely propagating wave components. In contrast,

wave interactions at third-order introduce terms that modify the underlying linear

wave components. As such, third-order resonant wave components propagate

freely and allow the transfer of wave energy between the wave components. The

transfer of wave energy within triplets of wave components was first examined by

Phillips (1960). The resulting wave interactions were defined as resonant when

the interaction wave (or the fourth wave arising from the interaction of the initial

three waves) satisfies the linear dispersion relation.

The presence of resonant wave interactions and the transfer of wave energy

between wave components is a significant progression from linear theory; not least

because it allows for the local and rapid evolution of the wave spectrum (see

below). However, this inevitably increases the solution complexity. In modelling

extreme wave events, recent evidence confirms that the resonant interactions are

fundamentally important, ensuring that the second-order Sharma & Dean (1981)

model is not sufficient to describe the largest and steepest waves. In particular,

third-order effects can occur rapidly, create an increased steepening of the wave

profile, increased crest elevation, and cause significant increases in the internal

water particle kinematics (Johannessen & Swan, 2001, 2003; Gibson & Swan, 2007;

Latheef, 2014).

Fully nonlinear random wave modelling

The inclusion of third-order resonant wave interactions within irregular seas intro-

duces the importance of energy transfers between the wave components. Further-

more, it is unsurprising that in the formation of large ocean waves, the importance

of the energy transfers between wave components is both important and not re-

stricted to third-order. For this reason, considerable research has been focused on

fully nonlinear wave models that implement the nonlinear free surface boundary

conditions as detailed within Equations 2.3 and 2.4.

Longuet-Higgins & Cokelet (1976) first described a calculation procedure to

describe the evolution of a nonlinear wavefield, specified in space and time marched

using the fully nonlinear boundary conditions with the solution based upon Green’s

46



2.2 Deterministic incident wave models

identity. This is further discussed within Chapter 3. At the time this solution

was proposed, the boundary integral method involved a significant computational

expense. Indeed, this was so large that the range of wave conditions that could

be modelled was severely limited. This gave rise to the emergence of alternative

methods that focused on spectral formulations; examples including Johannessen

& Swan (2001), Bateman et al. (2001, 2003). In the latter case, the proposed

model provided a fully nonlinear wave solution appropriate to the description of

steep waves arising in realistic ocean spectra (Bateman et al., 2012).

However, these spectral or Fourier-based methods cannot model wave over-

turning. The explanation for this lies in the fact that multi-valued functions of

η(x) cannot be modelled. The prerequisite of a single valued free surface is re-

quired to satisfy the Lipschitz norm criterion, to ensure the operators used within

the method remain analytic and the Fourier transform can be solved.

In contrast to spectral methods, the boundary element method first proposed

by Longuet-Higgins & Cokelet (1976) and further developed by Dold & Peregrine

(1986) incorporates the fully nonlinear boundary conditions and has the potential

to model overturning wave events accurately and stably. However, the methods of

Longuet-Higgins & Cokelet (1976) and Dold & Peregrine (1986) are based on the

Cauchy integral formula. Since these methods are based in complex space, there

are other limitations to their application. Most importantly, they cannot model

directionally spread waves. To overcome this limitation Grilli et al. (1989) used

Green’s second identity to allow the evolution of surface water waves in physical

space. The implementation of the boundary element method (bem) is discussed

extensively within Chapter 3 of this work. At this stage it is sufficient to note that

a bem solution can retain the full nonlinearity of the boundary conditions, include

directionality if required, and model overturning waves that exceed the limiting

steepness.

2.2.4 Ocean wave conditions

The previous section has shown that the correct modelling of ocean waves is de-

pendent on the inclusion of nonlinearity, unsteadiness and directionality. Indeed,

it has been argued that these represent the fundamental properties of any steep sea
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state. In considering a real sea, wave energy is spread over a substantial frequency

range. This, in itself, is a significant departure from the regular wave theories that

concentrate all the wave energy in a single freely propagating wave component.

Random waves

The definition of a real sea combines the wind and swell components. Wind sea

states are caused by local wind shearing the water surface and creating waves with

frequencies lying in the range of 0.025 Hz to 10 Hz. The magnitude of the wind

speed, wind duration and fetch are all variables that define the energy distribution

with frequency. One of the most widely used wind sea spectra is the JOint North

Sea WAve Program spectra, or jonswap for short (Hasselmann et al., 1973). The

jonswap spectral density function, Sηη, is defined as follows:

Sηη(ω) =
αg2

ω5
exp

(−βω4
p

ω4

)
γ

exp

(
−(ω−ωp)2

2σ2ω2p

)
, (2.22)

where ω is again the circular wave frequency (or 2π/T ), ωp is the spectral peak

frequency (or 2π/Tp, where Tp is the spectral peak period), and γ is the peak

enhancement factor. The Phillips’ parameter, α, and the coefficients β and σ are

defined by:

α = 0.0081,

β = 1.25,

σ =

{
0.07 if ω ≤ ωp,

0.09 if ω > ωp,
(2.23)

The spectral density function, Sηη(ω), is related to the amplitudes of the discrete

wave components by:

an =
√

2Sηη(ωn)∆ω, (2.24)

where ∆ω is the discretisation in the frequency domain. In effect, this spectral

definition of the component wave amplitudes describes how the wave energy is

distributed across the frequency range. In addition to the jonswap spectra, other

wind spectra include the Pierson & Moskowitz (1964) and Bretschneider (1959)
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models. It is noteworthy that the Pierson-Moskowitz spectrum is a special case of

the fully-developed jonswap spectra with the peak enhancement factor, γ, equal

to 1.

Unlike wind seas, swell seas are characterised by spectral energy having a

narrow-banded frequency range. Typically, swell waves are generated large dis-

tances from a local storm and the locally generated wind waves. Indeed, groups of

waves that begin as locally generated wind waves in one region, propagate away

from the region, evolve and arrive as swell waves in another geographical loca-

tion. Due to the large fetch associated with swell waves, they are typically of

lower frequency. The explanation for this lies in the fact that the longer waves

avoid the significant amplitude decay associated with higher frequencies or shorter

wavelength components. Wind and swell waves frequently occur together, in one

spatial location, giving rise to a so-called mixed sea state. In modelling these

mixed seas, a bandwidth limited uniform distribution or a Gaussian distribution

is used to represent the swell component, and this is superimposed on a jonswap

wind wave spectrum; the combination of the two defining the mixed sea.

Other spectral density functions have also been developed to define partic-

ular mixed sea states, often based on field data from particular geographical

locations. The widely implemented Ochi-Hubble spectrum, Torsethaugen spec-

trum and Guedes Soares spectrum are three such examples (Ochi & Hubble, 1976;

Guedes Soares, 1984; Torsethaugen & Haver, 2004). The Ochi-Hubble spectrum

defines swell and wind components through the superposition of two Bretschneider

spectra; separate spectra being used to define the wind and swell components. A

similar methodology is employed in the Guedes Soares spectrum. In this case, two

jonswap spectra are superimposed to define the swell and wind components; the

chosen values of γ being based on a match to field data (Guedes Soares, 1984).

Alternatively, the Torsethaugen spectrum is based on a direct fit to field data

recorded in the Norwegian sea.

Deterministic waves

The need to model the largest waves within a random sea has persisted as an

important design concept. The sea states described in §2.2.4 allow random re-

alisations of a given storm condition, usually specified in terms of Hs and Tp.
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Typically, these spectral conditions are simulated using either a linear random

wave theory or a second-order random wave theory to identify the largest waves

arising in a given time interval (typically 3 hours). Alternatively, the wave height

or crest elevation of the largest waves can be predicted using short-term statistical

models; the latter based upon the Rayleigh model (Cartwright & Longuet-Higgins,

1956) or a second-order model (Forristall, 2000). However, since the wave shape is

also important, long time domain simulations are the most informative. However,

these are very time consuming, particularly if they are undertaken experimentally.

As a result, an alternative description of the most probable shape of a large wave

within a given sea state is very attractive. Linear solutions describing the most

probable shape of a large wave within a given sea state was first introduced by

Lindgren (1970) and examined further by Boccotti (1983). These solutions are

based upon the contributions of Rice (1944, 1945) and Kac & Slepian (1959), who

examined the properties of large events within Gaussian white noise signals. Both

Lindgren (1970) and Boccotti (1983) considered the most probable shape of a

large wave by considering the probability distribution of the surface elevation sub-

ject to a maximum occurring within a defined time window. In both cases they

showed (independently) that the most probable shape of a large linear wave is

proportional to the auto-correlation function of the underlying probability density

function, Sηη(ω).

This information allows the largest wave event within a sea state to be pre-

dicted (in a linear sense) without the need to execute long random time-domain

simulations. This method of modelling the expected shape of the largest waves

within a sea-state was popularised by Tromans et al. (1991) in the development of

his NewWave model. Provided corrections are made to account for effects arising

at higher-orders, the expected shape of the largest waves, based upon the work of

Lindgren (1970) has been validated using field observations measured in the north

North Sea by Jonathan & Taylor (1997) and the west Atlantic by Phillips et al.

(1993a,b).

Modelling the largest waves arising in a given design sea state is a central

focus of the present study. Consequently, the deterministic or focused wave solu-

tions first developed by Lindgren (1970) are widely applied, both numerically and

experimentally. Further details about this approach are given in Chapter 3.
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2.3 Wave loading

In modelling the wave forces on a fixed structure (or structural member), im-

proved modelling of the incident wave conditions represents the first part of the

objective. Once achieved, the incident wave conditions must be coupled within

an appropriate wave forcing model. Within the context of fixed bodies, the early

work on hydrodynamic forcing segregates models into those that do not consider

the scattered wave potential and those that do. If the load is defined in terms

of the incident potential alone, then the implication is that the structure is suffi-

ciently slender not to cause any disturbance to the incident wave field. In this case

the so called slender-body force models are appropriate. These are typically based

upon a Morison’s equation (Morison et al., 1950) approach and are discussed fully

in §2.3.1. However, as the structure becomes increasingly large, the disturbance

to the incident flow can no longer be ignored. In this case, the diffracted waves,

generated by the presence of a structure, must be included. This gives rise to the

so called diffraction regime. The primary focus of the present study lies in the

slender-body regime. However, for completion, some discussion of the diffraction

forces is also presented within §2.3.1.

The transition between the slender-body and diffraction regime is commonly

assumed to occur when the applied forces produced from linear diffraction theory

become non-negligible. This limit is commonly stated as D/λ > 0.2, where D is

the diameter of the body and λ the wavelength. However, it must be stated, that

this limit (further discussed within §2.3.1) is specified in terms of the importance

of the linear diffraction forces; no account is taken of the nonlinear diffraction

forces or effects arising very close to the free surface. However, since the forcing

investigated within this study concerns flows with substantially smallerD/λ limits,

typically D/λ ≈ 0.015, the focus clearly lies in the slender body regime. Indeed,

for the flow conditions investigated herein, diffraction effects are believed to be

insignificant and the forcing induced by the scattered waves remains negligible.

The slender-body forcing examined within the present study is constrained to

fixed structures. As a result, there is no radiated wave potential and the hydro-

dynamic equations of motion are not required.
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2.3.1 The slender-body regime

The first slender-body forcing theory was presented by Morison et al. (1950). This

solution enabled the hydrodynamic load to be calculated as the sum of a drag

and inertia load; the former proportional to the square of the fluid velocity and

the latter the unsteady acceleration. The force per unit length, fl, as defined by

Morison et al. (1950) is:

fl = Cd
1

2
ρu|u|D + Cmρ

πD2

4

∂u

∂t
, (2.25)

where D is the body diameter, Cd and Cm are the drag and inertia coefficients,

ρ is the fluid density, u is the horizontal fluid velocity and t the time. The first

term in this equation, the drag force, results from the pressure gradient that forms

around a body as a result of viscous flow separation. The physical result of flow

separation is the formation of a downstream wake. With high pressures in the

vicinity of the upstream stagnation point and low pressures in the downstream

wake, there is a net downstream force. The second term within this equation, the

inertia force is derived from the unsteady pressure. This force arises due to the

acceleration of fluid around the submerged fraction of the body.

The relative importance of the drag and inertia terms can be characterised by

the Keulegan-Carpenter number:

Kc =
uT

D
, (2.26)

where u is a characteristic water particle velocity within the wave, T is the wave

period and D is the body diameter. In the case of a horizontal cylinder it is

determined on the body centreline, while for a vertical column it is taken at the

still water level. If Kc is small, Kc < 5, the fluid loading will be dominated by the

inertia forces. In contrast, if Kc is large, Kc > 20, the forcing will be dominated

by drag. If 5 < Kc < 20 both drag and inertia forces are important within the

flow regime.

The focus of the present study lies in the hydrodynamic forcing on slender-

bodies within the largest wave crests. These two elements have important impli-

cations for the initial focus of what hydrodynamic forces are important. Since the
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body diameter, D, is many times smaller than the incident wave length, λ, the

Kc number will be large. This clearly places the focus on drag forcing. However,

within waves of limiting steepness the relative importance of the temporal accel-

erations and local fluid velocities may be very different to what is expected (or

predicted) on the basis of a commonly applied design wave solution. In particular,

the phasing of their respective maxima will no longer be λ/4 ot T/4 apart. These

effects are fully investigated in Chapter 3.

The popularity of the Morison solution within design methods is due, in part,

to the versatility of the equation (DNV, 2010; USACE, 1984a,b). In particular,

it can be applied to different sectional geometries, any member orientation and

can be based upon kinematics predictions from very different wave models, some

of which have been outlined in §2.2. Despite the widespread use of Morison’s

equation when calculating wave loads, the validity of this simplified solution in

steep wave conditions, particularly high in the wave crest, remains a topic of

ongoing investigation.

The diffraction regime

Whilst the focus of this work lies in the slender-body regime, the limits of this flow

regime are important. The slender-body assumption dictates that the length scale

of the body geometry, D, is significantly less than the incident wavelength, λ. This

criterion ensures that diffraction forces are not important. As D approaches 0.2λ,

the linear potential, φ, is defined by the sum of the incident potential, φi, and the

scattered potential, φd. This new potential (φi and φd) is integrated around the

body surface to still water level to define the linear diffraction loads. This load

can be written in a similar form to the Morison’s inertia load or the second term

in Equation 2.25. However, a new loading coefficient, C∗m, is defined. This is a

function of D/λ and has two distinct limits. As D/λ→ 0, C∗m → 2. This limit is

identical to Cm from linear potential theory. In contrast, for large values of D/λ,

C∗m reduces significantly. Physically, this reduction in C∗m highlights the fact that

a larger diameter body is more effective at reflecting the incident wave energy. As

a result, the linear potential load is reduced.

The above solution describes the linear diffraction model for fixed bodies. Ex-

tending this theory to include the effects of nonlinearity is complex due to the free
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surface boundary conditions and the nature of the fluid-structure interaction. The

development of a second-order diffraction theory was first presented by Kim & Yue

(1989), with a partial third-order solution given by Malenica & Molin (1995). In

the latter case, the term partial denotes the fact that only the third frequency har-

monic of the diffracted potential was examined. However, these theories remained

limited to regular incident wave conditions. The current state-of-the-art is such

that diffraction models now implement second-order solutions in random waves.

These developments are based upon extensive numerical implementations such as

wamit (Lee & Newman, 2006) and diffract (Eatock Taylor & Hung, 1987).

In addition to these popular methods, further developments have been sought

into the fully nonlinear modelling of the diffraction problem using boundary ele-

ment methods. Examples of this work include Ferrant (2000), Bai & Eatock Taylor

(2007) and Christou (2006).

2.3.2 Nonlinear forces

The appropriateness of the linear Morison’s inertia force and the physical origin

of neglected nonlinear forces was first investigated by Lighthill (1979). Lighthill

showed that the linear potential, φ(1), should include the effects arising from both

the oscillatory horizontal velocity, u, and the fluctuating extensional motions of the

fluid on the body. This latter force is not included within Morison’s equation since

the oscillatory velocity vector is solved at a point, without a structural element

present. This presence impedes the local fluid motion and causes a forcing from

the fluctuating extensional motions of the fluid. These motions are particularly

important in the horizontal direction as the free surface falls, and rises on the

structure.

In a carefully argued presentation Lighthill (1979) noted that for a vertical

surface-piercing column, the integral of the unsteady pressure, -ρ∂φ(1)/∂t, from the

bed to the still water level corresponded to the inertial force defined by Morison

in deep-water:

Fi =

∫

S

ρ
∂φ(1)

∂t
nx dS =

1

2
ρgaπD2 cos(ωt), (2.27)

where the linear potential, φ(1), is defined by Equation 2.11, a is the wave am-

plitude, D is the body diameter and nx = n cos θ, where n is the outward point-
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Figure 2.1: Definition of the key variables appropriate to the description of a vertical surface-

piercing column.

ing normal to the body surface S and (r, θ) the standard polar coordinates. A

schematic indicating these variables is given on Figure 2.1.

Whilst this force is in agreement with the inertia forcing derived by Morison

et al. (1950), Lighthill noted the integral of the dynamic pressure on the body sur-

face, −1
2
ρ(∇φ(1))

2, from the bed to still water level yielded an additional quadratic,

or second-harmonic, force:

Fdyn =

∫

S

−1

2
ρ(∇φ(1))

2 nx dS =
1

16
ka2ρgπD2 sin(2ωt). (2.28)

This force is distributed over the full length of the column and is dependent upon

the incident wave steepness, ak. As a result, it becomes progressively more impor-

tant as the wave steepness increases. In addition to these two distributed forces,

the inertia force, Fi, and the dynamic force, Fdyn, Lighthill also evaluated the net

force arising from the hydrostatic and unsteady pressure integrated from the still

water level to the instantaneous water surface, Sη.

Fw =

∫

Sη

(
−ρgz − ρ∂φ(1)

∂t

)
nx dS =

1

4
ka2ρgπD2 sin(2ωt). (2.29)

This change in the integration limits yields an additional quadratic force contri-

bution, which is referred to as a point load. In the limit of small ak values, this

waterline force, Fw, is four times the magnitude of Fdyn. The magnitude of this

force highlights the importance of forces arising close to the free surface. This is

particularly important when examining the forcing associated with large design

wave events, since the wave steepness, the surface nonlinearity and the near-surface
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water particle kinematics will all be a maximum.

Finally, Lighthill considered the additional forces derived from the second-order

flow potential, incorporating an approximate form of the diffraction potential, φd.

The relative magnitude of this force on slender-bodies was found to be small in

comparison to the dynamic and waterline forcing described in Equations 2.28 and

2.29. However, in the case of larger bodies, this forcing cannot be neglected as it

increases significantly with body diameter.

The work of Lighthill (1979) was developed further by Faltinsen et al. (1995)

and Rainey (1995a,b) to include forces arising at third-order and beyond. This

group of models are all referred to as long-wave solutions owing to the geometric

relation between the incident wave length and body diameter; λ being many times

greater than D. In Faltinsen et al. (1995) a formal perturbation expansion was

adopted in which D � λ, a� λ, but a and D are assumed to be of similar mag-

nitude. This is clearly appropriate to the design of many large volume structures.

Both Faltinsen et al. (1995) and Rainey (1995a,b) consider deep-water conditions

and define additional potential flow forces arising at different harmonics of the

incident waves. At first-order, Faltinsen et al. (1995) evaluated the depth integral

of the unsteady pressure to reproduce the inertia load of Morison et al. (1950). In

contrast to the formal perturbation expansion adopted by Faltinsen et al. (1995),

Rainey (1995a,b) proposed an alternative solution using energy considerations.

Whilst Rainey’s method provides little physical insight into the origins of the

forces, it shows agreement with both the linear inertia force predicted by Morison,

and the second-order force predicted by Faltinsen et al. (1995). However, when

the evaluation of the body forces is extended to include the third-order harmon-

ics, the surface intersection force predicted by Rainey (1995a) is notably smaller

than that predicted by Faltinsen et al. (1995). This difference arises from Rainey’s

slender-body approximation in which the body is treated as a line, in space, with

hydrodynamic properties. Rainey (1995b) resolved this apparent mismatch by

including an additional surface distortion force. This modification brought the

two methods of Faltinsen et al. (1995) and Rainey (1995a,b) into general agree-

ment. These two methods concern the modelling of higher-order forcing using

potential flow theory and allowed the partial explanation of the so-called ringing

phenomenon in which large volume concrete structures exhibit transient structural
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deflections at frequencies well above the incident wave frequency (Chaplin et al.,

1997). However, although these solutions are highly informative, they cannot be

used to define the hydrodynamic forces in the very steepest and breaking waves.

In such cases the steep free surface gradients (∂η/∂x� 1) cause rapid changes in

the body immersion and this is the primary cause of wave impact loading.

2.3.3 Wave impact forces

The wave forcing discussed in §2.3.1 relates to the hydrodynamic forces acting on

a fully immersed horizontal cylinder, or in the case of a vertical surface-piercing

column, the incident wave conditions must be of sufficiently low-steepness. If a

horizontal cylinder is located above the level of successive troughs, the description

of the fluid forcing is invalid, since the structure will be subject to intermittent

immersion. Similarly, in steep wave conditions, a surface-piercing vertical column

will be subject to rapid changes in immersion when a wave front passes the column

face. These transient conditions highlight a loading regime not incorporated within

the theories discussed previously (§2.3.1). To describe this forcing, wave impact

or slamming must be considered; the transient forces occurring due to the rapid

exchange of momentum between an incident wave crest and a structural body. In

effect, a large volume of water is either brought to rest or is diverted around the

structure and there must be forces associated with achieving this.

The hydrodynamic forcing associated with rapid changes in immersion (widely

referred to as impact loading) has long been understood to be fundamentally

different to the drag-inertia regime associated with fully immersed bodies. The

impulsive nature of impact loads has the potential to cause significant member

failures as high force peaks are reached in a very short time interval. Indeed,

peak impact forces are typically reached within T/1000, where T is the incident

wave period. This is a significant departure from the wave forcing models detailed

within the slender-body forcing regime (§2.3.1) where loading cycles are defined

on a time scale equal to T , or some small harmonic of T .

The first theory developed to describe fluid-structure impact forcing focused

on the loads experienced by a cylindrical pontoon impacting quiescent water; the

application being related to the design of skis for a seaplane and the loads expe-
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Figure 2.2: The parameters used in the von Kármán (1929) impact model.

rienced during landing. The model of von Kármán (1929) produced an impact

force, Fs, defined by:

Fs = Cs
D

2
ρu2

nLs, (2.30)

where Cs is the slamming coefficient, D is the body diameter, un is the impact

velocity or the incident fluid velocity relative to the body and Ls is the length

of the body subjected to the wave impact force. This solution is based upon the

assumption that the momentum of the fluid striking a body is brought to rest very

rapidly.

The theory developed by von Kármán (1929) produced an impact coefficient,

Cs, equal to π. In developing this solution, the movement of the body through the

fluid follows the simplest possible description; the relevant parameters shown on

Figure 2.2. This solution assumes that as the fluid and cylindrical body impact,

there is no disturbance to the fluid. Consequently, the wetted half width, X(t),

is defined by a chord through the cylinder, drawn at the quiescent water level

with the submerged fraction of the cylinder beneath. This assumption will under-

predict the total wetted length and thus gives rise to a conservative prediction of

the impact force and hence the slamming coefficient, Cs.

In contrast to the theory by von Kármán (1929), Wagner (1932) developed an

analytical solution considering a perpendicular cylinder-fluid entry that incorpo-

rated a rapid deformation to the free surface. Wagner’s theory assumed a local

increase in the surface elevation either side of the cylinder. This apparently minor

change to the description of the free surface modifies the wetted half width, X(t)

and this creates a significant change to the impact coefficient. The solution defined

by Wagner (1932) describes Cs = 2π; a two fold increase over the result of von

Kármán (1929).
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Equation 2.30 is elegant in its simplicity; however, the appropriate definition

of the impact velocity, the impact coefficient and the impact area ensure that

the accurate prediction of impact forces is difficult. Nonetheless, Equation 2.30 is

standard to many, if not all, design codes describing local member forces (DNV,

2010) and remains a foundation for many wave-in-deck load models (HSE, 1998).

In addition to the development of analytical models, experimentally derived

impact coefficients have received significant investigation in the later half of the

20th century. The work of Miller (1977), Sarpkaya (1978), Campbell & Weynberg

(1980), Chaplin et al. (1992) and Isaacson & Prasad (1994) all examined wave-

cylinder impacts, measuring impact coefficients between 1.0 and 6.4. Despite

this very substantial variation, the coefficient of Cs = 5.15, measured within the

extensive study reported by Campbell & Weynberg (1980), has since become the

recommended design standard for impact forces on vertical cylinders (DNV, 2010).

When calculating the total wave impact force on a vertical column, the col-

umn is discretised into vertical strips and the force time-history is integrated as

detailed by Nesteg̊ard et al. (2004). Whilst horizontal and vertical cylinders share

common body geometry, the difference in orientation within a wave field causes

significant differences in the impact forcing. Whilst strip theory is recommended

by Nesteg̊ard et al. (2004) for computing forces on a vertical column, this is not

the case for horizontal cylinders. In the latter case, the recommended procedure

is given by Kaplan (1992) and further comments by DNV (2010). In essence, the

differences arise due to changes in the flow confinement. This effects both the

applied solution procedure and the appropriate slamming coefficient, Cs. These

methods and differences will be detailed within Chapters 4 and 6.

The modelling of wave impacts for alternative body geometry has also received

significant attention. This is particularly true of wedge entry which is directly

relevant to hull and bow slamming of ships in steep waves. Whilst the impact

of waves on wedge shaped bodies is geometrically different, some of the physics

is common to all blunt shaped structures. In this context, the analytical and

experimental works by Greenhow (1987), Zhao & Faltinsen (1993) and Judge

et al. (2004) will be introduced and discussed in Chapter 5.
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2.3.4 Effects of dynamic response

Any structure that is subject to a time-varying load, has the potential to respond

dynamically. This is important in the context of wave-structure interactions since

the wave forces are, by definition, dynamic. This is particularly true of the loads

associated with the largest ocean waves. Understanding how a structural member

responds to an applied force is an important thread in the fabric of understanding

how to predict the design loads experienced by the structure. The importance of

dynamic excitation was noted in §2.3.2; the occurrence of structural ringing was

introduced and shown to be explainable, at least in part, by the occurrence of force

components arising at the third harmonic of the incident waves. Indeed, this is

particularly problematic, when the latter lies close to the natural frequency of the

structure. Similarly, §2.3.3 introduced the concept of highly transient wave impact

forces. Since no structure can, in practice, possess infinite stiffness, it is inevitable

that it will respond dynamically to this load, assuming the latter is large enough.

Understanding and modelling the dynamic response of a body under these forces

is addressed in Chapter 4.

2.3.5 Local free surface effects

Unlike fully immersed structural members, the wave forcing within the crest-

trough region has additional complexity due to the proximity of the free surface.

This is particularly important in the modelling of extreme wave forcing, since the

free surface is free to deform. Specifically the deformation of the free surface, par-

ticularly in steep wave conditions, affects the momentum exchange between the

body and fluid, giving rise to changes in the body forcing. In the case of a vertical

column, the phenomenon of wave run-up occurs as fluid lying within the incident

wave crest is deflected vertically upward on the front face of the column. The

momentum associated with this fluid also experiences a change (in magnitude and

direction) and thus defines the applied loads. These local flow phenomena and the

effects they have on the local loading will be evaluated within Chapters 4, 5 and

6. In this context, the experimental studies of Miller (1977), Isaacson & Subbiah

(1991), and Chaplin et al. (1992) will be discussed.
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2.3.6 Numerical modelling of fluid-structure interactions

The wave loading models presented within sections §2.3.1–§2.3.3 were primarily

based upon analytical formulation. All of these methods emerged at times when

present day computing power would have been inconceivable. The benefits of

nonlinear wave models were introduced within §2.2.3. However, the introduction

of a structure within these domains presents additional boundary conditions and

additional complexity. The modelling of the subsequent fluid-structure interaction

remains an ongoing research topic involving the application of a wide variety of

models. These include boundary element methods (bem), finite element meth-

ods (fem), volume of fluid methods (vof) and smoothed particle hydrodynamics

(sph). It is noteworthy that the presents thesis is not focused on the development

of these numerical methods for fluid-structure modelling, but seeks to provide an

improved understanding of the physical origin of extreme wave loads. Neverthe-

less, in presenting the results of the experimental and analytical models developed

within this study, comparisons are made with the available numerical models. In

making these comparisons, it is important to set out the advantages and limita-

tions of the different numerical methods. These are briefly summarised below,

with further information given in the subsequent chapters.

Modelling a fluid-structure interaction problem using the finite element method

(fem) requires a meshed discretisation of the flow domain and the Navier-Stokes

equations are solved on the cell boundaries. The first implementation of an

fem model to the problem of wave-structure interactions was described by Wu

& Eatock Taylor (1994) and Ma et al. (2001a,b). The meshed nature of fem

means that the accuracy of results is dependent upon sufficient discretisation to

capture the key features of the flow field. This can be problematic since it requires

an a priori assumption regarding the required resolution of the fluid-structure in-

teractions. This is seldom known in advance and therefore requires extensive con-

vergence testing. Indeed, in order to achieve a convergent solution, fem models

frequently implement re-meshing of the domain to ensure no elements become sig-

nificantly deformed. Whilst re-meshing can be undertaken with a relatively small

computational cost, re-meshing can also result in dissipative effects and unwanted

filtering due to the interpolation of the flow quantities.
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An important limitation of fem lies in the steepness of the incident wave

conditions that can be modelled. For example, Ma et al. (2001a,b) modelled the

interaction of waves with a monotower structure. However, the maximum wave

steepness was limited to ak equal to 0.02. By comparison, the present study

concerns limiting and breaking waves with steepnesses in excess of ak > 0.40.

Simulations of this type have not thus-far been achieved in fem procedures.

The volume of fluid method (vof) presents an alternative grid based scheme.

The technique was first developed by Hirt & Nichols (1981) and is often used in

combination with the finite volume method (fvm) to solve the Navier-Stokes equa-

tions on the cell boundaries. Within the vof method, the domain is discretised

into cells containing a fraction of fluid. If a cell is full, the fraction is 1, whereas

if the cell is empty, the fraction is 0. The free surface is consequently defined by

those cells that are partially filled or on the boundary of filled and empty cells.

Since the free surface is defined by cells filled by fractions of fluid, the previous

position of the water surface is unknown and must be interpolated by chords across

adjacent cells. This approach can lead to smoothing in the free surface particularly

at small scales. Alternative methods have been developed to mitigate this problem,

such as the level-set method. However, these techniques do not generally conserve

mass and momentum. Difficulties associated with the accurate positioning of the

water surface are the subject of sustained research effort (Jacobsen et al., 2012);

the primary focus being on improved interpolation methods.

Despite the dissipation of energy due to approximations within the free sur-

face properties, the vof method benefits from unrestricted movement of the free

surface. This enables surface break up and air-entrainment to be modelled dur-

ing vigorous wave breaking. This, in turn, allows waves of increased steepness to

be modelled. However, Guignard et al. (2001) showed that non-physical energy

dissipation within the free surface produces less accurate wave predictions when

compared to bem simulations.

Whilst the methods noted above depend upon meshed solutions, smoothed

particle hydrodynamics (sph) is a meshless Lagrangian method that has been

applied to the modelling of fluid-structure interactions. It was first developed

by Lucy (1977) and Gingold & Monaghan (1977) for applications within astro-

physics and was subsequently adapted for free surface flows by Monaghan (1994).
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Unlike meshed methods, an sph domain is described by particles of fluid with

each particle possessing the properties of position, mass, density and pressure.

The particle interactions are governed by an approximation to the Navier-Stokes

equations. Sph is an attractive modelling method since it can include complex

body geometries and large free surface deformations. However, the specification

of boundaries within sph modelling present a significant challenge. Since the do-

main is represented by particles, so too are the domain boundaries. Boundary

particles typically apply a small repulsive force to ensure conditions of zero flux

are maintained. This repulsive force is local to the boundaries. However, this

has the potential to introduce significant errors in the context of fluid-structure

interactions. This is most notably in the near-surface region (in locations with

small hydrostatic forces) where the repulsive force of boundary particles can lead

to a detachment of the fluid particles away from the fluid surface. Furthermore,

the modelling of the free surface is challenging due to no explicit enforcement of

the free surface boundary conditions. The can also result in excessive dissipation

at the free surface. By example, the work of Vaughan et al. (2006) showed that

for a regular wave train, the loss in wave amplitude within an sph domain could

reach as much as 40% after propagating over a length of only 27d. The challenges

present in the modelling of both rigid boundaries and the free surface boundary

conditions ensures that the results of an sph simulation should be treated with

some caution, particularly when applied to steep waves. Nonetheless, the poten-

tial of sph is vast and it continues to receive widespread research developments

(Liu & Liu, 2003, 2010; Skillen et al., 2013; Rogers et al., 2010; Gomez-Gesteira

et al., 2010, 2012).

2.4 Concluding remarks

Whilst both submerged cylindrical sections and those subjected to small steepness

waves have been the subject of a significant research effort, the loads arising on

bodies close to the instantaneous water surface, particularly those involving very

steep and breaking waves, remain poorly understood. In particular, the complete

description of the loading time-history, from the initial transient wave impact to

the sustained drag and inertia regime cannot be effectivel modelled. Furthermore,
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the dependence of wave impact loads on the details of the wave shape remains

unclear, both in terms of the magnitude of the loads arising and the area over

which they act. Without a clear understanding of this effect the uncertainty in

the existing wave impact models will remain large.
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3
The modelling of limiting and

breaking waves in deep-water

3.1 Introduction

This chapter concerns the modelling of the largest surface water waves, including

both limiting and breaking waves. It has one primary objective: to investigate the

accuracy of the available wave models and hence their suitability in terms of wave

load predictions. This objective is achieved using new laboratory observations

of limiting and breaking waves combined with fully nonlinear boundary element

method (bem) simulations.

To describe an extreme wave fully, both the water surface elevation, η(x, z, t)

and the underlying water particle kinematics, u(x, z, t) must be defined. In Chap-

ter 2 it was noted that these two quantities can be predicted using analytical

potential flow solutions. However, the validity of theories proposed by Fenton

(1985) and Sharma & Dean (1981) for modelling the largest transient wave events

is not well quantified. By comparing these analytical predictions to fully nonlinear

experimental and numerical data this question can be assessed.

The practical importance of these results is significant. In the first instance it

is clear that the accurate description of the wave profile and the internal water
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particle kinematics is the prerequisite for all wave load predictions (DNV, 2010;

USACE, 1984a,b). Furthermore, it remains unclear the extent to which the largest

loads, arising close to the instantaneous water surface are dependent upon an

accurate description of the wave motion.

The chapter will commence with an introduction to the experimental apparatus

within which the large waves will be generated (§3.2). This is followed by §3.3

which introduces the numerical calculations; providing an overview of both the

boundary element method (bem) and the computational domain employed. With

this essential background material explained, the chapter has two focuses: the

improved modelling of an extreme wave profile (§3.5) and the prediction of water

particle kinematics (§3.6). The sequence of contributions within this work are

listed as follows:

(1) To review the wave profile associated with large, nonlinear, near-breaking

wave events; particular attention being paid to any shortcomings in the

analytical solutions.

(2) To examine the effect of wave shape on the phasing of maximum water par-

ticle velocities and accelerations within both limiting and breaking waves.

(3) To investigate the fully nonlinear water particle velocities and accelerations,

again associated with both limiting and breaking waves. This will be un-

dertaken using a combination of both experimental and numerical data.

(4) To understand the upper limits appropriate to the water particle velocities.

In particular, this will concern the relationship between fluid velocities high

in the wave crest and the wave phase speed of both limiting and breaking

waves.

3.2 Laboratory environment

3.2.1 Wave making facilities

The testing programme presented within this chapter was conducted within the

27.5 m long wind-wave-current flume located in the Hydrodynamics Laboratory
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Figure 3.1: Side elevation of the wind-wave-current flume.

within the Department of Civil and Environmental Engineering at Imperial Col-

lege London. This facility has a width of 0.3 m, a working depth of 0.7 m and

is equipped with two identical, individually controlled, bottom-hinged, flap-type

wave paddles located at opposite ends of the wave flume (Figure 3.1). These pad-

dles are capable of accurately producing wave components with frequencies lying

within the range 0.4 Hz ≤ f ≤ 3 Hz. The tank uses a force feedback control loop

which allows wave components to be generated and absorbed at adjacent ends

of the tank. Previous work of Spinneken & Swan (2009) has shown that the re-

flected wave components amount to less than 5% of the generated wave energy.

Furthermore, a detailed assessment of the force feedback control loop is given in

Spinneken & Swan (2009). Most importantly, this state-of-the-art control system

prevents the build up of reflected wave energy within an experimental wave facil-

ity. In the present study, the tank was operated with one paddle acting as the

wave generator (Wavemaker 1, Figure 3.1) and the opposing paddle acting as the

downstream wave absorber (Wavemaker 2, Figure 3.1).

3.2.2 Wave gauge instrumentation

To measure the water surface elevation, η(t), resistance-type wave gauges were

used. Each gauge consists of a pair of parallel 2 mm diameter stainless steel rods,

spaced 12 mm apart. These gauges are 0.5 m in length and are vertically fixed
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at midspan within the wave flume. The slender rods pass through the still water

level at mid-height. This configuration ensures an adequate measurement range to

sample the largest wave crests and deepest wave troughs. To measure the water

surface elevation a small current is passed through the rods and the potential

difference sampled at 128 Hz. As a wave passes, the water elevation on the rods

changes. This causes a proportionate change in the electrical resistance between

the rods. This technique produces excellent linearity between the output voltage

and the water surface elevation; the necessary calibration typically performed using

5 known water elevations. Previous work has shown resistance-type wave gauges

can measure the water surface elevation to an accuracy of ±0.5 mm (Spinneken &

Swan, 2009), with little or no disturbance of the incident wave profile.

3.2.3 Experimental wave control

The occurrence of extreme wave forces on slender-body members is principally

associated with the largest wave crests. As such, focused waves provide a well-

established and well-suited experimental approach, not least because they are

representative of the largest waves arising in a long random wave simulation;

evidence to this effect being provided in §3.4. The generation of a focused wave

involves the summation of many spectral wave components, where each component

is defined by a frequency, amplitude and phase. In many respects, this approach

is analogous to the generation of a random wave environment; the main difference

being that the phasing of the wave components is not chosen randomly, but rather

predetermined to create constructive interference at one point in space and time.

Constructive interference of the wave components, involving the superposition of

wave crests, subsequently produces a large transient wave event with the largest

possible crest elevation.

To calibrate an experimental focused wave, the phase and amplitude of each

generated frequency component is compared to its linear theoretical target. Whilst

the latter is known from lrwt, the former is found from a Fourier analysis on

the measured water surface elevation, η(t). Using a Discrete Fourier Transform

(dft) both the amplitude and relative phase of the generated components can

be defined. In all cases the quality of the wave environment was first assessed
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through the generation of a small amplitude focused wave. The details of how this

is achieved are given as follows.

Lrwt is implemented to produce a linear target spectrum, noting that the

amplitudes of the components are based upon Lindgren (1970). This process de-

fines the amplitude of each frequency component. The component amplitudes are

multiplied by the Tank Transfer Function (ttf) to produce the demand signal for

the wavemakers based upon tank specific properties such as the water depth and

the wave paddle geometry (Spinneken, 2010). The phase of each wave component

is then set to produce a focused wave event at one point in the tank and one

instant in time. Whilst this work uses the theoretical transfer function outlined in

Spinneken & Swan (2009), alternative methods of empirical tank calibration exist,

such as the method of Masterton & Swan (2008).

The performance of the transfer function is shown within Figure 3.2. This

figure provides three subplots addressing (a) the water surface elevation, η(t), (b)

the amplitude spectrum, a(f), and, (c) the phase angle at the focus time, φ(f).

In all cases the measured wave data and the linear target are shown to be in

very good agreement. Figure 3.2 also highlights a second important attribute of

the wave generation facilities, repeatability. Each of the three subplots shows

data recorded on two different days of testing. Free surface measurements shows

excellent agreement with differences in the free surface maxima < 0.17%.

The performance of the theoretical transfer function is further considered in

Figure 3.3. This concerns a weakly nonlinear focused wave within three subplots

(η(t), a(f) and φ(f)) making comparisons to the second-order solution of Sharma

& Dean (1981). Once again, very good agreement with the target properties is

achieved. In both wave cases (Figures 3.2 and 3.3) the data are generated using a

repeat time of 64 s, with a linear focal position of xf = 9.0 m from the upstream

wavemaker face (wavemaker 1 on Figure 3.1). The wave spectrum is defined with

135 wave components that are generated from 26/64 Hz to 2.5 Hz, with a uniform

frequency spacing of ∆f = 1/64 Hz.

Resistance-type gauges in limiting waves

To achieve the goals outlined in §3.1, high-quality free surface measurements are

required describing the largest wave events. However, with very steep wave con-
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Figure 3.2: The time-history of the water surface elevation, η(t), and Fourier decomposition of

a linear focused wave based upon a jonswap spectrum,
∑
ai = 10 mm, Tp = 1.2 s and γ = 2.3.

[ ] The theoretical prediction of this event using linear random wave theory compared to

two experimental tests, [�] and [◦], taken on separate days.
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Figure 3.3: The time-history of the water surface elevation, η(t), and Fourier decomposition

of a weakly nonlinear focused wave based upon a jonswap spectrum,
∑
ai = 30 mm, Tp = 1.2 s

and γ = 2.3. [ ] The theoretical prediction of this event using second-order random wave

theory by Sharma & Dean (1981) compared to two experimental tests, [�] and [◦], taken on

separate days.

71



Chapter 3: The modelling of limiting and breaking waves

ditions, measurement of the free surface may become erroneous as the water sur-

face can become multi-valued. To clarify the performance of resistance-type wave

gauges, a charge-coupled device (ccd) camera was installed at the measurement

gauge position to record the free surface motion. The 8-bit grey-scale images

recorded on the camera were post-processed using the Canny edge detection al-

gorithm to track the free surface position (Canny, 1986). Canny’s algorithm de-

tects edges within images through gradients in adjacent pixel colour depth. This

method was found to give superior edge detection in lower contrast images when

compared to other edge detection operators of Sobel, Prewitt and Roberts (Shar-

ifi et al., 2002). To translate the detected surface from pixels to physical space,

a conversion scale was required. To achieve this, one image was recorded of a

frame measuring 0.4 m by 0.4 m (with millimetre demarcations around the frame

perimeter). Subsequently, when the post-processing edge detection was set-up,

this control image provided the required conversion between pixel space and the

physical measurement space.

To examine the performance of the resistance-type wave gauges four breaking

wave events, each with physically testing characteristics were generated. These

test cases included:

� One wave event in which the leading wave face became vertical whilst passing

the gauge location.

� One spilling event that encompassed significant air entrainment.

� Two overturning waves, both of which involve multivalued surface elevations

at the horizontal location of the wave gauge.

Figure 3.4 provides a sequence of images describing the evolution of the first

wave case; the wave face becoming vertical at the position of the wave gauge.

Taken together the images given on Figure 3.4 highlight the two methods of surface

elevation measurement: the camera images, with free surface detection are shown

within subplots (a), (c) and (e) whereas subplots (b), (d) and (f) show related

images with the resistance-wave gauge in place. A similar sequence of images,

relating to the other three wave cases are presented in Figures 3.5–3.7.

To quantify the accuracy of the resistance-type wave gauge, direct compar-

isons are made to the water surface elevations measured from the ccd camera
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images. In the latter case the images were recorded at 100 frames-per-second. In

assembling a water surface elevation time-history, η(t), each image produced one

point corresponding to the free surface elevation at the gauge location. Figures

3.8–3.11 address each of the four control waves and compare the water surface

measurements from the two methods of data acquisition.

In both the very steep (Figure 3.8) and spilling (Figure 3.9) wave events, the

maximum water surface elevation and the overall time-history of the water sur-

face elevation, η(t), are excellent agreement. Indeed, there is almost no difference

between the wave profiles recorded using the resistance wave gauge and the free

surface image tracking approach. It is also noted that the focal plane of the cam-

era was established on the glass side of the wave flume (required for the edge

detection post-processing); however, the wave gauge was fixed at mid-span. De-

spite this difference in spanwise position, excellent agreement between the wave

profiles recorded using the resistance wave gauge and the free surface image track-

ing approach confirm excellent two-dimensional wave conditions within the wave

flume.

Figures 3.10 and 3.11 show a similar set of comparisons to Figure 3.9 relating

to the two overturning wave events. Whilst these comparisons show that the

maximum water surface elevations are recorded accurately, with good agreement

between the two measurement techniques, the resistance-type wave gauge cannot

measure the free surface when it becomes multivalued during the process of wave

overturning. In effect, erroneous elevations are measured that smooth out the

breaking wave profile. Spatially, this wave breaking (or wave overturning) is shown

in Figure 3.6(d) and Figure 3.6(e). Whilst the maximum value of the water surface

elevation can be measured with high confidence using resistance-type wave gauges,

care must be exercised when analysing free surface records that include wave

overturning. In these cases, the incident wave shape and the results of any Fourier

analysis may be misleading.
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(a) t = 30.23 s (b) t = 30.23 s

(c) t = 30.28 s (d) t = 30.28 s

(e) t = 30.33 s (f) t = 30.33 s

Figure 3.4: Canny edge detection (subplots (a), (c) and (e)) and photographs of a resistance-

type wave gauge (subplots (b), (d) and (f)) in limiting wave conditions; the wave phasing having

been defined such that the vertically fronted wave face occurs at measurement position. Wave

amplitude,
∑
ai = 95 mm, Tp = 1.2 s and γ = 2.3. [ ] defines the wave gauge position,

[ ] the still water level and [ ] is the water surface.
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(a) t = 30.35 s (b) t = 30.35 s

(c) t = 30.40 s (d) t = 30.40 s

(e) t = 30.45 s (f) t = 30.45 s

Figure 3.5: Canny edge detection (subplots (a), (c) and (e)) and photographs of a resistance-

type wave gauge (subplots (b), (d) and (f)) in spilling wave conditions; the wave phasing having

been defined such that the spilling wave occurs at the measurement position. Wave amplitude,∑
ai = 100 mm, Tp = 1.2 s and γ = 7. [ ] defines the wave gauge position, [ ] the still

water level and [ ] is the water surface.
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(a) t = 29.13 s (b) t = 29.13 s

(c) t = 29.18 s (d) t = 29.18 s

(e) t = 30.21 s (f) t = 30.21 s

Figure 3.6: Canny edge detection (subplots (a), (c) and (e)) and photographs of a resistance-

type wave gauge (subplots (b), (d) and (f)) in overturning wave conditions; the wave phasing

having been defined such that the overturning wave occurs at the measurement position. Wave

amplitude,
∑
ai = 100 mm, Tp = 1.2 s and γ = 1. [ ] defines the wave gauge position,

[ ] the still water level and [ ] is the water surface.
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(a) t = 30.32 s (b) t = 30.32 s

(c) t = 30.37 s (d) t = 30.37 s

(e) t = 30.42 s (f) t = 30.42 s

Figure 3.7: Canny edge detection (subplots (a), (c) and (e)) and photographs of a resistance-

type wave gauge (subplots (b), (d) and (f)) in overturning wave conditions; the wave phasing

having been defined such that the overturning wave occurs at the measurement position. Wave

amplitude,
∑
ai = 95 mm, Tp = 1.2 s and γ = 2.3. [ ] defines the wave gauge position,

[ ] the still water level and [ ] is the water surface.
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Figure 3.8: Comparison between the water surface elevation time-history, η(t), measured using

a resistance-type wave gauge: [ ] test one and [ ] test two and η(t) derived from ccd

images and a Canny edge detection algorithm [◦]. This case relates to a vertically fronted incident

wave with properties:
∑
ai = 95 mm, Tp = 1.2 s and γ = 2.3; the wave phasing having been

defined such that the vertical wave front occurs at the measurement position.
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Figure 3.9: Comparison between the water surface elevation time-history, η(t), measured

using a resistance-type wave gauge [ ] and η(t) derived from ccd images and a Canny

edge detection algorithm [◦]. This case relates to a spilling incident wave with properties:∑
ai = 100 mm, Tp = 1.2 s and γ = 7; the wave phasing having been defined such that the

spilling wave occurs at the measurement position.
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Figure 3.10: Comparison between the water surface elevation time-history, η(t), measured

using a resistance-type wave gauge [ ] and η(t) derived from ccd images and a Canny

edge detection algorithm [◦]. This case relates to an overturning wave with properties:
∑
ai =

100 mm, Tp = 1.2 s and γ = 1; the wave phasing having been defined such that the overturning

wave occurs at the measurement position.
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Figure 3.11: Comparison between the water surface elevation time-history, η(t), measured

using a resistance-type wave gauge [ ] and η(t) derived from ccd images and a Canny edge

detection algorithm [◦]. This case relates to an overturning wave with properties:
∑
ai = 95 mm,

Tp = 1.2 s and γ = 2.3; the wave phasing having been defined such that the overturning wave

occurs at the measurement position.
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3.2.4 Experimental measurement of fluid particle velocities

Within the present experimental tests the wave-induced water particle velocities

were measured using Laser Doppler Anemometry (lda). This provides a time

history of u(t) at one discrete spatial location. When compared to other tech-

niques, lda has a number of advantages:

(1) It is non-intrusive, causing no disturbance to the fluid flow.

(2) It has a large velocity range on all Cartesian components.

(3) It is capable of providing a high data rate, giving good resolution. Fur-

thermore, given the repeatability of the wave conditions (discussed below)

kinematics data can also be assembled at a large number of spatial locations.

Indeed, the challenge for the present tests is to achieve good resolution in

both space and time.

Figure 3.12 illustrates the principal components of the Laser Doppler Anemom-

etry (lda) apparatus. In practice, this operates through five core processes which

are described as follows. First, a highly focused Argon laser beam is passed through

a beam splitter and a conventional Bragg cell. The former splits the laser light

into 2 pairs of beams of different wavelengths, 488 nm and 514.5 nm. This allows

simultaneous measurements of the flow kinematics in the x and z directions re-

spectively. Furthermore, the Bragg cell applies a frequency shift of 40 MHz to one

beam of each pair thereby allowing the velocity direction to be established. The

modified beams are then passed through transmission fibre-optics to the probe

head. The probe head focuses the beams onto a 0.5 mm3 measurement volume,

400 mm from the probe head face. The measurement volume is located in the po-

sition that the four laser beams cross. As a seeding particle (entrained within the

flow) passes through the measurement volume, a back-scatter pattern is produced.

The Doppler bursts that define the scatter pattern are recorded by the focusing

optics and receiving camera built within the probe head. This signal is finally

passed through a photomultiplier which converts the signal to electrical impulses

which is post-processed into velocity data.

To facilitate the collection of data at multiple spatial locations, the probe

head was installed within a 3-axis traverse system, located 9 m downstream of
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Bragg cellArgon Laser
Photodetector

Signal processing

Seeded fluid flow

Probe head

Fibre optic cable

Receiving optics

Figure 3.12: Schematic showing the main components of the lda apparatus.

the input wave maker. This traverse system provides precise movements of the

measuring location within a Cartesian co-ordinate system. The accuracy of these

movements is 0.01 mm. This apparatus was located adjacent to the tank, with

the probe head directed perpendicular to the direction of wave propagation. This

configuration allowed simultaneous recording of the horizontal and vertical flow

velocity components. All velocities were measured 50 mm away from the tank

wall. This distance provided the optimal compromise between the signal-to-noise

ratio, without the inclusion of wall effects.

Successful measurement of the water particle velocities, particularly in the wave

crest-trough region, is critically dependent upon the maintenance of a well seeded

flow. The optimal seeding must be neutrally buoyant, appropriate in size to the

measurement volume and possess a high degree of reflectiveness. After undertaking

preliminary tests, Sphericelr hollow glass spheres, with an average diameter of

10 µm were selected for their preferential results. Nonetheless, measuring the water

particle velocities within the crest-trough region using lda is very challenging.

In particular, difficulties arise due to the substantial mass transport within the

crest of a large wave group and the small submergence time of the measuring

position; the latter effectively reducing to zero as the maximum crest elevation

is approached. These issues ensure that the quality of flow seeding is critically

important (Johannessen & Swan, 2001). To mitigate these challenges, the 5.775 m3

tank volume was uniformly seeded to a concentration of ca. 860 mg L−1. This

preferred concentration was determined on a trial-and-error basis and found to

provide excellent sample counts.
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Figure 3.13: The repeatability of the horizontal water particle velocities measured at z =

25 mm above swl within a wave of linear amplitude sum,
∑
ai = 95 mm, Tp = 1.2 s and γ = 2.3.

Test number [�] 1, [◦] 2, [×] 3, [M] 4 and [�] 5.

For each wave case studied, the wave event was repeated multiple times, with

the lda probe positioned at different vertical elevations. This approach requires

excellent repeatability of the incident wave conditions. It has already been noted

in Figures 3.2 and 3.3 that the wave conditions are highly repeatable; the difference

in ηmax being less than 0.5%. This repeatability is imperative if the lda velocity

measurements are to be assembled to create a velocity map. Figure 3.13 adds to

the evidence of repeatability. Specifically, it concerns the horizontal water particle

velocities measured within an overturning wave event (as photographed within

Figure 3.7) at a vertical elevation of z = 25 mm above swl. A total of 5 repeated

measurements are overlaid, highlighting the consistency of wave generation, the

repeatability of the velocities and the accuracy of the lda measurement technique.

Figure 3.14 provides a set of preliminary results describing the water particle

kinematics beneath a large focused wave. This wave has a linear amplitude sum

of A =
∑
ai = 70 mm, a peak period of Tp = 1.2 s and is based upon a jonswap

spectrum with γ = 2.3 (defined as wave case 1 of §3.4). The figure shows the

recorded time-histories of horizontal and vertical water particle velocities at four

vertical elevations: z = 84 mm, 64 mm, 40 mm and 10 mm above swl. The vari-

able nature of the lda sample rate was such that it ranged from 1 kHz to 10 kHz.

Due to the small submergence time of the measuring position in the wave crest,

any potential delay between the water (entrained with seeding) passing through
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the measurement point and the first Doppler bursts being detected within the laser

probe head requires quantification. Figure 3.14 shows how this delay is calculated.

By comparing the time at which the first Doppler bursts were recorded with the

theoretical start of the measurement (when the free surface cuts the elevation of

the laser probe), the time lag in the measured velocity can be determined. This

was found to be between 0.0011 s to 0.0074 s.

Validation of water particle kinematics

The water particle kinematics measured by the lda system were first validated

using a focused wave of amplitude A =
∑
ai = 20 mm, Tp = 1.2 s and γ = 2.3.

Figure 3.15 highlights the close agreement between the measured water surface

elevation, η(t), and the second-order analytical solution of Sharma & Dean (1981);

subplot (a) providing an overview of η(t) and subplot (b) a close-up in the vicinity

of the largest crest. The weakly nonlinear nature of the wave is highlighted by

the deviation between the measured data and lrwt solution. Comparisons are

also made with a crest matched Stokes’ fifth-order wave solution. This latter

method uses a fitted trough-trough wave period and the wave height is determined

iteratively to give the desired crest elevation.

The velocity profile, u(z), measured below the focused crest (at t = 0 s) is

shown in Figure 3.16 and the data compared to the analytical methods presented

within Chapter 2. As far as the lda validation is concerned, the key point to

note is that excellent agreement is attained between the experimental data and

the second-order random wave theory of Sharma & Dean (1981). Furthermore,

with the tank volume correctly seeded and maintained at this concentration, the

water particle velocities could be measured to within 1 mm of the free surface.

It is also interesting to note that the crest matched Stokes solution provides a

poor description of the horizontal fluid velocities despite providing a reasonable

description of the largest crest. This will be discussed in detail in §3.6, but at this

stage emphasises the need to correctly model the underlying physics and not just

provide a local match to the crest elevation.
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Figure 3.14: Example velocity time-histories recorded beneath a large focused wave (A =∑
ai = 70 mm, Tp = 1.2 s and γ = 2.3) recorded at four vertical elevations corresponding

to z = 84 mm, 65 mm, 40 mm and 10 mm above swl. (a) Shows the horizontal wave induced

velocity time-histories, u(t) and (b) shows the vertical wave induced velocity time-histories, w(t).

In each case, the pointers, [⊗], [⊗], [⊗] and [⊗] denote the theoretical start time of the LDA

(or the time at which the free surface cuts the elevation of the laser probe). The free surface,

η(t), sampled from the wave gauge is shown by [ ]. The solid vertical lines denote the first

and last Doppler burst captured at each measurement elevation: z = 84 mm [ ], z = 65 mm

[ ], z = 40 mm [ ] and z = 10 mm [ ]. All dots [·] are the measured Doppler

bursts (again colour coded according to the elevation of measurement). The respective pick-up

lag times are the difference between the [⊗] and the first [ ] line at each measurement

elevation in z.
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Figure 3.15: (a) Time-history of the water surface elevation, η(t), for a weakly nonlinear wave

event of amplitude,
∑
ai = 20 mm, Tp = 1.2 s and γ = 2.3 with (b) a magnified view of the wave

crest. [ ] Denotes lrwt prediction, [ ] Second-order wave theory solution, [ ]

Stokes’ fifth-order wave theory, [◦] is test 1 and [◦] test 2; the two tests cases undertaken on

different days.
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Figure 3.16: Horizontal velocity profile, u(z), underneath a weakly nonlinear wave event of

amplitude
∑
ai = 20 mm, Tp = 1.2 s and γ = 2.3. [ ] denotes lrwt solution, [ ]

Second-order wave theory, [ ] Stokes’ fifth-order wave theory, [◦] lda velocity test 1 and [◦]
lda velocity test 2; the two test cases undertaken on different days.
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3.3 Numerical calculations

3.3.1 The Multiple Flux Boundary Element Method (MFBEM)

The Boundary Element Method (bem) is a numerical solution technique for partial

differential equations. The first application of the Boundary Integral Equation

(bie) to the modelling of surface water waves was applied by Longuet-Higgins &

Cokelet (1976). However, this approach used conformal mapping onto the complex

plane to solve the Cauchy integral formula and, as a result, was restricted to

periodic boundary conditions. A more flexible approach, using Green’s second

identity, was proposed by Grilli et al. (1989). This is the first account of the

bie method applied in physical space, or what is commonly referred to as the

numerical wave tank. As inferred by its name, this is a numerical representation

of a laboratory wave tank: either a flume for 2D flows or a basin for 3D flows.

The present calculations are based upon a related approach outlined by Hague &

Swan (2009). The theory underpinning this model is summarised as follows.

Mathematical formulation, governing equation and boundaries

The bem solution is built upon the application of Green’s second identity to derive

the required Boundary Integral Equation (bie):

cpφp =

∫

Γ

[
G(r)

∂φq
∂n
− φq

∂G(r)

∂n

]
dΓ, (3.1)

where Γ denotes the boundary of the domain. This equation relates a known

potential at one point p (φp) to the potential and potential flux at point q (φq

and ∂φq/∂n). The geometric coefficient, cp, is dependent upon the position of

the source point (p) and n is the unit outward pointing normal. This equation

contains two continuous scalar functions, the velocity potential, φ, and G(r). G(r)

is a fundamental solution to Laplace’s Equation introduced within §2.2 (Equation

2.1). For a two-dimensional problem

G(r) =
1

2π
ln(r), (3.2)
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Figure 3.17: Schematic of the bem domain with local and global coordinate definition. The

domain perimeter is discretised into N nodes containing M elements.

where r = |xp−xq|, with xp and xq denoting the position vectors of the source point

(p) and evaluation point (q). In this form, the fundamental free-space Green’s

function allows an area integral in Green’s second identity to be reduced to a

line integral. This dimensional reduction (indicated within Equation 3.1) reduces

a 2D problem (for a 2D wave environment) to a problem that is solved on the

boundaries of the domain (or numerical wave tank), with no internal information

required. In the formulation of the numerical wave tank, a combination of variable

Dirichlet and Neumann boundary conditions are applied; the properties of the four

commonly applied boundaries are detailed in Figure 3.17(a) and summarised as

follows.

� The input boundary, Γi. Physically, this boundary represents the side of

the domain where the waves are generated or introduced. This represents a

Neumann boundary condition. As such, the potential flux ∂φ/∂n is imposed

at all time steps, based upon a known analytical solution, and the value of

φ is found from the bie.

� The bed boundary, Γb. The bed of the domain is assumed impermeable

and, in present calculations, horizontal. As a result, ∂φ/∂n = 0, and φ is

defined by the bie. This again represents a Neumann boundary condition.

� The radiation boundary, Γr. To reproduce the physical constraints of

a laboratory wave tank, the downstream boundary is prescribed to either

reflect or absorb wave energy; the latter being adopted in the present study.
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Chapter 3: The modelling of limiting and breaking waves

With the adoption of the Sommerfeld radiation condition, the potential flux

on this boundary is known, or can be approximated and the potential is

found from the solution to the bie. Once again this represents a Neumann

boundary condition. With no information concerning the internal flow, as

is always the case with a bem simulation, the depth variation of the Som-

merfeld condition on the radiation boundary was assumed to be given by

a linear regular wave. To limit the consequences of this approximation,

and to achieve the best possible absorption, a numerical sponge layer was

also included. The combination of the two approaches was first proposed

by Clément (1996). In adopting this latter technique, a section of the free

surface at the downstream end of the computational domain incorporates a

damping factor within the free surface boundary condition. The length of

this sponge layer was typically twice the incident wave length. The com-

bined damping-radiation condition provides excellent absorption character-

istics with less than 0.75% of incident wave energy reflected back into the

modelling domain (Hague, 2006).

� The free surface boundary, Γs. Dirichlet boundary conditions are ap-

plied on the water surface. In this case the velocity potential (φ) is found

from the Free Surface Boundary Conditions and the potential flux (φn) de-

fined using the bie. At an initial time, t0, the water surface is assumed to be

quiescent and φ = 0 imposed. The Dynamic Free Surface Boundary Condi-

tion (dfsbc) describes the evolution of the potential as the solution is time

marched forward. This information provides the input to the bie which, in

turn, defines the potential flux. In adopting this approach, it is important to

note that the spatial evolution of free surface is described by time marching

the Kinematic Free Surface Boundary Condition (kfsbc), once the bie is

solved and φ and φn are known.

Semi-Lagrangian and Lagrangian boundary conditions

The mathematical form of the free surface boundary conditions is dependent upon

the frame of reference. To model the time evolution of the free surface, the kfsbc
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3.3 Numerical calculations

and dfsbc are written first in Lagrangian form to give;

Dη

Dt
=
∂φ

∂z
, (3.3)

Dφ

Dt
= −gn+

1

2

[(
∂φ

∂x

)2

+

(
∂φ

∂z

)2
]
. (3.4)

Using the bem model in a Lagrangian frame of reference has an important draw-

back. With the nodes unrestricted to vertical and horizontal motion, a down-

stream drift in their position occurs due to the near-surface horizontal drift veloc-

ity (Stokes, 1847; Longuet-Higgins, 1953; Craik, 2005). This drift in nodal position

is problematic since it requires re-gridding of the surface to ensure an adequate

resolution of the free surface is maintained at all locations. However, surface re-

gridding is undesireable as it introduces an effective filtering. To mitigate this

effect, the free surface boundary conditions can be revised into a semi-Lagrangian

form, preventing the horizontal motion of the surface nodes. In this form the

kfsbc and dfsbc are respectively:

δη

δt
=
∂φ

∂z
− ∂φ

∂x

∂η

∂t
, (3.5)

δφ

δt
= −gn− 1

2

[(
∂φ

∂x

)2

+

(
∂φ

∂z

)2
]

+
∂φ

∂z

∂η

∂t
. (3.6)

In adopting a semi-Lagrangian frame of reference the surface nodes are only

free to move in a vertical direction. Whilst avoiding the issues of nodal drift,

this approach introduces other constraints; specifically, the surface elevation can

only be represented by a single valued function in the horizontal coordinate. Con-

sequently, using semi-Lagrangian boundary conditions limits the bem model to

non-overturning waves. To model overturning waves, the free surface boundary

conditions must be applied in a Lagrangian form, allowing the unrestricted move-

ment of the surface nodes.

To model overturning waves, without the shortcomings of Lagrangian mod-

elling, a compromise between the two frames of reference is required. This is

referred to as the Lagrangian switching technique. This method retains the semi-

Lagrangian boundary conditions while wave events are well dispersed and, par-
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Chapter 3: The modelling of limiting and breaking waves

ticularly, while the majority of the wave energy enters the numerical domain.

However, during the formation of a very steep individual wave event that is likely

to overturn, a switch is made to the full Lagrangian boundary conditions.

Solution of the Boundary Integral Equation

To solve the bie (Equation 3.1) the domain boundary is first discretised into M

isoparametric quadratic elements, with each element composed of 3 nodes (Figure

3.17(a)). In a 2D computational domain N = 2M+1, where N is the total number

of nodes. Across an individual element, shape functions are used to describe the

parameter variation. These are defined in terms of a local element coordinate, ξ,

where ξ varies between −1 ≤ ξ ≤ 1. Using this coordinate system, ξ = −1 at the

first node, ξ = 0 at the middle node and finally ξ = 1 at the third node.

Once the bie is revised into a discrete form and the shape functions added it

can be expressed as:

cpφp +
M∑

j=1

3∑

k=1

φk

∫

ξj

Nk(ξ)
∂G

∂n
Jk(ξ)dξ =

M∑

j=1

3∑

k=1

φk
∂n

∫

ξj

Nk(ξ)GJk(ξ)dξ, (3.7)

where J(ξ) is the Jacobian of the transformation from the global coordinates (x, z)

to the local coordinate, ξ, and Nk(ξ) are the shape functions. Equation 3.7 can

be separated into two parts requiring two integrations:

M∑

j=1

3∑

k=1

φk

∫

ξj

Nk(ξ)
∂G

∂n
Jk(ξ)dξ =

M∑

j=1

[∫

ξ

Nk(ξ)
∂G

∂n
Jk(ξ)dξ

]
φjk, (3.8a)

M∑

j=1

3∑

k=1

φk
∂n

∫

ξj

Nk(ξ)GJk(ξ)dξ =
M∑

j=1

[∫

ξ

Nk(ξ)GJk(ξ)dξ

](
∂φ

∂n

)j

k

. (3.8b)

These are evaluated using Gaussian Quadrature. The N nodes forming the bound-

ary are defined as source points, and the bie written as N linear equations; the

latter involving a combination of φ and φn from all other evaluation points on the

boundary. With the boundary conditions defining either φ or φn at each of the N

nodes, this procedure gives N linear equations with N unknowns.
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3.3 Numerical calculations

To solve this set of equations, Equation 3.7 is written in matrix-vector form,

HΦ = GΦn, (3.9)

where Φ and Φn are the potential and potential fluxes at all nodes. H and G are

the evaluations of the numerical integrations defined in Equations 3.8a and 3.8b

respectively; the expression of H within Equation 3.9 incorporating the source

potentials, cpΦp, of Equation 3.7. In solving Equation 3.9, it is rearranged into

the classical form of Ax = F.

The corner problem and multiple fluxes

The most significant challenge in applying bem to the numerical wave tank prob-

lem occurs at the domain corners. When the expressions of G(r) and φ were

introduced in §3.3.1, it was assumed they were continuous functions. However,

at the corners of the domain, a geometric discontinuity arises that causes a non-

unique potential flux to be defined. This difficulty is known as the corner problem.

This challenge arises in many bem applications, but is particularly difficult in the

context of a numerical wave tank because:

(1) The domain corner on the input-surface boundary requires the most accu-

rate modelling.

(2) The solution is time-marched, ensuring any local errors will rapidly spread.

To overcome this difficulty, the multiple-flux method was proposed by Brebbia

& Dominguez (1992). This approach allows the potential flux (in the case of a

2D model) to be defined by two values for nodes at the ends of each element. If

the surface is continuous they will be identical, if it is discontinuous (as in the

case at a corner in 2D, or an edge in 3D) they will be different. This solution

was first applied to the modelling of surface water waves by Hague & Swan (2009)

and shown to have significant advantages over other methods of solving the corner

problem. A full description of the multiple flux boundary element method is given

in Hague & Swan (2009) for a 2D wave flume. This work was extended to include

the modelling of 3D waves by Christou (2006) and Archibald (2011).
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Chapter 3: The modelling of limiting and breaking waves

Computing fluid velocities within the domain

Having solved the boundary integral equation, φ and φn are known at all boundary

nodes. However, in many applications knowledge of the potentials and potential

fluxes within the interior of the domain is also required. In such cases the internal

water particle kinematics can be calculated at internal points using the method of

Dold & Peregrine (1984) and implemented within Christou (2006). Adopting this

approach, the velocity components (u,w) are calculated at each internal point,

i(x, z). In this case, the horizontal velocity component, u, at node i is defined by:

∂φ

∂x

∣∣∣∣
i

+
M∑

j=1

φj

∫

Γj

∂

∂x

(
∂G

∂n

)
dΓ =

M∑

j=1

∂φ

∂n

∣∣∣∣
j

φj

∫

Γj

∂G

∂x
Γ, (3.10)

where all terms follow the definitions used in Equation 3.7 and ∂φ/∂x = u at

node i. Within this bie new integrations of the Greens functions are required; the

integrations geometrically connecting each internal point to the boundary nodes.

The two integrations required in Equation 3.10 are defined by,

∂

∂x

(
∂G

∂n

)
=

1

2π

∂

∂x

(
1

r

∂ri
∂x

nx

)
, (3.11)

and,
∂G

∂x
=

1

2πr

∂ri
∂x

, (3.12)

where r is the distance between the internal and boundary point, ri is the vector

of the r direction and nx is the component of the outward pointing normal in the

x direction. Taken together Equations 3.10, 3.11 and 3.12 allow for the solution of

u at any internal point i; the integrals being evaluated using Gaussian quadrature.

If ∂/∂x and ∂G/∂x in Equation 3.10 are substituted with ∂/∂z and ∂G/∂z, the

component of the unit normal is redefined in the z direction as nz and the integrals

in Equations 3.11 and 3.12 are also substituted, with ∂ri/∂x becoming ∂ri/∂z, a

similar set of equations defining w are achieved.
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3.4 Wave cases

3.4 Wave cases

In the section that follows particular attention is given to four wave cases; the

intention being to provide detailed comparisons between laboratory observations

(§3.2) and bem calculations (§3.3). These will focus on the wave shape, the wa-

ter particle kinematics, and the description of wave breaking. All of the wave

cases correspond to deterministic focused wave events generated in a jonswap

sea, based upon the theory of Lindgren (1970), Boccotti (1983) and Tromans

et al. (1991) as described within §2.2.4. This method of wave modelling, which is

subsequently referred to as a focused wave has been chosen for two reasons.

(1) It is the preferred method of modelling the largest waves arising within a

realistic (random) sea state, including both unidirectional and directional

seas. This is highlighted in Figure 3.18 which shows the surface elevation

data measured in a 1024 s random wave simulation of a jonswap spectrum

in the Imperial College London wave basin (Latheef, 2014). The 20 largest

waves arising within this simulation have been individually windowed and

plotted on Figure 3.18(a). In each case the largest wave crest has been

shifted to occur at t = 0 s and the mean wave profile superimposed. In

Figure 3.18(b) this mean wave profile is compared to the focused wave event

calculated using lrwt and second-order random wave theory. Whilst some

differences clearly remain; due to higher-order nonlinearities, the general

decription of the wave event is extremely good. This, and many similar

results (see for example Tucker & Pitt (2001)), confirm the relevance of

focused wave events.

(2) The focus of the present study lies in the description of wave induced forces

on fixed slender-bodies. This assumes that the incident wavelength, λ, is

many times greater than the body diameter, D, and, consequently, that the

Keulegan-Carpenter number, is large. This, in turn, suggests that the drag

forces dominate and since these are dependent upon the horizontal fluid

velocities and hence the incident crest elevations, focused wave events are

the obvious choice.
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Figure 3.18: The relevance of a focused wave event in a random (jonswap) sea: (a) [ ]

the 20 largest waves measured within a random simulation, [ ] the aggregated mean wave

profile. (b) [ ] The mean wave profile from (a) compared to [ ] a linear focused wave

and [ ] a second-order focused wave.

The focused waves examined within this study are all deep-water waves defined

by kcd = 3.0571 (or tanh(kcd) = 0.996), where kc is the central wave number and

d is the water depth. The central wave number, kc, is defined by:

kc =
1

Ag

N∑

i=1

aiω
2
i , (3.13)
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3.4 Wave cases

where ai and ωi are the amplitude and circular frequency of the i th wave component

and A is the linear amplitude sum A =
∑
ai. This central wave number, kc,

represents a weighted spectral wave number, where the weighting is based upon

the component wave amplitudes and component wave numbers using a deep-water

approximation. Consequently, Akc is an appropriate (nondimensional) linear sea

state steepness. Using the notation defined herein, Table 3.1 describes the four

focused wave cases to be considered.

Table 3.1: Wave cases, where fl and fu denote the lower and upper input frequencies such

that fl ≤ f ≤ fu.

Case Spectrum A [mm] Tp [s] γ Akc N fl [Hz] fu [Hz]

1 Jonswap 70 1.2 2.3 0.3057 135 0.40625 2.5
2 Jonswap 80 1.2 2.3 0.3494 135 0.40625 2.5
3 Jonswap 90 1.2 2.3 0.3931 135 0.40625 2.5
4 Jonswap 95 1.2 2.3 0.4149 135 0.40625 2.5

3.4.1 Numerical domain

The 2D numerical wave tank used to simulate the focused wave events detailed in

Table 3.1 has a geometry identical to the wave flume described in 3.1. The hori-

zontal dimensions are −9 m ≤ x ≤ 18.5 m and the vertical elevation is −0.7 m ≤
x ≤ 0 m. The domain was discretised with a uniform nodal spacing of ∆x =

∆z = 0.05 m; the latter chosen to ensure convergence of all wave cases, including

the occurrence of wave breaking (Christou, 2006). Immediately adjacent to the

radiation boundary, a 1.5 m sponge layer was placed from 17 m < x ≤ 18.5 m.

When used in conjunction with the Sommerfeld radiation condition this sponge

layer ensured wave reflections did not affect the working section of the domain (see

§3.3.1). Furthermore, the dispersive nature of the focused waves further reduced

the significance of any (small) reflected wave energy. Indeed, with energy focusing

towards the centre of the domain, the geometry is such that no significant wave

energy reaches the downstream boundary and returns to the focus location during

the focusing time.

All focused wave cases were simulated for 64 s, commencing at t = −36 s with

an initial ramp-up of 4 s. The calculations were undertaken with a semi-Lagrangian
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Chapter 3: The modelling of limiting and breaking waves

time step of ∆t = 0.0038 s. This satisfies the required Courant condition and

ensures the simulation remains stable:

∆t =
|∆r|Co√

gd
, (3.14)

where d is the water depth, g is the acceleration due to gravity and Co is the stable

Courant number set equal to 0.41 following Grilli et al. (2001). When modelling

breaking waves, the switching technique described previously was employed and

the full Lagrangian boundary conditions adopted with a variable time-stepping

method. In this case, ∆t was calculated from Equation 3.14 according to the

minimum distance between adjacent nodes, ∆r, on the Lagrangian free surface.

The wave events were initiated using linearly calculated potential fluxes on the

input boundary. A linear focus time of tf = 0 s and the linear focus position at

xf = 0 m ensured the sea state was well dispersed at the input boundary. This

was confirmed by preliminary calculations in which additional wave calculations

initiated with a second-order model produced effectively identical results.

3.4.2 Time switching between the semi-Lagrangian and La-

grangian frames of reference

Earlier work concerning bem formulation of a numerical wave tank, past meth-

ods has focused on the use of a Lagrangian frame of reference (Grilli et al., 1989;

Fochesato et al., 2007). However, they have failed to address the difficulties (par-

ticularly, the smoothing and filtering) associated with re-gridding. In the present

study the switching technique discussed above has been applied. In this case

many of the difficulties are avoided, but selecting the time to switch from the

semi-Lagrangian to the Lagrangian formulation becomes important when seeking

to ensure good nodal resolution within a breaking wave. If the switching is per-

formed too early, adjacent nodes in the crest of the large wave become too close

and singularities can occur within the bie before a breaking wave can evolve. Fur-

thermore, the nodal spacing close to the input boundary can become too large,

leading to reduced accuracy in the free surface definitions. Conversely, if the

switching time is too late, adjacent surface nodes remain too far apart and in-

sufficient resolution is achieved within the wave crest. In essence, the success of
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3.5 The shape of extreme waves

modelling limiting and breaking waves within the bem is strongly dependent on

nodal resolution. To achieve this the switching time between the semi-Lagrangian

and Lagrangian formulation requires careful selection.

To be clear, in selecting the switching time, the objective is a well-distributed

nodal resolution. To achieve this, a preliminary approximation of the switching

time (tsw) is implemented, with tsw equal to one peak period before the water

surface becomes multivalued. In many cases this proved adequate and no further

adjustments were required. In others, particularly those involving overturning

waves, small iterative refinements were made to the switching time to ensure

optimal nodal resolution at the breaking event.

3.5 The shape of extreme waves

3.5.1 Limiting wave asymmetry

Figure 3.18(b) introduced one important aspect of steep wave profiles; the asym-

metry of the wave shape, η(t), in which the preceding and trailing wave troughs are

non-symmetric. This has important implications: Roos (2011) highlighting that in

the generation of linearly targeted focused waves, the largest surface amplitudes

(and subsequently the largest measured loads) occurred when the wave groups

were asymmetic. Figure 3.19 concerns the surface elevation, η(t), associated with

wave case 1 providing comparisons between the experimental data, the fully non-

linear numerical (bem) calculations and the linear and second-order predictions.

In all cases the time-history is presented at the position of the maximum surface

elevation, ηmax. The linear and second-order random wave solutions produce fo-

cused events at t = 0 s and x = 0 m due to constructive interference of the spectral

wave components. By comparison, both the experimental and bem calculations

show an increased maximum surface elevation and an asymmetric wave profile. In

both cases (experimental and numerical) ηmax occurred at x = 0.25 m; the down-

stream shifting of the maximum surface elevation, from x = 0 m, occurring due

to wave interactions higher than second-order (Johannessen & Swan, 2001, 2003;

Gibson & Swan, 2007).

Figures 3.2 and 3.3 concern low steepness wave events and showed that good
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Figure 3.19: Time-history of the water surface elevation, η(t), recorded in wave case 1. [ ]

Bem, and [◦] experimental, compared to [ ] lrwt and [ ] second-order wave theory.

In all cases, the largest crest is shifted to t = 0 s and the input parameters are as described in

Table 3.1

focal symmetry is maintained. Within these wave conditions, wave interactions

higher than second-order are negligible and second-order wave interactions are

bound to the underlying free wave regime (Longuet-Higgins & Stewart, 1960;

Sharma & Dean, 1981). It is these phase-locked bound terms that modify the

wave shape by sharpening the peak and broadening the adjacent troughs. This is

clear from comparisons between the lrwt and second-order rwt solutions pre-

sented in Figure 3.19. However, the second-order bound terms do not, and cannot,

alter the symmetry of the extreme event (Figures 3.2 and 3.3).

As the incident wave steepness is increased, higher-order effects become in-

creasingly important. At third-order and above, the wave interactions are no

longer bound to the underlying linear wave regime; the resonant nonlinearities

becoming increasingly important. These nonlinearities produce a new free wave

that propagates at its own phase velocity. Indeed, higher-order resonant interac-

tions determine the redistribution of energy within a wave spectrum, altering the

amplitude and phase of the underlying linear components (Phillips, 1960; Gibson

& Swan, 2007). The presence of higher-order resonant interactions produces the

asymmetric wave profile observed in Figure 3.19 (wave case 1).

To demonstrate the evolution of an asymmetric wave profile a sequence of in-

creasingly steep focused wave groups were simulated using the bem model. All
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Figure 3.20: The evolving asymmetry of a nonlinear focused wave (a) comparisons between

five focused waves of increasing steepness, all with spectral properties of Tp = 1.2 s, γ = 2 and

a linear amplitude sum of A: [ ] A = 20 mm, [ ] 40 mm, [ ] 60 mm, [ ]

80 mm and [ ] 120 mm. (b) The trough-trough asymmetry presented as a function of wave

steepness (Akc), [�] denotes ηmax/Hup and [◦] denotes ηmax/Hdown.

these wave cases were simulated using input fluxes generated using lrwt; the cal-

culations undertaken within the domain described in §3.4.1. Figure 3.20(a) shows

the time-histories, η(t), of the maximum crest elevation measured in each case.

It is clear from this figure that as the wave group steepness increases (increased

Akc), the wave asymmetry also increases; the preceding wave trough (t < 0) be-

coming increasingly deeper than the following trough (t > 0). Figure 3.20(b)

further confirms the developing asymmetry with increasing Akc. In this case the

wave height was calculated using both an up-crossing (Hup) and down-crossing

(Hdown) analysis; the difference between the two highlighting the observed asym-

metry. Given the observed nonlinear changes, Hup > Hdown and consequently

ηmax/Hup < ηmax/Hdown.

It is important to restate that the trough-trough asymmetry exhibited within

these simulated waves occurs due to high-order effects within the evolution of a

steep near-focused wave; the input based upon the linear simulation of a focused

event. Although such events are no longer perfectly focused, they remain an effec-

tive method for modelling extreme waves within the open ocean; the largest waves

in a random sea also exhibiting this higher-order asymmetry. Most importantly,
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Chapter 3: The modelling of limiting and breaking waves

these waves arise as large transient events that exhibit significant and rapid non-

linear changes in spectral content; producing increased crest elevations and wave

steepness.

3.5.2 The phasing of velocity and acceleration maxima

The modelling of wave shape within a transient extreme wave event is important

in determining the correct magnitude and phase of the associated water particle

velocities and accelerations. These quantities are fundamental to the calculation

of all applied wave forcing. In modelling the fluid forcing associated with a large

wave crest, §3.4 highlighted the importance of maximum horizontal velocities when

predicting the maximum drag loads. Likewise, for waves of limiting steepness,

the magnitude and phase of the maximum horizontal water particle acceleration,

∂u/∂t, can no longer be neglected; the importance of the inertia force increasing

with wave steepness. It is noted that this study focuses on temporal, or local

accelerations.

Figure 3.20 introduced the correlation between increasing input wave steepness,

Akc, and the evolving wave shape. In particular, wave profiles become more peaked

in the crest and broader in adjacent troughs; the leading wave face becoming

increasingly steep. This nonlinear steepening modifies the phase angle between

the maximum water particle velocities and accelerations.

To examine the progressive change in the wave profile, seven focused waves were

calculated with uniform increases in the linear steepness, Akc. When modelling

these wave events in the bem domain, the wave component amplitudes within

Akc are the wave component amplitudes at the input boundary. This is the same

as the wave component amplitudes at the wavemaker position in the experimen-

tal flume. These waves have the same spectral properties as events outlined in

Table 3.1 (Tp = 1.2 s and γ = 2.3), but involve smaller input amplitude sums:

A =
∑
ai = 10 mm, 20 mm, 30 mm, 40 mm, 50 mm, 60 mm and 70 mm. Within

a linear focused wave model, the relative phase between the maximum horizon-

tal velocity and maximum horizontal acceleration remains constant at −1.299 rad.

At laboratory scale, this represents a time interval between umax and ∂u/∂t|max

of tdiff = 0.211 s, or tdiff/Ttt = 18% (Figure 3.21(a)). However, this linear solu-
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3.5 The shape of extreme waves

tion fails to incorporate the nonlinear steepening of the wave profile as the wave

steepness, Akc, is increased. In contrast, Figure 3.21(b) demonstrates the relative

phase change between the maximum horizontal velocity and maximum horizon-

tal acceleration using the second-order random wave theory of Sharma & Dean

(1981). The inclusion of the second-order bound waves cause an increased crest el-

evation and a reduction in the phase difference between umax and ∂u/∂t|max. This

increases with the wave steepness, Akc, becoming increasingly divergent from the

linearly predicted constant.

Figure 3.22 provides a related set of data based upon the fully nonlinear bem

simulations. Figure 3.22(a) confirms that as the input linear wave steepness, Akc,

is increased, a reduction in the phase difference between umax and ∂u/∂t|max occurs.

The velocity and acceleration time-histories that define these phase differences are

(additionally) shown within Figures 3.22(b) and 3.22(c) respectively. The data

presented on Figure 3.22(a) is in broad agreement with the earlier second-order

random calculations. However, comparisons between Figure 3.21(b) and 3.22(a)

confirm that the magnitude of the changes are substantially increased in the fully

nonlinear calculations. This reflects the increased steepness of the wave form.

Figure 3.23 further considers the phase difference between umax and ∂u/∂t|max

and its variation with wave steepness. This figure presents the phase difference

as a function of the linear wave steepness, Akc, and contrasts the results arising

from linear, second-order and fully nonlinear calculations. These results show that

whilst the linear calculations remain constant at ∆θ = 1.222 rad, the second-order

solution is further reduced but tending to approximately 0.8 rad. By comparison,

the phase difference between umax and ∂u/∂t|max based upon the fully nonlinear

bem simulations show very substantial reductions (larger than second-order) and

as the wave reaches its limiting steepness, the phase difference, tends to 0. The

physical implication of this result is that the maximum horizontal velocity and the

maximum unsteady acceleration occur at the same time when a wave approaches

its limiting (vertical) steepness.

Although these predictions are based upon the kinematics of the water surface,

z = η, they have important implications. More importantly, in steep but not nec-

essarily limiting waves, the force maxima will occur more closely (in space) than

would typically be expected. As a result, a typical jacket structure would not have
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(a) Linear random wave theory
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(b) Second-order random wave theory

Figure 3.21: The shape of linear and second-order predicted focused waves with uniformly

increasing steepness; Tp = 1.2 s, γ = 2.3 and A = 10 mm, 20 mm, 30 mm, 40 mm, 50 mm, 60 mm

and 70 mm. (a) Linear and (b) second-order calculations. [ ] denotes umax and [ ]

denotes ∂u/∂t|max from lrwt; [ ] defines the wave profile, η(t), and [ ] defines the

location of ∂u/∂t|max from second-order rwt; increasing lineweight denotes increasing linear

amplitude sum, A.
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(a) The free surface time histories predicted using bem; [ ] is the wave profile,
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(b) Velocity time-histories predicted on z = η; [ ] is the horizontal velocity, u(t),
[ ] is the vertical velocity, w(t) and [◦] is the position of umax.
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(c) Acceleration time-histories predicted on z = η; [ ] is the horizontal acceler-
ation, ∂u/∂t, [ ] is the vertical acceleration, ∂w/∂t and [◦] is ∂u/∂t|max.

Figure 3.22: Changes in a fully nonlinear focused wave with uniformly increasing wave steep-

ness; Tp = 1.2 s, γ = 2.3 and A = 20 mm, 30 mm, 40 mm, 50 mm, 60 mm and 70 mm. (a)

Time-histories of the surface elevation, η(t); (b) time-histories of the water particle velocity, u(t)

and w(t); and (c) time-histories of the water particle acceleration, ∂u/∂t(t) and ∂w/∂t(t). All

calculations are based upon bem simulations; line weighting denotes increasing steepness.
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variations and wave models.[ ◦ ] lrwt, [ ◦ ] second-order rwt, [ ◦ ] fully nonlinear

bem solution and [ ◦ ] Stokes’ fifth-order wave model.

to be very large in plan for it to simultaneously experience both the maximum drag

and inertia forces. For comparison, Figure 3.23 also includes the phase difference

between umax and ∂u/∂t|max derived using Stokes’ fifth-order solution; this model

was discussed in Chapter 2 and is commonly adopted as a design solution. How-

ever, as a regular wave model, the phase difference tends to 1.57 rad = π/2 for low

wave steepness. More importantly, as the wave steepness increases, this method

significantly under-predicts the phase difference between umax and ∂u/∂t|max. The

explanation for this lies in the poor description of the wave shape and the practical

consequences will be inaccurate load predictions.

3.5.3 Nonlinear modelling of limiting and breaking waves

To describe the shape of an extreme wave, particularly a limiting or breaking

event, any wave model must include, irregularity, nonlinearity and unsteadiness.

The analytic wave solutions introduced in Chapter 2 incorporate one or more of

these requirements, but never all three. As a consequence, in the steepest wave

conditions, the validity of these solutions breaks down. This was first demon-

strated within §3.5.2. To quantify the relevance of these solutions, comparisons

will be made to bem calculations and experimentally generated data, both relating

to the four wave cases outlined in Table 3.1. In considering these comparisons it

should be noted that both the bem calculation and the laboratory data incorpo-
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3.5 The shape of extreme waves

rate all the underlying physics and should therefore be in close agreement. Having

established this, the next step is to consider the accuracy of alternative models.

The time-history of the water surface elevation corresponding to an extreme

wave crest (wave case 1) was first shown in Figure 3.19. It shows excellent agree-

ment between the laboratory data and the bem calculations; the difference in ηmax

being 1.6%.

Figures 3.24 and 3.25 show similar comparisons relating to wave cases 2 and

4. In both cases, excellent agreement is achieved between the data and the bem

simulations. In Figure 3.24 the experimental observations indicate that spilling

occurs 0.4 m downstream of the measurement position. The term spilling reflects

the initial onset of wave-breaking, with fluid exiting the crest of the wave and

spilling down the front face. It is this wave breaking that causes the numerical

bem solution to break down at t = 30.95 s. Indeed, the bem formulation is such

that it cannot model this complex surface break-up. Furthermore, with the onset

of spilling the applicability of potential flow model is what is fundamentally a

turbulent process is also unrealistic. However, prior to the onset of breaking,

excellent agreement is attained; the maximum error in the predicted water surface

elevation being only 1.4%.

Figure 3.25 concerns the wave profile measured in wave case 4. This corre-

sponds to further increase in sea state steepness (Table 3.1). The spatial evolution

of this wave event was previously considered in Figure 3.4; subplot (f) highlighting

the overturning nature of this wave event downstream of the measurement posi-

tion. In adopting this description overturning refers to the formation of a well

defined jet at the top of wave crest.

When modelling this wave case, the numerical bem solution breaks down at

t = 30.18 s after the simulation commences. This corresponds to the moment

at which the jet tip causes breakup of the fluid surface and a singularity forms

within the boundary integral equation. Nonetheless, prior to this breakdown of the

numerical simulation, the time-history of the water surface elevation, η(t), is well

described; the maximum crest elevation differing by only 3.5%. Taken together,

Figures 3.24 and 3.25 highlight the success of the fully nonlinear bem model in

correctly modelling limiting steepness and breaking wave events. Furthermore,

it is clear from these wave profiles that they could not be modelled by either a
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Figure 3.24: Modelling the time-history of the water surface elevation in a spilling wave event,

wave case 2; (a) η(t) and (b) close-up of the largest wave crest.
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Figure 3.25: Modelling the time-history of the water surface elevation in an overturning wave

event, wave case 4; (a) η(t) and (b) close-up of the largest wave crest.
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3.6 The kinematics of extreme waves

high-order regular wave model or a weakly nonlinear random wave model; the

inclusion of both the unsteadiness or spectral content, and the full nonlinearity

being a key requirement. Evidence to this effect is given in §3.6. In addition it will

also be shown that the correct modelling of the extreme water surface elevation is

fundamental to the description of the internal water particle kinematics; without

the former there is no hope of accurately modelling the latter.

3.6 The kinematics of extreme waves

The computation of the internal kinematics within an extreme wave is complex

due to its transient evolution. Nonetheless, accurate predictions are an essential

prerequisite for the determination of the wave forcing. This section concerns the

prediction of the water particle velocities within limiting and breaking waves.

The wave cases analysed relate to wave case 1 (a highly nonlinear wave of limiting

steepness), wave case 2 (a wave that spills just after the measurement position)

and wave case 4 (a wave that overturns just after the measurement position).

Full details of these wave events are given in Table 3.1. However, the steepness is

the key parameter; Akc equal to 0.3057, 0.3494 and 0.4149 respectively. Within

this discussion, wave case 3 is not discussed further since it also represents an

overturning wave and consequently has similar physical properties to wave case 4.

The internal water particle velocities measured within the laboratory tests are

compared to the bem calculations, an analytical fifth-order regular wave model

(Fenton, 1985), a linear random wave solution and a second-order random wave

solution (Sharma & Dean, 1981). Comparisons are additionally made to the ex-

perimental study of Grue et al. (2003).

3.6.1 Water particle velocities

The accuracy of the predicted water particle kinematics within steep wave events

is dependent upon how the analytical methods introduced within Chapter 2 are

applied. Within this section, two methods are implemented and reviewed.

The first is based upon a fit to the maximum crest elevation and thus involves

agreement at a single point. In contrast, the second involves a fit to a windowed
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Chapter 3: The modelling of limiting and breaking waves

free surface time-history. Both methods are selected with specific intent. Crest

matched wave models are routinely applied within ultimate limit state (uls) de-

sign to calculate the internal wave kinematics for loading models (DNV, 2010;

USACE, 1984a,b). Such models require limited input information: a maximum

crest height and wave period. These variables are typical outputs of short-term sta-

tistical models. The second method requires more input information; specifically

a measurement of predicted water surface elevation, η(t), but has the potential to

compute more accurate kinematics solutions due to improved accuracy in the local

free surface steepness. The inclusion of information describing η(t) was noted by

Sobey (1992) as an important element to improved wave kinematics predictions.

In the modelling of extreme wave crests using focused wave forms, the peak

horizontal water particle velocities are of primary concern as highlighted in Figure

3.22(b). However, as the limiting wave steepness is approached, the maximum

magnitude of the peak horizontal and vertical velocities is also noted.

Limiting waves

Figure 3.26 describes the water surface elevation, η(t), and the vertical profile

of the horizontal water particle velocity in wave case 1; the associated solution

based upon a fit to the maximum crest elevation. The experimental velocities

presented within this figure are measured using the lda procedure described in

§3.2.4. Figure 3.27 also concerns this wave case and shows the instantaneous

Doppler bursts recorded by the lda apparatus, together with the data fit. In

achieving the latter, a 4-part, least-mean-squares cubic spline fit was found to be

the preferred method, giving consistently accurate data fits without the need for

additional filtering.

Figures 3.26(a) and 3.26(b) show that the predicted water surface elevations,

η(t), differ significantly from the experimental data and the bem simulations,

despite the former being matched to the maximum recorded crest elevation. Like-

wise, Figure 3.26(c) compares the horizontal velocity profile, u(z), measured exper-

imentally with a Stokes’ fifth-order regular wave model (Fenton, 1985), the linear

random wave solution and the second-order random wave solution of Sharma &

Dean (1981). In making these comparisons, the lrwt solution gives the least

accurate description of η(t). Furthermore, despite under-estimating the steep-
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Figure 3.26: (a) Time-histories of the water surface elevation, η(t), (b) enlarged view of η(t)

close to ηmax and (c) the vertical profile of the horizontal velocity, u(z) underneath ηmax for wave

case 1; comparisons to the analytic models based upon crest matched solutions. [◦] Experimental

data, [ ] Bem simulation, [ ] lrwt, [ ] second-order wave theory, [ ] Stokes’

fifth-order wave theory and [ ] Wheeler stretched velocity profile.
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Figure 3.27: An example of raw lda data, simultaneous measurements of the horizontal

velocity, u(t), and the vertical velocity, w(t), with data fits based upon a least-mean-squares

4-part cubic spline.

ness of the wave profile, it over-predicts the maximum horizontal velocity at all

depths. Above the swl, this over-prediction is caused, in part, by high-frequency

contamination (Sobey, 1990). This phenomenon is caused by evaluating the high-

frequency wave components above their limits of validity, leading to the erroneous

over-prediction high in the wave crest. To mitigate this effect, a family of stretched

wave solutions were proposed. The most widely applied of these is by Wheeler

(1969). This adopts a lrwt solution evaluated up to the still water level, with

a modified vertical co-ordinate axis such that the velocity predicted at the swl,

u(z = 0), is applied at the maximum crest elevation (z = ηmax). Whilst this

method has been validated using extensive field measurements recorded in the

Gulf of Mexico (Skjelbreia et al., 1991a,b), this method lacks analytical validity,

not least because the nature of the stretching is such that the solution no longer

satisfies mass continuity. Following Wheeler (1969) other stretched wave models

have been developed (Gudmestad & Connor, 1986; Rodenbusch & Forristall, 1986;

Skjelbreia et al., 1991a). However, whilst these models may provide reasonable

descriptions of some data sets (typically those they have been calibrated against)

they are not universally applicable. More importantly, they do not satisfy the gov-

erning equations or the appropriate form of the boundary conditions (§2.2) and

do not incorporate essential physics (§2.2.3). As a result, they are not considered
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3.6 The kinematics of extreme waves

further in the present study. In contrast to the kinematics calculated using lrwt,

the second-order solution of Sharma & Dean (1981) provides an improved fit to

both the water surface elevation, η(t), in Figures 3.26(a) and 3.26(b), and the

water particle kinematics, u(z), in Figure 3.26(c). Indeed, setting aside the fully

nonlinear bem solution, it provides the best description of u(z). However, the

near-surface velocity is not accurately predicted. This undoubtedly arises because

of its inability to model the steepness of this large wave crest which is, in large part,

determined by the third-order resonant wave interactions (§2.2.3). In considering

the Stokes’ fifth-order solution, this provides a poor description of both η(t) and

u(t). Most importantly, it over-predicts u(z) for z ≤ 0, but under-predicts u(z)

in the extreme crest. The fact that the vertical velocity profile is fundamentally

incorrect is a direct consequence of a poor fit to the essential physics, particularly

the distribution of energy in the frequency domain. In applying this solution, it

should be noted that this regular wave model is based upon a trough-to-trough

wave period, Ttt, determined from the measured η(t). Without this additional

input, the predicted velocities would exhibit an even larger departure from the

measured data.

To improve the prediction of u(z), the random wave solutions were matched to

the measured η(t). Figure 3.28(a) shows the measured η(t) and a lrwt solution

constructed from a Fourier representation of the former. In this case a very good

description is achieved, since it is essentially a Fourier fit to the data. However, the

underlying water particle kinematics, u(z) on Figure 3.28(b), are poorly predicted;

the over-prediction due to high-frequency contamination again being clear.

In contrast, Figure 3.28(a) also shows an alternative application of the second-

order random wave model (Sharma & Dean, 1981). This solution is based upon

the Fourier wave components applied in lrwt (truncated at 3fp). These are ap-

plied within the second-order model and the resulting amplitude spectrum scaled

to produce the target crest elevation, ηmax. Whilst this methodology produces an

approximate description of η(t), evident within Figure 3.28(a), the velocity predic-

tions are close to the experimental observations. This is reflected in the difference

in the maximum horizontal velocity being only 7.7% (0.760ms−1/ 0.819ms−1), com-

pared to 30% error associated with the unmodified lrwt solution using Fourier

components truncated at 3fp. It is interesting to note that this approach causes a
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(a) Free surface time-history recorded at ηmax.
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(b) Velocity depth profile, u(z).

Figure 3.28: Time-histories of the water surface elevation, η(t), and the vertical profile of

the horizontal velocity, u(z), for wave case 1; comparisons to the analytic models based upon

Fourier decomposition of the measured wave record. (a) η(t) measured at ηmax and (c) u(z): [◦]
experimental, [ ] lrwt and [ ] second-order wave theory. Within (b) [�] denotes u(z)

at ηmax with [ ] the Wheeler stretched velocity profile and [ ] the bem simulation of

Figure 3.26(a).

small over-prediction, particularly close to the water surface. This arises because

some wave energy is erroneously moved to the higher frequencies when the second-

order wave components are calculated based upon the assumed linear components.

Breaking waves

With the wave steepness increased further in wave cases 2 and 4, wave break-

ing commences downstream of the measurement position in both the laboratory

observations and the bem calculations. With limited experimental and field mea-

surements, it is widely acknowledged that the prediction of the water particle

velocities within breaking waves remains a significant challenge, particularly in

deep-water (Gudmestad, 1990). The data presented in Figures 3.29 and 3.30 (re-

lating to wave cases 2 and wave case 4) address this issue. In both cases the

measured velocities are compared to the analytical wave theories based upon crest

matched solutions. Taken as a whole, the observed trends are similar to those

arising in wave case 1 (Figure 3.26).

It is important to note that the experimental data presented on these plots
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Figure 3.29: (a) Time-histories of the water surface elevation, η(t), measured at the position of

ηmax, and (b) the vertical profile of the horizontal velocity, u(z), for wave case 2; comparisons to

the analytic models based upon crest matched solutions. [ ] Experimental, [ ] lrwt,

[ ] second-order wave theory and [ ] Stokes’ fifth-order wave theory. Within (b) [ ]

is the Wheeler stretched velocity profile, [�] u(z) at ηmax and [◦] umax(z). The bem profiles are

[ ] u(z) at ηmax and [ ] umax(z) from the simulation of Figure 3.24.
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Figure 3.30: (a) Time-histories of the water surface elevation, η(t), measured at the position of

ηmax, and (b) the vertical profile of the horizontal velocity, u(z), for wave case 4; comparisons to

the analytic models based upon crest matched solutions. [ ] Experimental, [ ] lrwt,

[ ] second-order wave theory and [ ] Stokes’ fifth-order wave theory. Within (b) [ ]

is the Wheeler stretched velocity profile, [�] u(z) at ηmax and [◦] umax(z). The bem profiles are

[ ] u(z) at ηmax and [ ] umax(z) from the simulation of Figure 3.25.
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includes two velocity depth profiles. These relate to u(z) underneath ηmax and

umax(z); the latter representing the largest horizontal velocity occuring at any

time within the wave crest.

When comparing the Stokes’ fifth-order velocity calculations to the measured

laboratory data, a similar trend is identified between the breaking wave cases 2

and 4 (Figures 3.29 and 3.30) and the highly nonlinear wave case 1 (Figure 3.26).

In both the breaking wave cases, u(z) is significantly under-predicted in the wave

crest, for z > 0. Furthermore, the magnitude of under-prediction increases pro-

portionally with the wave steepness. The poor agreement between the Stokes’

fifth-order theory and the experimental data confirms the importance of funda-

mental physics that are omitted within this wave solution; omissions that have

increased importance as wave breaking occurs.

The velocity profiles calculated using the second-order random wave solution

of Sharma & Dean (1981) for wave case 2 and 4 exhibit similar trends to those

identified in wave case 1. Within Figures 3.29 and 3.30 the second-order random

wave solution produces close agreement to the measured velocities for z < 0.4ηmax.

This is similar to the highly nonlinear wave case 1, shown on Figure 3.26. However,

for z > 0.4ηmax clear departures are evident; the measured velocities exceeding the

second-order calculation. These departures confirm the importance of high-order

effects within waves that are approaching their breaking limit (§2.2.3).

An important feature of wave case 2 and 4 is the difference between u(z)

measured at ηmax and umax(z) (Figures 3.29(b) and 3.30(b) respectively). This

difference is caused by a change in the time and position at which umax occurs

at different depths within these breaking waves. In waves of reduced steepness,

u(z) at ηmax and umax(z) are broadly similar. However, this is clearly not true

within breaking waves. The cause of this effect is best highlighted within the lda

time-histories, shown for wave case 4 within Figure 3.31(a). This figure shows u(t)

and w(t) at seven vertical positions within the wave crest. It is evident that as

wave breaking is approached, the maximum horizontal velocities no longer occur

at ηmax, but instead move towards the front of the wave crest; the extent of the

movement being proportional to the elevation in the wave crest, z. Consequently,

umax occurs before the maximum free surface elevation, ηmax. The reason for this

phenomenon is, in part, due to the growth of large, near-surface Lagrangian drift
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Figure 3.31: Time-histories of the water particle velocities (a) horizontal component, u(t)

and (b) vertical component, w(t), measured within a large overturning wave event, wave case

4. Vertical elevation of the measurement position of the time-histories is defined by: [ ]

108mm, [ ] 100mm, [ ] 92mm, [ ] 70mm, [ ] 40mm, [ ] 20mm and [◦]
denotes umax(t).

velocities in waves of breaking steepness. This effect causes the difference between

u(z) measured at ηmax and umax(z) observed within wave case 2 (Figure 3.29(b))

and to an increased extent in wave case 4 (Figure 3.30(b)).

Within Figures 3.29(b) and 3.30(b) the bem calculation of u(z) measured at

ηmax and umax(z) are also shown; the corresponding surface profiles, η(t), given in

Figures 3.24 and 3.25. The difference between these two velocity-depth profiles

is particularly evident within Figure 3.30(b). Taken as a whole, comparisons

between the bem calculations and the experimental measurements show good

agreement; reinforcing the success of the bem model in capturing the essential

physics of breaking waves. Clearly, modelling phenomena such as the temporal

and spatial movement of umax(z) (that is significant within breaking waves) can

only be achieved using a fully nonlinear, numerical wave model.

Figures 3.29(b) and 3.30(b) also indicate a vertical shift of umax within the

breaking waves. Within wave case 4, umax occurs at 0.91ηmax. This is a no-

table deviation to wave case 1 (Figure 3.26) where umax occurs at the elevation

of ηmax. This result is in agreement with Grue et al. (2003) where umax occurs
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Figure 3.32: (a) The free surface time-history and (b) horizontal velocity profile of wave case

2 using Fourier surface representation. [ ] Experimental, [ ] lrwt and [ ] second-

order wave theory. Within (b) [�] denotes u(z) at ηmax measured experimentally and [◦] denotes

umax(z). [ ] The bem u(z) at ηmax and [ ] is the bem umax(z) solution from the

simulation of Figure 3.24.

at 0.89ηmax and Christou (2006) where umax occurs at 0.86ηmax in wave crests of

equally limiting conditions; the former defined by Akc = 0.3905 and the latter by

Akc = 0.4242.

To improve the prediction of u(z), the random wave solutions were also applied

to the measured η(t). Figures 3.32 and 3.33 show the measured η(t) superimposed

with the lrwt solution constructed from the Fourier representation of the former.

Whilst both these surface elevations are predicted with very good agreement;

owing to the Fourier representation, the water particle kinematics, u(z) are poorly

modelled as shown in Figures 3.32(b) and 3.33(b). Taken as a whole, this trend is

the same as that identified within wave case 1 (Figure 3.28) and arises due to the

presence of high-frequency contamination. As an alternative solution, Figures 3.32

and 3.33 also show η(t) and u(z) modelled using the second-order wave theory.

This solution is based upon the Fourier components applied in lrwt (identical

to wave case 1 and truncated at 3fp); the resulting amplitude spectra scaled to

match ηmax. Figure 3.32(b) shows u(z) is in good agreement with the experimental

measurements of umax(z); the difference in umax at the water surface being 7%.

This improved correlation is a result of moving spectral wave energy into the
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Figure 3.33: The free surface time-history and horizontal velocity profile of wave case 4 using

Fourier surface representation. [ ] Experimental, [ ] lrwt and [ ] second-order

wave theory. Within (b) [�] denotes u(z) at ηmax measured experimentally and [◦] denotes

umax(z). [ ] The bem u(z) at ηmax and [ ] is the bem umax(z) solution from the

simulation of Figure 3.25.

higher frequencies. This is crucially important in the correct prediction of the

kinematics in breaking waves. Nonetheless, this method remains an approximate

method; departures in η(t) (Figure 3.32(a)) occurring because the method is only

second-order accurate.

With a further increase in the wave steepness, the nature of this second-order

estimate causes increased differences between umax measured and predicted; clear

evidence of this shown in wave case 4 (Figure 3.33). In this case the poor agreement

in both the water surface elevation, η(t), and the velocity profile, u(z), (where

differences in umax at the water surface are 30%) reinforces the requirement for

the nonlinear modelling of the wave kinematics within the steepest wave events.

3.6.2 The maximum water particle velocities and the wave

phase speed

The accurate modelling of steep free surface waves and the internal water particle

velocities has been shown to to require the use of a fully nonlinear, numerical wave

model. Whilst fully nonlinear methods incorporate the required physics to model
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the steepest wave events, they are inherently more complex. For this reason, an

effective design solution might be based upon an upper limit of the phase velocity.

At the onset of wave breaking, Christou (2006) noted that the local water

particle velocities exceed the phase velocity, c. In the case of a bem modelled

overturning wave, the water particle velocities were calculated to be 30% larger

than c. However, the definition of the wave phase velocity within an unsteady

and irregular large wave event is variable. This characteristic is observed within

Johannessen & Swan (2001, 2003) during the formation of large focused wave

crests.

Figure 3.34 highlights that if the phase velocity, c, is defined as the velocity of

the largest crest within a wave group, it will decelerate as it approaches the point

of ηmax within a focused wave event. Beyond this point, it will accelerate. This

effect is readily observed in linear calculations. The explanation for this lies in

the fact that as a focused wave crest forms, the superposition of many frequency

components takes place. The high-frequency components (with the slowest phase

velocity) come into phase close to the focal position (and focal time), having the

effect of slowing down the focusing crest for times t < 0. For time t > 0, the higher

frequency components rapidly fall out of phase causing an increase in velocity of

the maximum crest. Indeed, in an irregular wave context the phase velocity is

non-constant due to the spectral composition of the underlying wave components.

If the phase velocity, c, is calculated by tracking the horizontal position of the

largest crest within the bem domain, xc, over time, tc the phase velocity, c is

defined by xc/tc.

The presence of high-frequency wave energy is undoubtedly very significant in

a limiting wave form. This is clearly observed from the steepness of the free surface

wave profiles in Figures 3.29 and 3.30. High-frequency wave components are also

very important in defining the local increase in the water particle kinematics close

to a wave focusing event. This is highlighted in Figure 3.34 which shows the time-

history of umax plotted for three focused waves of increasing steepness. In this case,

the water particle kinematics are calculated using lrwt and hence quantify the

linear effects. The three wave events shown in Figure 3.34 have the same spectral

properties (with uniform increases in A) and hence have the same phase velocity,

c. As the wave amplitude increases there is a progressive increase in the local
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Figure 3.34: The wave phase velocity and the horizontal water particle velocities of three

focused jonswap wave events. The waves are modelled using lrwt with properties: Tp = 1.2 s,

γ = 2.3 and Ai = 20 mm, 50 mm and 80 mm respectively. [ ] Phase velocity, c, [ ]

umax(t) for Ai = 80 mm, [ ] umax(t) for A = 50 mm and [ ] umax(t) for A = 20 mm.

velocity maxima (Airy, 1845). Consequently, as the wave amplitude increases,

umax increases closer to c.

The wave cases shown within Figure 3.34 are all non-limiting waves. To inves-

tigate the relationship between c and umax in limiting wave conditions, the bem

model will be employed. Figure 3.35 contrasts c and umax when wave spilling is

reached in wave case 3. Figure 3.35 highlights a clear departure from the non-

breaking wave events shown on Figure 3.34; most notably the magnitude of c and

umax intersect at the time of ηmax. Experimental observations also indicate this is

the point of wave spilling.

In both Figures 3.34 and 3.35, the changes in c(t) and umax(t) during the

formation of a large wave crest are, to some extent, dependent on the underlying

wave spectra. For example, Figure 3.35 shows that to achieve the intersection of

c(t) and umax(t), a wave must be sufficiently steep. To examine the relationship

between c(t) and umax(t) as a function of spectral shape, three focused waves

were generated with all spectral properties held constant apart from the spectral

bandwidth; the latter varied by changing the peak enhancement factor, γ. The

wave properties were A = 80 mm, Tp = 1.2 s and γ = 1, 4 and 7. The events were

modelled using lrwt to first identify the linear phenomena. Figure 3.36 shows the

normalised time-histories of the water surface elevation for these three wave events.

Figure 3.36 also defines the envelope of the maximum surface elevation: a property
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Figure 3.35: Evolution of the horizontal water particle velocity and the phase velocity of a

focused jonswap wave that reaches wave breaking (wave case 3). At time t = 0 s, ηmax is

attained. [ ] is wave phase velocity, c, [ ] is umax at ηmax(t) and [ ] is umax(t).

[ ] denotes the time of ηmax and [ ] shows the time at which the simulation terminates.

that is clearly dependent on γ. It is evident that as γ is increased (generating

a more narrow-banded wave event), the envelope of ηmax changes more slowly.

Conversely, with a reduction in γ (defining a more broad-banded wave event), the

envelope of ηmax changes more rapidly.

These changes in the free surface envelope due to the spectral bandwidth are

also evident within the internal fluid velocities and phase velocity. Figure 3.37

shows the time-history of c(t) and umax(t) for the wave cases of γ = 1 and γ = 7

shown on Figure 3.36. In this figure, c(t) and umax(t) are calculated using both

lrwt and the second-order theory of Sharma & Dean (1981). This figure high-

lights the fact that for the same focused wave amplitude, an increase in spectral

bandwidth creates an increase in umax and a reduction in wave speed; this occurs

in both the linear and the second-order calculations.

In a linear sense, this result is expected; the more broad-banded wave event

incorporating more wave energy in the higher frequencies. These components cause

c to significantly reduce as wave focusing occurs. In contrast, the maximum water

particle kinematics, umax, calculated by lrwt and second-order theory rapidly

increases. In comparing these results, the velocity calculations based upon second-

order theory provide the better analytical approximation of umax, avoiding the

high-frequency contamination in lrwt. This result is in agreement with the trend

identified in Figure 3.34. More importantly, it is clear from the Figure 3.37 that

the rate of change of |c − umax| is different in the two wave cases; |c − umax| → 0
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Figure 3.36: Free surface time-histories of three focused waves with properties A = 80 mm and

Tp = 1.2 s. The peak enhancement factor is defined by [ ] γ = 1, [ ] γ = 4 and [ ]

γ = 7 respectively with the envelopes of ηmax(t)/η superimposed for [ ] γ = 1, [ ]

γ = 4 and [ ] γ = 7.
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Figure 3.37: Time-histories of the horizontal water particle velocity and the wave phase velocity

calculated for two waves of A = 80 mm, Tp = 1.2 s, with γ = 1: [ ] (phase velocity, c) and

[ ] γ = 7 (wave phase speed, c). The time-histories of the maximum horizontal water

particle velocities are [ ] umax(t) calculated from lrwt, [ ] umax(t) calculated using

second-order wave theory for γ = 1, and [ ] umax(t) calculated from lrwt, [ ] umax(t)

calculated using second-order wave theory for γ = 7.
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(a) (b)

Figure 3.38: Photographs of two breaking waves with the spectral properties, A = 100 mm

and Tp = 1.2 s with (a) γ = 1 and (b) γ = 7; the breaking waves being generated as part of a

focused wave event.

more rapidly in the broad-banded wave case, γ = 1, than the narrow-banded wave

case, γ = 7.

This result has important consequences when addressing the relationship be-

tween c and umax in breaking waves. Most importantly, it is clear that the high-

frequency wave content causes a reduction in the phase velocity and, at the same

time, a local increase in the maximum water particle velocity. Consequently, the

relationship between umax and c is strongly dependent on the spectral bandwidth.

In addressing the relationship between c and umax within breaking waves, and,

in particular, its dependence on the spectral bandwidth, Figure 3.38 shows two

experimental wave cases with similar spectral properties: A = 100 mm and Tp =

1.2 s. However, the peak enhancement factor was varied between γ = 1 and

γ = 7. Interestingly, this figure shows a clear difference between the two breaking

wave cases. The broad-banded case, γ = 1, on Figure 3.38(a) exhibits a distinct

overturning jet shape. This is in contrast to the narrow-banded wave case of γ = 7,

shown in Figure 3.38(b), which is limited to spilling only. Taken together, these

two photos appear to indicate that a more broad-banded wave event is more likely

to develop into an overturning wave at limiting steepness. This is in contrast to a

narrow-banded wave form that will only attain spilling (or potentially no breaking)

for the same linear amplitude sum.

Figure 3.38 highlights an important physical difference between breaking wave

events; the spectral form at the limiting steepness causing very different breaking
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Figure 3.39: Spatial evolution of an overturning wave event for A = 180 mm, Tp = 1.6 s and

γ = 2.3. The four free surface profiles, η(x), before ηmax are shown in [ ], with η(x) at ηmax

shown by [ ]. In addition, the velocity vectors on η(x) at ηmax are defined by the coloured

arrows.

wave shapes. Moreover, the shape of the wave has important implications for the

transfer of momentum to a structure and hence the calculation of the wave forces

during a loading event. To examine potential reasons for the difference between

the spilling and overturning waves that arise, an additional wave case is simulated

using the bem model. This focused wave event has the following linear input

properties: A = 180 mm, Tp = 1.6 s and γ = 2. This broad-banded wave event

was selected to produce an overturning wave that could be compared to the spilling

wave case 3 shown in Figure 3.35 and uses the computational domain defined in

(§3.4.1). Figure 3.39 shows the spatial evolution of the wave profile, η(x), leading

up to ηmax (occuring at x = 0 m). In addition to η(t) for the four time steps before

ηmax this figure also shows the water particle velocities on the final position of the

water surface, u on ηmax(x) where u is the velocity vector u = (u,w).

Further analysis of the velocities arising in this wave case is given on Fig-

ure 3.40. This provides similar information to that given on Figure 3.35; the

time-history of the phase velocity, c(t), being compared to the two alternative de-

scriptions of the maximum water particle velocity, umax(t). Within this figure, the

phase velocity, c(t), was again calculated by tracking the position and time of ηmax.

Likewise, the two definitions of umax relate to the maximum fluid velocity beneath

the largest crest, umax(t) beneath ηmax(t), and the largest velocity irrespective of
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Figure 3.40: Evolution of the horizontal water particle velocity and the phase velocity of a

focused, overturning (jonswap) wave event with A = 180 mm, Tp = 1.6 s and γ = 2.3. ηmax

attained at t = 0 s. [ ] The phase velocity, c, and [ ] is umax at ηmax(t) and [ ] is

umax(t).

where it occurs, umax(t).

In several respects, Figure 3.40 shows similar trends to the spilling wave case

considered on Figure 3.35. For example, at the instant of wave breaking, the

phase velocity, c, and the maximum water particle velocity, umax, intersect. This

is consistent with the notion that wave breaking occurs when umax ≥ 1.0. More-

over, as the wave advances towards the breaking point, the phase velocity reduces

and the maximum fluid velocity increases. In the overturning wave case (Figure

3.40) this change is particularly noticeable in the 0.2 s immediately prior to wave

breaking. Indeed, it is in this region, close to the occurrence of breaking, that the

spilling and overturning wave cases (on Figures 3.35 and 3.40) show significant

departures. Specifically, the overturning wave case exhibits substantially larger

increases in the fluid velocity such that umax becomes significantly larger than c

(umax/c=1.53). Evidence of this is provided by the fact that within the 0.2 s before

wave breaking, the spilling wave case, or case 3 on Figure 3.35, the maximum hor-

izontal water particle velocity increases by 0.5 m s−1. Normalising this change by

the phase velocity at breaking, cb, gives ∆u/cb = 0.5/1.1 = 45%. In contrast, the

corresponding change in the overturning wave event (Figure 3.40) is far greater,

with ∆u/cb = 1.1/1.5 = 73%. This highlights the fact that within an overturning

wave event, the decrease in c and the corresponding increase in umax is more se-

vere than in a spilling wave event. Furthermore, Figure 3.39 shows that as wave
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overturning takes place, when c is equal to 1.5 m s−1, the upper 40% of the wave

crest has water particle velocities exceeding the phase velocity. This is in marked

contrast to the spilling event exhibited in wave case 3 (Figure 3.35) where only a

smaller fraction of the wave crest exceeds c.

It is also noteworthy that the descriptions of this final overturning wave crest

agrees with earlier results presented within this chapter.

(1) The location of umax no longer coincides with ηmax. The difference between

umax and umax at ηmax being highlighted within Figure 3.40 and addressed

in §3.6.1; the velocity data presented on Figure 3.31 being directly relevant.

(2) The maximum horizontal fluid velocity occurs at a vertical elevation of

0.9ηmax. This result is observed within Figure 3.39 (the location of the

largest velocity vector) and further validates evidence within §3.6.1

The present study has shown that deep-water wave breaking is critically in-

fluenced by the high-frequency tail of the energy spectrum. This energy causes

a rapid increase in the horizontal water particle kinematics, and a corresponding

decrease in the phase velocity. The evidence presented within this study also con-

firms that the nonlinear evolution of the spectra moves additional wave energy to

the higher frequencies. Whilst this undoubtedly adds to the effect, the dominant

or controlling influence lies in the underlying spectral shape.

3.7 Concluding remarks

The work presented within this chapter has addressed the generation of large, lim-

iting steepness waves. Both experimental and numerical data has been presented,

with additional comparisons to known analytical solutions (Fenton, 1985; Sharma

& Dean, 1981).

(1) When considering limiting wave conditions, fully nonlinear methods are re-

quired to accurately represent the water surface elevation. In particular,

the bem model was found to provide excellent agreement to experimental

waves generated with limiting and breaking steepnesses. Significant depar-

tures between the nonlinear methods and the known analytical solutions
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were observed due to the physical limitations of the latter. In the context

of the present study, the accurate modelling of the wave profile is crucial

for:

(a) the prediction of impact forces; the gradient of the free surface being

of fundamental importance.

(b) The phasing of the maximum horizontal water particle velocity, u, and

maximum unsteady horizontal acceleration, ∂u/∂t. The present results

show that in limiting and breaking wave conditions, umax and ∂u/∂tmax

are located much closer together, in both space and time, than was

previously thought. This has important potential implications for the

maximum drag and inertial forces (to be addressed in Chapter 4 of this

study).

(c) The successful prediction of the asymmetry, typical of the largest wave

events. This has important implications for the transfer of momentum

during wave impacts and hence the prediction of the applied loads

within wave impacts (slamming).

(2) In seeking to provide the best possible description of the applied loads, an

accurate description of the water particle kinematics becomes essential. In

this regard, the present results have shown:

(a) Use of known analytical models with crest matched water surface pro-

files provide poor estimations of u(z) and umax. In contrast, u(z) and

umax can be well predicted by a second-order random wave model

applied to the measured η(t), provided the wave is not too steep:

Akc = 0.3057. Beyond this the second-order model is increasingly

inaccurate, particularly close to the water surface.

(b) The Stokes’ fifth-order model (Fenton, 1985) does not characterise

the velocity profile well; over-predicting u(z) for z < 0 and under-

predicting u(z) when z > 0 (within the wave crest).

(c) Within a breaking wave, umax(z, t) does not occur at ηmax , but lies

closer to z = 0.9ηmax; a result also found by Grue et al. (2003) and

Christou (2006).
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(d) In the immediate vicinity of the breaking point, the internal water

particle kinematics and the local phase velocity become dependent

upon the high-frequency components leading to a significant increase

in umax and a reduction in c.

(e) In part, spilling and overturning waves can be described by differences

in the rate of change between c and umax; a result that is also influenced

by spectral bandwidth. In the deterministic modelling of a wave of a

defined elevation, a more broad-banded wave case will be more likely

to lead to wave over-turning.

127





4
Wave forcing on slender

horizontal cylinders

4.1 Introduction

This chapter presents a new set of laboratory measurements that provide novel

insights into the wave forces on a slender horizontal cylinder located high in the

wave crest. The aim of this study was to analyse, review and quantitatively

assess the fluid forcing on a horizontal slender-body subjected to intermittent

immersion by extreme waves. These aims have been achieved by better defining

sources of epistemic uncertainty within the wave loading models. Having reviewed

the physical origin of these uncertainties, recommendations for improved force

prediction are proposed.

4.1.1 Overview of earlier work

The prediction of forces arising in the wave crest remains an ongoing and chal-

lenging area of ocean engineering. Wave forcing within this region is extremely

complex due, in part, to intermittent immersion of structural members and the

potential for violent flow deformation. Wave loading in the near-surface region

is first examined in the context of a horizontal cylinder. In examining this body
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orientation first, the dimensionality of the problem is reduced to two-dimensional

(planar) conditions. In §2.3.1, it was noted that the sustained drag and inertial

forces applied on an immersed cylindrical body were first popularised by Mori-

son et al. (1950). However, the application of Morison’s theory to steep wave

conditions has questionable validity, particular in the near-surface region where

structural elements are subject to intermittent submergence.

The works of Kaplan & Silbert (1976) and Kaplan (1992) sought to address

this challenge by modifying the equations first proposed by Morison et al. (1950).

In particular, Kaplan & Silbert (1976) included the contribution of added mass

during body submergence and altered the drag force developed by Morison et al.

(1950) to include the finite size of the cylinder during immersion. The horizontal

and vertical forces (per unit length) developed by Kaplan & Silbert (1976) are

defined by:

fx = (ρ V– i +m2) u̇+
∂m2

∂z
η̇u+

ρ

2
u|u|d (zb, D)Cd (zb, D) , (4.1)

fz = (ρ V– i +m3) η̈ +
∂m3

∂z
η̇2 +

ρ

2
η̇|η̇|d (zb, D)Cd (zb, D) + ρg V– . (4.2)

The first two terms on the right hand side of Equations 4.1 and 4.2 express the

inertia force on the body due to the spatial pressure gradient. Within this term,

V– i is the immersed body volume per unit length (and hence has units of m2), m2

the horizontal added mass, m3 the vertical added mass, u̇ the unsteady horizontal

water particle acceleration, η̇ and η̈ the first and second partial time derivatives

of the free surface. Consequently, it is noted that η̇ is the vertical unsteady wave

velocity, w, and η̈ the vertical wave acceleration, ∂w/∂t. The third term of Equa-

tion 4.1 and 4.2 defines the drag force. In a departure from the model proposed

by Morison et al. (1950) Kaplan’s model assumes both the drag coefficient, Cd,

and the cross sectional horizontal width, d, are functions of the immersion, (zb/r).

The immersion variable, zb, is the distance from the base of the cylinder to the

free surface elevation, η; valid only when η > zcyl − D/2 (where both zcyl is the

elevation of the cylinder centreline above the still water level). Since Cd and d

are functions of immersion, the drag force grows and decays as the body enters

and exits the waves. This is markedly different from the model of Morison et al.

130



4.2 Experimental apparatus and instrumentation

(1950). The fourth term, only present within the description of the vertical force

(Equation 4.2), defines the buoyancy force on the body.

Defining the added mass of a cylinder when it is subject to rapid wave im-

mersion can be prone to significant error. Consequently, Kaplan & Silbert (1976)

imposes the assumption that the wave length, λ, is large compared to the cylinder

diameter, D. This ensures that the wave surface is assumed locally flat upon in-

tersection with the cylinder. This modelling assumption highlights an important

omission. In §2.3.3 it was noted that the combination of intermittent submergence

and steep wave conditions gives rise to the possibility of an additional wave impact

force. Existing design practice recommends the use of force superposition. This

combines the sustained loads derived by Morison et al. (1950) or Kaplan & Silbert

(1976) with the impact force prediction detailed by Equation 2.30 in §2.3.3 (DNV,

2010). An assessment of the appropriateness of this superposition method is a

core aim of the experimental study presented in this chapter.

The present investigation builds upon two prior experimental studies of Miller

(1977) and Isaacson & Prasad (1994). These two investigations provide the most

complete experimental description of wave impact loads on horizontal cylinders

within a laboratory environment. However, the tests reported in Isaacson &

Prasad (1994) was limited to the measurement of vertical forces in regular waves.

Similarly, the work of Miller (1977) was limited in both the quality of the inci-

dent wave conditions (important uncertainty in the wave kinematics being clearly

evident) and in the accuracy of the strain gauge sensing apparatus placed within

the flow field. By contrast, the present experimental study uses a noninvasive

measurement system and closely controlled wave conditions; the repeatability of

the latter being a key requirement. Consequently, the data produced from the

present tests provides new evidence and insights into the modelling of fluid forces

high in a wave crest.

4.2 Experimental apparatus and instrumentation

The experimental measurements presented herein were undertaken within the

wind-wave-current flume, located in the Department of Civil and Environmen-

tal Engineering at Imperial College London. In addition to the wave conditions
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generated within this facility (outlined in §3.2), a force measurement system was

designed, fabricated and installed within the tank. This apparatus was developed

to measure the wave forces on a slender horizontal cylinder mounted within a va-

riety of large, steep wave crests. To examine the spatial variability of the applied

forces, the vertical position of the body, zcyl, was varied within each wave crest.

A total of five vertical positions were investigated; the position of the cylinder,

zcyl, set at 0 mm, 25 mm, 50 mm, 75 mm and 100 mm above still water level. The

horizontal position of the cylinder was located 9 m downstream of the input wave-

maker. This cylinder position corresponds to the same measurement location as

that adopted within Chapter 3. Full details of the measurement positions are

given in Figure 4.1.

27.5m

9.0m

d = 0.7m

25mm
50mm
75mm
100mm

Horizontal location

Wavemaker 1 Wavemaker 2

of the test cylinderAlternative vertical locations
of the test cylinder

Direction of
wave

propagation

Figure 4.1: A schemmatic of the wind-wave-current flume showing the location of the force

measurement apparatus.

4.2.1 Experimental design and scaling

To provide relative and informative data describing the fluid forces within the

largest wave crests, both the wave crests and the body geometry need to be scaled

appropriately. Whilst the measurements undertaken within this study do not

represent a scale model of a specific full-scale prototype, scaling remains essential

to ensure the findings of this work are applicable to a general class of problems.
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To achieve complete scaling between a full-scale or field scale observation and

laboratory measurements, three scale properties should hold:

(1) Geometric similarity, involving the scaling of the spatial model environment.

(2) Kinematic similarity, ensuring the velocities scale identically in all direc-

tions.

(3) Dynamic similarity, to ensure the ratio of the different forces acting at full

scale are reproduced at model scale.

To ensure dynamic similarity, Froude scaling was applied. The Froude number,

Fr, is the ratio of inertia forces, Fi to the gravity forces, Fg:

Fi
Fg
∝ ρu2L2

ρgL3
=
u2

gL
= Fr, (4.3)

where u is a representative wave velocity, L a representative body length and

g the gravitational acceleration. Since surface water waves are gravity driven

phenomena, maintaining a constant Froude number, Fr, between the ocean and

laboratory environments ensures that the wave properties and the gravitational

forces are correctly scaled. However, it is important to note that in adopting this

approach (Froude number scaling) the viscous forces will not be correctly scaled.

To achieve a correct scaling of the forces, Reynolds number similarity must be

maintained. The Reynolds number, Re, expresses the ratio between the inertia

forces, Fi and the viscous forces, Fv:

Fi
Fv
∝ ρu2L2

µuL3
=
ρuL

µ
= Re, (4.4)

where the new variable, µ is the dynamic viscosity of the fluid. To obtain similarity

in both the Froude and Reynolds numbers, a change in the dynamic viscosity of

the model fluid, µ, is required. Unfortunately, this is not feasible due to material

constraints. As a result, a choice of either Froude or Reynolds scaling is required.

In the present work, Froude scaling was imposed and, consequently, the drag

forces will not be scaled correctly; or ar least not the same as the inertial forces.

The implication of this scaling is discussed in §4.4.3. In addressing the forces that

arise within limiting and breaking waves, fluid compressibility must be considered.
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This is particularly relevant within breaking waves, where the potential for air-

entrainment can cause a change in fluid compressibility. This is evaluated by the

Mach number:

M =
u

cw
, (4.5)

where u is the local fluid velocity and cw is the speed of sound in the medium

(water). For the experiments within this study the largest Mach number is

1.5/1497 = 0.001; an incompressible flow. However, as wave breaking is ap-

proached care must be taken. Within this study, measures were used (where

appropriate) to avoid air entrainment. This was for two reasons. First, the scaling

of air bubble diameters within the water cannot be easily controlled and results

become error prone due to surface tension effects (discussed below). Second, in

choosing wave cases to be on the limit of breaking without entaining air, the wa-

ter density is largest and thus the largest loads are modelled within this work.

An additional scaling consideration concerns surface tension. The Weber number,

Wn, is important in multiphase flows since it expresses the importance of the fluid

inertia forces, Fi, relative to surface tension forces, Fs:

Fi
Fs
∝ ρu2L2

σL
=
ρu2L

σ
=Wn, (4.6)

where σ is the surface tension, defined by σ = 0.073 N m−1 at 20 ◦C. If surface

tension forces are large relative to inertial forces, Weber number similarity is also

required between the laboratory and ocean environments. However, if the Weber

number is ≈ 200, Fi � Fs and further increases in Wn do not influence surface

tension effects. Within the present study, Wn = 1000 × 0.029 × 12/0.073 ≈ 400.

This result indicates that surface tension effects are negligible.

With Froude scaling adopted, the diameter of the cylindrical body was set at

D = 29 mm and machined from a solid nylon bar. The cylinder length was set

at 298 mm allowing it to fit inside the 300 mm flume without contact on the glass

side walls. Inside each end of the nylon rod, two stainless steel threaded rods

were located (of 6 mm diameter and 50 mm in length). These stainless steel rods

provide the connection between the cylinder and the load cell apparatus located

outside the flume side walls; the rods passing through over-sized, pre-drilled, holes

in the glass side walls. Figure 4.2 shows an overview of the cylinder support, the
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Figure 4.2: A schematic of the force measurement system showing (a) side elevation and (b)

section view.

load cell apparatus, and its position in the wave flume.

Figure 4.2(a) highlights the adjustable vertical mount. This was an important

design feature, allowing the body to be located at 5 different vertical elevations

within the wave crest; the vertical elevations being equally spaced with ∆zcyl =

25 mm. Figure 4.2(a) also highlights the load cell arrangement. A total of four

Kistler 9313 load cells were used, two sensors located on each side of the body, with

a pair of sensors (one on each side) used to determine the vertical and horizontal

forces. Each load cell is mounted within a load link that connects the cylinder

body to the rigid (external) structural frame. Pinned clevis joints were used at the

end of each load link to provide a moment release at the support. This load cell

configuration enables both the horizontal and vertical forces to be measured as

an axial force applied to each load cell. The piezoelectric loads cells were coupled

to a Kistler 5073a pre-amplifier and an analogue-digital converter for high-speed

data acquisition. This system enables a full load time-history to be extracted from

the cylindrical body; a sample rate of 10 kHz being achieved throughout the test
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(a) (b)

Figure 4.3: Photographs of the force measuring system mounted in the wave tank; (a) end

view and (b) side view.

programme. Figure 4.3 shows the apparatus located within the wave tank. It

is evident from these photographs that the only element located within the flow

is the test cylinder. All sensing apparatus is located on the outside of the tank.

To achieve this, the stainless steel pins located at each end of the cylinder pass

through a pair of holes in the glass side walls; the holes being pre-drilled at each

of the 5 testing elevations. The stainless steel pins make no contact with the glass

wall; the small annular gap between the pin and the glass being lightly filled with

silicon grease.

Calibration

To measure the force time-history from the load cells, the sensors were calibrated

by applying a range of known forces in each of the 3 directions (F1, F2 and F3)

shown on Figure 4.4. Adopting this approach, the 4 sensors were simultaneously

calibrated over a full range of relevant loads. The results of this calibration are

shown in Figure 4.5. The four subplots highlight the measured output against the
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applied load for each of the four individual load cells; a negative force denoting a

compressive force. In each case the linearity of the calibration is clearly shown.

Furthermore, the recorded data also highlights the excellent uniformity in the

calibration between sensors located on opposite sides of the tank.

4.2.2 Test cases

The test programme undertaken within this study concerned the focused wave

cases introduced within Chapter 3. Full details of these wave cases are given in

Table 4.1. This also defines the vertical elevation of the cylinder centreline within

the wave crest, zcyl, stepped in ∆ = 25 mm increments, starting at 0 mm (or still

water level, swl) and terminating when zcyl > ηmax.

Table 4.1: Test cases

Case Spectrum A [mm] Tp [s] γ Akc ηmax zcyl [mm]

1 Jonswap 70 1.2 2.3 0.3057 87.6 0, 25, 50, 75
2 Jonswap 80 1.2 2.3 0.3494 95.0 0, 25, 50, 75
3 Jonswap 90 1.2 2.3 0.3931 100.3 0, 25, 50, 75, 100
4 Jonswap 95 1.2 2.3 0.4149 109.0 0, 25, 50, 75, 100

4.2.3 Preliminary data

The first set of applied loads were measured for case 1 (Table 4.1); the results of the

horizontal and vertical forces being shown on Figure 4.6. This figure describes the

force time-histories, Fx(t) and Fz(t), for each of the 4 cylinder positions; zcyl =

0 mm, 25 mm, 50 mm and 75 mm. In each case, 2 data records, measured on

different days are presented for each cylinder position. Excellent agreement in the

shape of the force time-history is observed across each repeated test at all zcyl

positions; the deviations in the peak force being less than 3%.

These preliminary force time-histories incorporate all the hydrodynamic force

components. This includes the forcing from the fluid-structure impact (Fs), the

drag-inertia forcing (Fd + Fi) and the buoyancy force (Fb). To segregate these

individual force components based on their different physical origins, the total

force, FT , can be written as a vector sum of the 4 components (Miller, 1977;
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Figure 4.4: Load directions used in the calibration of the four load cells.
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Figure 4.5: Calibration of the four load cells; (a) vertical force calibration lhs, (b) vertical

force calibration rhs, (c) horizontal force calibration rhs and (d) horizontal force calibration

rhs where the lhs and lhs are as viewed by the observer looking in the direction of wave

propagation.
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(b) Vertical force time-history.

Figure 4.6: Preliminary force time-histories for wave case 1,
∑
ai = 70 mm, for all cylinder

elevations, zcyl, and two repeated test runs (a) the horizontal force time-history and (b) the

vertical force time-history. [ + ] Test run 1 and [ ◦ ] test run 2. The vertical position of

the cylinder within the wave field is defined by [ ] zcyl = 75 mm, [ ] zcyl = 50 mm,

[ ] zcyl = 25 mm and [ ] zcyl = 0 mm.
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Isaacson & Prasad, 1994):

F̄T = F̄s + F̄d + F̄i + F̄b, (4.7)

Whilst this approach is simply additive, involving a straight-forward linearisation,

it allows the force components to be examined independently. The simplest of

these forces to model is the buoyancy force, Fb, which only acts vertically. The

change in Fb with time can be calculated using the measured free surface elevation;

the latter recorded on the front face of the cylinder using a resistance type wave

gauge. The measured wave elevation allows the immersed volume of the cylinder

to be calculated and hence, the buoyancy force to be defined by:

Fb =





0 for η < (zcyl −D/2),

ρg V– i for (zcyl −D/2) < η < (zcyl +D/2),

ρg V– c for η > (zcyl +D/2),

(4.8)

where V– i is again the volume of the immersed fraction of the cylinder, V– c =

πr2L is the volume of the cylinder and ρ the density of water or ρ = ρwater =

1000 kg m−3. Adopting this definition, the buoyancy force was subtracted from all

force measurements.

Chaplin et al. (1992) noted that a fundamental challenge in describing loads

acting close to the water surface arose from the intermittent immersion of the body.

In particular, the body passes through two non-reversible medium boundaries. The

first, commonly referred to as fluid entry, transfers the body from a dry state, to

a state of being immersed. In contrast, the second (commonly referred to as fluid

exit) involves a transfer in the opposite direction. During the fluid entry stage,

the fluid momentum striking the body can cause a fluid-structure impact. If this

is large, as is commonly the case, it may excite a response from the body that will,

in turn, modify the measured force time-history. Modelling this effect and being

able to isolate and remove any forces arising due to the excitation of the body is

important to ensure the input hydrodynamic forces are correctly identified.
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4.2.4 Modelling the body dynamics using a system response

function

When designing any apparatus to measure an applied load, consideration must

be given to the possible dynamic excitation of the measurement device. This

dynamic response can arise from the force transducer, the response of the force

transducer support system, or some combination of the two. Since most load cells

have a large axial stiffness (for example, the Kistler 9313 load cell has a natural

frequency, fn = 38 kHz) this frequency usually exceeds the natural frequency of

the support system. If a load is applied over a duration similar to the natural

period of the support system (and the support system has a finite stiffness, k), a

dynamic response will occur. Indeed, any device that is designed to measure an

applied load, can respond dynamically, depending on the nature of the applied

load. To mitigate the effects of a body response, or to effectively remove the

response after measurement, it is recommended that:

(1) The experimental system is designed such that the system’s response func-

tion, H(ω), does not significantly modify the force signal in the frequency

range of interest.

(2) The dynamic properties of the system, such as the natural period, ω, the

damping ratio, ζ, and stiffness, k, are well defined to aid post-processing.

When measuring wave loads within the crest region, the force time-history

can be separated into two parts. First, an initial transient impact load that is

characterised by a large magnitude and a short duration. Second, a sustained or

gradually-varying load component that occurs once the member is immersed. The

segregation of these forces is facilitated by the time scales over which they act.

Impact loads are typically milliseconds in duration. In contrast, the sustained

loads (such as drag, inertia and buoyancy) are applied over the complete duration

of member immersion and are therefore endured for seconds in duration.

Designing experimental apparatus that has no dynamic response is extremely

challenging, if not impossible; even a very stiff system responds to an impact force

given the very small loading duration. Consequently, the measured record must

be filtered to remove the effect of the system’s dynamic response.
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Figure 4.7: The development of a system reponse function; (a) free body diagram of load cell

dynamics and (b) a raw unfiltered signal.

When recording a force-time history, the load cell and the load cell support

act as a filter on the record. Indeed, the measurement system has the potential

to attenuate, amplify and modify the phase of the input force. Modelling and

removing these effects, is achieved using what is referred to as a structural filter.

To achieve this, the experimental apparatus must be defined in the context of a

dynamic model. This is to decouple the measured force from the response of the

model, thereby identifying the hydrodynamic input forces. To model the system

in this way, the load cell and adjacent load links were described as a single degree

of freedom (sdof) element. This is highlighted schematically in Figure 4.7(a).

Within this schematic, the lumped mass is assumed to be the cylinder and the

application point of the input loading. The load cell is rigidly attached to this

body and the subsequent stiffness, k, and damping, c, are modelled by a spring

and dashpot connecting the model to the rigid base, The measured load recorded

by the force transducer, Frecorded(t), is equal to the sum of the forces on the body

and hence the rhs of Equation 4.9.

Frecorded(t) = Finput(t)− kx− cẋ, (4.9)

where x defines the displacement of the body. To decouple Finput from Frecorded,

the system transfer function is used.
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Development of the system response function

In this dynamic model, the sdof system is modelled by a lumped mass, a viscous-

elastic dashpot and a spring. It is important to note that by appropriate simpli-

fications, even a complex dynamic system can be well approximated by a sdof

model.

The unit impulse response function, h(t), provides a mapping between the unit

input forcing, p(τ), and the displacement response of the body, x(t):

x(t) =

∫ t

−∞
p(τ)h(t− τ)dτ, (4.10)

where τ is the infinitely short time interval over which the impulse force is applied.

The unit impulse response function is defined by:

h(t) =
1

mωd
e−ζω0t sin(ωdt). (4.11)

The unit impulse response function allows linear superposition within the time

domain. Any input forcing can be discretised into a sequence of consecutive in-

stantaneous impulses. The unit impulse response function is then systematically

scaled, offset and superimposed to produce the body response about its equilib-

rium position. This convolution is computationally expensive since for each time

step, all previous time steps must be convolved with the scaled transfer response

function. A more efficient method of finding the system response to an arbitrary

load can be achieved by solving the dynamic response problem in the frequency

domain. When implementing the system response function within the frequency

domain it remains an exact representation of the discrete information since the

two domains are coupled by the Fourier identity (Clough & Penzien, 2003):

H(iω) =

∫ ∞

−∞
h(t) exp(−iωt)dt, (4.12)

h(t) =
1

2π

∫ ∞

−∞
H(iω) exp(−iωt)dω. (4.13)

In these equations, ω is the angular frequency, t is time, H(iω) is the H(iω) is the

displacement response function (in complex space) and h(t) is the unit impulse
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displacement function. Despite this exact identity there is the potential for error

when converting between the time and frequency domains if the continuous force

signal is not appropriately sampled. To mitigate this effect, analysis of the Nyquist

frequency and aliasing must be checked. The Nyquist frequency is the critical

sample rate of a signal and is defined by:

fc ≡
1

2∆t
, (4.14)

where ∆t is the sampling interval. It becomes evident that if a continuous signal

is sampled at discrete intervals of ∆t, providing the signal is bandwidth limited to

frequencies smaller than fc, then the signal is completely defined by its samples

(Press et al., 1992). In the experimental study undertaken herein, this filter was

developed for, fc = 1/2∆t = 5000 Hz. This value was chosen to be sufficiently

high for predicted impact loads of 5 ms duration. It is thus implicit within this

method, that the sample rate is sufficiently high to characterise the continuous

nature of the signal.

To prevent the effects of aliasing, no signal energy should be present outside

of the range −fc < f < fc. This requires a signal to be bandwidth limited.

Consequently, ensuring the signal sample rate is sufficiently high to capture the

highest frequency is important as aliasing effects cannot be removed once a signal

has been discretely sampled. To mitigate the effects of aliasing, the transformed

signal amplitudes were checked for zero amplitude limits: ai(f) → 0 as f → fc

(or f → −fc) (Press et al., 1992). By ensuring that the signal is sufficiently

sampled aliasing is not present and the signal is moved from the time-domain to

the frequency-domain exactly.

Application of the system filter Hs(ω)

By filtering the force measurements within the frequency domain and using Fast

Fourier Transforms (fft), significant computational savings are made. The in-

put loading, p(t), is transformed into the frequency domain becoming P (ω) and

the unit impulse response function, h(t), is also converted into the frequency do-

main becoming H(ω). In performing this process, the displacement response of

a dynamic system about its equilibrium position (in the frequency domain repre-
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sentation), is found through the vector multiplication:

X(ω) = H(ω) · P (ω). (4.15)

To separate the dynamic response of the measuring system from the input force,

the transfer function is applied. The system transfer response function, Hs(ω),

achieves this by:

FI(ω) = FR(ω)/Hs(ω), (4.16)

where FI(ω) is the frequency domain representation of the input forcing and FR(ω)

is the frequency domain representation of the measured or recorded force. If the

inverse fft (ifft) is taken of FI(ω), this produces the input loading time history,

Finput(t). To define Hs(ω) the forces acting on the load cell are recalled from

Equation 4.9,

Frecorded = mẍ = Finput − kx− cẋ. (4.17)

In this form, the response function connects the body acceleration (the second

time derivative of Equation 4.11 multiplied by the scalar mass) to the measured

force:

mẍ(t) =

∫ t

−∞
p(τ)hs(t− τ)dτ, (4.18)

where,

hs(t) =
1

ωd
e−ζω0t

[
(ζ2ω2

0 − ω2
d) sin(ωdt)− 2ζω0ωd cos(ωdt)

]
. (4.19)

By using the Fourier identity detailed in Equation 4.12, the fft of Equation 4.19

produces Hs(f):

Hs(f) = f 2
n/((f

2
n − f 2) + 2ζffni), (4.20)

where Hs is defined through the dynamic properties of the system only. The

natural frequency of the system is fn and ζ defines the damping ratio. This

frequency representation describes the sensitivity of the body response to forcing

applied at frequencies, f . It is complex in nature, allowing both amplitude and

phase modification of the loading components.

145



Chapter 4: Wave forcing on slender horizontal cylinders

Defining the system parameters

To correctly define the frequency response spectra, the dynamic properties of the

measuring system were required and determined as follows:

1. The mass of the nylon cylinder, m, used within this work was 0.212 kg.

2. The damped natural period, ωd, was estimated by measuring the forces when

the body is in free-vibration response after an impact has occurred. This

was determined for both a horizontal and a vertical impact load; the impacts

generated using a pendulum hammer. An example test measurement for the

horizontal impact is highlighted within Figure 4.7(b) and the damped natural

period shown to be Td = 0.0061 s.

3. The damping ratio, ζ, was determined using the logarithmic decrement, δ,

when the body is in free-vibration:

ζ =
δ√

4π2 + δ2
, where δ =

1

n
ln

∣∣∣∣
xi
xn+i

∣∣∣∣ . (4.21)

Within the above equations, xi is the displacement of body after i oscillations

and xn+i is the displacement of body after n+ i oscillations.

The undamped natural period, ω0 and stiffness, k, are found from the theoretical

relations, ω0 = ωd/
√

1− ζ2 and k = ω0
2m. In the formulation of the system

transfer response function, the force transduced support links are modelled to be

the source of the dynamic response. In this approach, the vertical and horizontal

load cells were modelled independently. The system transfer response function

of each of the load links is highlighted within Figure 4.8. The performance of

this filter is demonstrated in Figure 4.9(b). This gives the measured force time-

histories for both Fx(t) and Fz(t) when the cylinder is struck by a wave impact

high in the wave crest. In this case, the measured forces show clear evidence of

a dynamic response. By applying the system transfer response function, Hs, the

dynamic response can be removed from the recorded force time-histories. When

comparing the input force, Finput, to the response force, Frecorded, the effect of

the peak force amplification by the load links is clearly evident. By applying the

system transfer response function, this force amplification is effectively removed.
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Figure 4.8: The system transfer response function, Hs(f); (a) amplitude response with fre-

quency, and (b) phase response with frequency, φ(f).
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Figure 4.9: Analysis of the measured loads; a comparison between the raw data shown by,

Frecorded [ ] and the effect of applying the system transfer response function to solve the

input hydrodynamic force, Finput, [ ]. (a) Horizontal force and (b) Vertical force.
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4.2.5 Applied force-time histories

One disadvantage of applying the system transfer response function lies in the

possible amplification of high-frequency force components. This is a common

occurrence in lightly damped systems, or where ζ ≤ 5%. Unfortunately, this can

cause an amplification of high-frequency noise within the measured force signal as

|Hs| → 0. To avoid difficulties of this type, the removal of very high-frequency

noise is essential to prevent signal degradation. This is achieved by applying a

low-pass filter.

In the context of the present study, and taking due account to earlier work,

the limit of the low-pass filter should be set using a limit on the power spectral

density function of the signal energy. In the present study, this low-pass filter

was set at 1 kHz. This ensures 96% of the spectral energy is retained within the

frequency band of 0 Hz < f < 1 kHz. Moreover, in selecting this value of the

filter limit, the intention was to retain the important high-frequency information

(that is measured with confidence, but potentially subject to attenuation) and at

the same time avoid the signal becoming degraded due to the amplification of the

highest frequency terms.

Having recorded the force time-histories for all the wave cases outlined in Table

4.1, the buoyancy force, Fb, was removed using the method detailed within §4.2.3

and the system transfer response function, Hs, applied as discussed herein. As a

result, the force records presented in the figures that follow include the wave forces

due to drag (Fd), inertia (Fi) and the fluid impact (Fs) only. Figures 4.10–4.13

show the horizontal and vertical force time-histories, Fx(t) and Fz(t) respectively,

for wave cases 1, 2, 3 and 4 respectively. In each case multiple records are provided

corresponding to the different vertical elevations of the horiontal cylinder, zcyl.

The Kc number for these wave conditions range from 15 to 80. These values

suggest that the sustained wave loading will be dominated by the drag forcing

with Fd � Fi. However, it is important to note that the Kc number addresses the

relative magnitude of the drag and inertia force maxima. As such, the insight this

number gives should be treated with some care, particularly when discussing the

force time-histories arising in limiting waves.

The horizontal force time-histories shown within Figures 4.10(a), 4.11(a), 4.12(a)
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4.3 Wave impact forces

and 4.13(a) highlight the fact that the loads are always positive underneath the

wave crest. Furthermore, provided the cylinder is located at an elevation for which

Fs < (Fi +Fd), the horizontal force maximum occurs (approximately) underneath

the wave crest or ηmax. This confirms that the horizontal load is dominated by

the drag forces. In considering the vertical force time-histories (shown in Figures

4.10(b), 4.11(b), 4.12(b) and 4.13(b)), the hydrodynamic load is initially positively

but becomes negative after the wave crest, ηmax, has passed the cylinder centreline.

This is attributed, in part, to the directional change of the vertical wave induced

water particle velocities. Once again, this suggests that the forcing is drag dom-

inated. However, there are important differences between the measured vertical

loads and the magnitude of the measured vertical velocities underneath the large

wave events. These observations will be discussed in detail when considering the

sustained wave forces within §4.4. Before addressing these forces, the impact or

slamming force, Fs, will be examined.

4.3 Wave impact forces

The impact force, Fs, is defined by the local maximum within the measured force

time-history, F (t), occurring at the first wetting of the cylinder body. The work

presented within this section includes data and interpretations presented in Haley

et al. (2014).

In the calculation of wave-slam loads on structural members, engineers have

often focused on elements located at high elevations, where classical wave the-

ories state that horizontal velocities will be largest at ηmax (Longuet-Higgins &

Stewart, 1960; Sharma & Dean, 1981). However, wave impacts occur at the water-

air-structure interface and are most significant in steep wave conditions. In such

cases, the vertical fluid velocity remains large and potentially very important.

Indeed, the significance of the large vertical fluid velocities upon impact is evi-

dent from the relative magnitude of the maximum vertical force records shown

on Figures 4.10(b), 4.11(b), 4.12(b) and 4.13(b). Furthermore, it is noteworthy

that significant impact loads also occur at relatively low elevations of the cylinder,

zcyl ≤ 0. However, at these elevations the contribution of the impact force relative

to the drag, inertia and buoyancy force remains small.
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Figure 4.10: Time-histories of the measured loads; (a) horizontal forces and (b) vertical forces

produced by wave case 1 for four cylinder elevations: [ ] zcyl = 75 mm, [ ] zcyl = 50 mm,

[ ] zcyl = 25 mm and [ ] zcyl = 0 mm. The water surface elevation, η(t), is shown by

[ ].
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Figure 4.11: Time-histories of the measured loads; (a) horizontal forces and (b) vertical forces

produced by wave case 2 for five cylinder elevations: [ ] zcyl = 100 mm, [ ] zcyl = 75 mm,

[ ] zcyl = 50 mm, [ ] zcyl = 25 mm and [ ] zcyl = 0 mm. The water surface elevation,

η(t), is shown by [ ].
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Figure 4.12: Time-histories of the measured loads; (a) horizontal forces and (b) vertical forces

produced by wave case 3 for five cylinder elevations: [ ] zcyl = 100 mm, [ ] zcyl = 75 mm,

[ ] zcyl = 50 mm, [ ] zcyl = 25 mm and [ ] zcyl = 0 mm. The water surface elevation,

η(t), is shown by [ ].
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Figure 4.13: Time-histories of the measured loads; (a) horizontal forces and (b) vertical forces

produced by wave case 4 for five cylinder elevations: [ ] zcyl = 100 mm, [ ] zcyl = 75 mm,

[ ] zcyl = 50 mm, [ ] zcyl = 25 mm and [ ] zcyl = 0 mm. The water surface elevation,

η(t), is shown by [ ].
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Chapter 4: Wave forcing on slender horizontal cylinders

To understand the governing physics of impact loads, both the direction and the

magnitude of this forcing component are considered in some detail. The analysis

that follows considers all wave cases and all cylinder elevations at which significant

impact loads were observed; specifically, where Fs > (Fi + Fd) and the body was

immersed over the full diameter, D. Photographs of two fluid-structure impacts

are shown in Figures 4.14 and 4.15.

4.3.1 Impact force direction

To accurately predict the impact force, the direction of the impact force needs to

be carefully described. Within this section the experimentally measured impact

force direction, θs|exp, is compared to both the gradient of the normal to the water

surface (θs|norm) and the resultant angle of the incident water particle kinematics

(θs|u+w). The perpendicular gradient of the water surface at the location and the

time of the impact event has been found using the mfbem simulations detailed

within Chapter 3. All angles are defined by θ = 0° aligned with the positive x-axis

and anti-clockwise angles being positive (as noted on Figure 4.16).

The bem simulation of wave case 4 and the calculation points of θs|norm (at the

five cylinder positions) are shown on Figure 4.16. This figure highlights the spatial

evolution of the wave form leading up to the occurrence of the wave impacts at

the five cylinder elevations. In all test cases, the normal to the free surface is

calculated at the cylinder centreline. These values are defined by:

θs|norm = arctan

(
−
[
∂η

∂x

]−1
)
. (4.22)

Data describing the angle of the normal to the free surface for all wave cases and

all cylinder elevations are tabulated in Table 4.2.

The angle of the impact velocity can also be defined by the direction of the

resultant incident water particle kinematics at the instant of the impact, θs|u+w.

In this study, the wave kinematics were measured experimentally using lda; full

details of the measurement procedure being given in Chapter 3. At the moment
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4.3 Wave impact forces

(a) (b)

(c) (d)

Figure 4.14: Sequential photographs showing a fluid-structure impact arising in wave case 2

with a cylinder elevation of zcyl = 75 mm; (a) the instant of fluid-structure contact, (b) 0.01 s

after impact, (c) 0.02 s after impact and (d) 0.03 s after impact.
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(a) (b)

(c) (d)

Figure 4.15: Sequential photographs showing a fluid-structure impact arising in wave case 4

with a cylinder elevation of zcyl = 75 mm; (a) the instant of fluid-structure contact, (b) 0.01 s

after impact, (c) 0.02 s after impact and (d) 0.03 s after impact.
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Figure 4.16: Calculation of the angle, θ, of the normal to the water surface at the instant of

the wave impact using the bem simulation of wave case 4; [ ] η(x) for cylinder location at

[•] zcyl = 100 mm, [•] zcyl = 75 mm, [•] zcyl = 50 mm, [•] zcyl = 25 mm and [•] zcyl = 0 mm.

of impact, the direction of the water particle velocity is defined by:

θs|u+w = arctan
(w
u

)
, (4.23)

where (u,w) are the (x, z) velocity components and the subscript u+ w denotes

the vector sum of the components. The results of these calculations are again

tabulated within Table 4.2. In addition to the two sets of calculated angles, Table

4.2 also includes the resultant direction of the experimentally measured impact

force, θs|exp. This angle is defined by:

θs|exp = arctan

(
Fz|max

Fx|max

)
, (4.24)

where Fz|max and Fx|max are the force maxima in the x and z directions respec-

tively. It is important to note that these force maxima occur simultaneously, a

small time interval after the initial contact between the fluid and the body. It was

previously shown that both the incident wave conditions (§3.2.3) and the prelimi-

nary force measurements (Figure 4.6) are highly repeatable. However, to quantify

the variability in the transient impact force, the highest cylinder elevations for
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Chapter 4: Wave forcing on slender horizontal cylinders

Table 4.2: Data relating to the impact angles; (i) the angle of the normal to water surface

(θs|norm), (ii) the direction of internal kinematics (θs|u+w) and (iii) the measured direction of

the resultant force (θs|exp) including an estimate of the experimental variability.

Case zcyl [mm] θs|norm [°] θs|u+w [°] θs|exp [°]

1 0 78.7 89.3 -
1 25 75.4 66.5 -
1 50 72.8 42.2 71.4
1 75 70.8 27.2 61.2±1.0

2 0 79.6 82.3 -
2 25 73.4 71.8 -
2 50 68.5 53.1 73.6
2 75 63.1 34.4 60.6±0.6

3 0 74.1 90.0 -
3 25 60.1 79.2 78.2
3 50 56.0 63.8 62.2
3 75 53.6 41.7 46.6±0.6
3 100 64.5 17.9 38.0±3.1

4 0 70.2 89.7 87.7
4 25 60.7 77.0 74.6
4 50 51.7 60.2 56.9
4 75 43.6 41.3 42.5±0.5
4 100 9.3 14.0 26.7±3.5

each wave case were repeated three times to examine the spread in the measured

force angle. This range is also noted on Table 4.2 and remains small.

In the prediction of impact forces, current design practice adopts the classical

method of von Kármán (1929) with an impact coefficient of Cs = 5.15 (DNV,

2010). However, in the theory of von Kármán (1929), the impact coefficient,

Cs, is developed for perpendicular impacts. More recently, several experimen-

tal, analytical and numerical studies have sought to better define Cs. However,

without exception, they have also focused on perpendicular impacts; the most

notable contributions given by Wagner (1932), Fabula (1957), Faltinsen et al.

(1977), Campbell & Weynberg (1980) and Cointe & Armand (1987). Whilst per-

pendicular impacts represent an important idealisation, they impose an important

dimensional reduction; the normal to the free surface and the incident water par-
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4.3 Wave impact forces

ticle velocities are assumed parallel. However, it is clear from Table 4.2 that this

assumption is not physically accurate in the case of wave impacts; the normal

to the free surface and the direction of the resultant kinematics being at very

different angles. This (angular) difference is highlighted in Figure 4.17 using a

Stokes’ fifth-order wave theory. This figure shows a set of seven Stokes’ waves

with uniformly increasing wave steepness, Hk/2. Where H is the wave height and

k the wave number. Figure 4.17(a) describes the normalised crest shape, η/ηmax,

highlighting the progressive steepening of the wave crests and the broadening of

the wave troughs (detailed within §2.2.2). As the wave profile, η(x), steepens,

it has a notable effect on the angle of the normal to the surface. This is shown

on Figure 4.17(b). However, the angle of the resultant kinematics (also indicated

on Figure 4.17(b)) remains largely uniform. It is evident from Figure 4.17 that

the angular difference between the normal to free surface and the direction of the

resultant kinematics arises within all wave conditions, becoming most sigificant

in the steepest waves. Indeed, the two angles, θs|u+w and θs|norm are only the

same at one point on the wave profile. This arises between η = 0 → 0.6ηmax; the

elevation increasing as steepness increases. Whilst a Stokes’ wave model shows

a systematic trend between θs|u+w and θs|norm, it was shown in Chapter 3 that

a Stokes’ fifth-order wave solution is not suitable for modelling waves of limiting

steepness. For this reason, the four wave cases considered herein were modelled

using the mfbem model. Figure 4.18 concerns wave cases 1 and 4 (Table 4.2),

presents bem calculations of the water surface elevation, η(x), and highlights the

significant difference in the direction of the normal to the free surface and the

resultant fluid velocity. This is shown to be particularly significant high in the

wave crest where the impact forces are largest.

According to present practice, when a wave impact occurs on a cylindrical

body, it is assumed that the impact velocity is the component of the velocity

normal to the water surface (Miller, 1977). At the instant of the impact, the force

is also assumed to act in this normal direction. The initial fluid-structure contact

is illustrated within Figure 4.19(a). However, the impact angles presented in Table

4.2 show that the direction of the peak measured force, θs|exp, is not always in the

direction of the normal to the water surface as the classical assumption imposes.

Indeed, the presented data shows that the impact angle lies between the normal
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Figure 4.17: Comparisons between the angle of the normal to the water surface and angle

defining the resultant kinematics; (a) [ ] Normalised free surface shape, η(x), for seven

Stokes’ waves with uniformly increasing wave steepness Hk/2 = 0.041, 0.122, 0.203, 0.284,

0.365, 0.446 and 0.527; increased line weighting denotes increased wave steepness. (b) [ ]

Corresponding normal to the free surface and [ ] the direction of the resultant kinematics

again modelled within a Stokes’ fifth-order wave solution and with increased line weighting

denoting increased wave steepness.
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Figure 4.18: Spatial water surface elevation, η(x), from bem simulations with comparisons

between the resultant fluid velocity and surface normal vectors shown for (a) wave case 1 and

(b) wave case 4. [ ] η(x), with arrows defining the surface normal and the resultant

kinematics at the specific spatial locations.
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Figure 4.19: A schematic outling the pressure asymmetry hypothesis; (a) at the instant of the

wave impact and (b) after a 14% body immersion (displaced cross sectional area). The fluid

velocity vector is defined by u and the component of the fluid velocity normal to the free surface

at impact by un.

to the surface and the angle of the resultant kinematics.

Figure 4.19 outlines a hypothesis of how this force direction can occur. First,

Figure 4.19(a) shows the direction of the surface normal and the component of the

impact velocity at the instant of the initial fluid-structure contact. However, as

the body becomes increasingly immersed, as shown in Figure 4.19(b), the applied

pressure field is not symmetric about the surface normal axis. This asymmetry is

a direct result of the water particle kinematics and the normal to the water surface

being nonparallel. For illustration purposes, the shape of the pressure magnitude

on the body, P (θ), is shown on Figure 4.19(b). This is based upon the normal

component of the velocity and does not include pressure contributions from the

unsteady term that can be large at the point of contact. At this stage, this is

merely suggested as a possible explanation for the difference in the direction of

the measured and predicted (or assumed) impact forces reported in Table 4.2.

To seek verification of the pressure field evolution, information of the fluid-

structure pressure field is required. This is investigated within Chapter 5. Nonethe-

less, the importance of effective prediction of the impact direction is essential to the

correct prediction of the impact magnitude. This work has identified an important

potential source of uncertainty within impact force predictions.
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4.3 Wave impact forces

(a) (b)

Figure 4.20: Photographs showing the fluid-structure impact arising in wave case 4 with a

cylinder elevation of zcyl = 100 mm; (a) 0.05 s before impact and (b) at the instant of fluid-

structure contact. The line [ ] shows z = zcyl + D/2 and [ ] shows z = ηmax; with

zcyl +D/2 > ηmax at impact shown in (b).

Similar to the bem simulations shown within Figure 4.18, Table 4.2 highlights

the angular difference between the resultant kinematics direction and the free

surface normal is largest at the wave crest. This is evident within all wave case

at the highest cylinder elevations (zcyl = 75 mm for wave cases 1 and 2 and zcyl =

100 mm for wave cases 3 and 4).

When reviewing video evidence of the fluid impacts it was noted that for wave

case 4, zcyl = 100 mm, the cylindrical body was not struck over the complete

diameter, D; as shown within Figure 4.20. Consequently, the measured force has

the potential for bias in the vertical direction. This is clearly evident within the

measured data; the angle of the surface normal is near horizontal with θ|norm =

9.3°, while the kinematics angle is θs|u+w = 14.0°. However, the resultant force

has a substantially increased vertical component with θs|exp = 26.7°. Since this

data is believed to be unrepresentative, this impact force has been removed from

the analysis that follows.

4.3.2 Impact force magnitude

Arguably the most important quantity when designing for impact loads is the

magnitude of the applied force. However, the successful application of the clas-

sical approach outlined in Equation 2.30, poses a number of challenges. First,

uncertainty concerning what slamming coefficient should be used and, second, the
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correct definition of the impact velocity within the wave impact. To investigate

the effect the impact velocity has on the prediction of the impact force, the ver-

tical, horizontal and resultant kinematics at the time and location of the wave

impact are presented in Table 4.3.

In addition to the impact velocity, an appropriate definition of the slamming

coefficient is important to the prediction of the magnitude of the impact load.

Indeed, the use of a slamming coefficent is highly desirable in a design context

since it allows any impact force to be calculated based only on the impact velocity

and the body geometry. However, as shown in §4.3.1, to define the correct re-

sultant force an assumption has to be made about the incident (impact) velocity.

Miller (1977) recommended to use the component of the velocity acting normal

to the surface. Alternatively, a second method is to use the resultant kinematics.

However, as demonstrated in §4.3.1 both of these approaches can lead to errors

in predicting the impact force direction. To demonstrate this potential source

of error, the two methods for estimating the impact velocity are applied within

Equation 2.30; where Cs is solved for and all other quantities are experimental

knowns. The impact coefficient Cs|u,res is derived from using the resultant water

particle velocity within Equation 2.30. Similarly, Cs|u,n is the impact coefficient

derived when the impact velocity is modelled by the component of the resultant

velocity acting normal to the water surface. These coefficients are tabulated on

columns 6 and 7 of Table 4.3.

In considering these results, it is clear that both methods can produce sig-

nificant errors (given in bold). These inconsistencies arise when the resultant

fluid velocity and the normal to the free surface are not closely aligned. This is

particularly evident at the maximum cylinder elevations within the wave crest.

By contrast, if we adopt the hypothesis that the impact angle lies between the

direction of the impact fluid velocity and the surface normal (and this effect is

most notable when the difference between these two respective angles is large),

the experimentally measured impact angle, θs,exp, allows a third and final set of

force coefficients, Cs|u,F , to be derived. In this case, the impact velocity is the

component of the resultant velocity in the direction of the measured force, θs,exp.

In adopting this method, a reduction in the spread of the coefficients is observed.

This is confirmed by the reduced standard deviation, σ, shown in Table 4.3. Most
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Table 4.3: Impact velocities and calculated slamming coefficients.

Case zcyl w [ms−1] u [ms−1] ur [ms−1] Cs|u,res Cs|u,n Cs|u,F Cs|S5

1 50 0.35 0.39 0.53 1.71 2.17 2.53 2.86
1 75 0.29 0.57 0.64 2.88 5.60 3.39 5.34

2 50 0.41 0.31 0.51 2.48 2.73 2.47 2.02
2 75 0.43 0.63 0.76 2.35 3.24 2.36 6.10

3 25 0.53 0.10 0.53 2.27 2.34 2.27 2.14
3 50 0.63 0.31 0.70 2.48 2.47 2.49 3.90
3 75 0.68 0.77 1.03 2.37 2.58 2.39 7.16
3 100 0.39 1.20 1.26 2.96 5.42 3.32 25.65

4 25 0.57 0.13 0.59 3.17 3.35 3.17 3.16
4 50 0.66 0.38 0.76 3.49 3.49 3.49 5.14
4 75 0.65 0.74 0.99 2.63 2.66 2.63 6.89
4 100 0.39 1.57 1.63 - - - -

Mean 2.62 3.28 2.77 6.64
σ 0.49 1.18 0.47 6.39

importantly, the limitations identified in other methods, producing the outlier (or

outlying) force coefficients (tabulated in bold in Table 4.3) are mitigated. These

results highlight the importance of the impact angle, both in understanding the

physical processes involved in the generation of impact loads and also in achiev-

ing improved definitions of the loading coefficients approprate to extreme wave

conditions.

For comparative purposes, Table 4.3 also includes the predicted slamming

coefficients if the normal component of the fluid velocity is computed from a

Stokes’ fifth-order wave solution (as implemented within §3.6.1 of Chapter 3).

This method uses the Stokes’ fifth-order water particle velocities and takes the

component of this velocity acting normal to the Stokes’ fifth-order wave surface

profile at the cylinder position, zcyl. It is evident from Table 4.3 that this method

yields a very poor description of the measured force, particularly at large eleva-

tions within the wave crest. This error is attributed to the inadequate description

of the wave shape when a Stokes’ solution is used to model a large transient wave

event. This causes an under-prediction of the impact velocities (in line with the re-
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sults presented in §3.6.1) and, as such, an unrealistically large slamming coefficient

when solving for Cs based upon measured impact forces.

It is also noted that the prediction of the impact force for zcyl = 100 mm in wave

case 3 is exceptionally large. This arises due to the high local curvature within

Stokes’ water surface profile, η(x). This, in turn, produces an abnormally small

velocity component in the normal direction, leading to a significant over-prediction

of the slamming coefficient.

In comparing the results of this work to other experimental investigations,

both similarities and departures are found. In making these comparisons, two

studies merit particular attention. First, the study of Miller (1977) who exam-

ined the two-dimensional forcing (Fx,Fz) and, second, the work by Isaacson &

Prasad (1994) who examined vertical body forces . In the latter case, Isaacson

& Prasad (1994) examined the impact coefficients occurring within large regular

waves and identified a mean slamming coefficient of Cs = 4.29. This work used

the component of the fluid velocity normal to the free surface. In this case the

Stokes’ kinematics are appropriate to the generated wave conditions, and the co-

efficients found to be close to those based on Cs|u,n within the present study. In

comparison, Miller (1977) showed a mean Cs = 3.5; however, the impact veloc-

ity was taken as the rate of change of the free surface with time, ∂η/∂t. Whilst

both Miller (1977) and Isaacson & Prasad (1994) document slightly larger val-

ues of Cs than the values measured herein, it is equally important to assess the

scatter within these coefficients, not least because the scatter in these published

works is significant. Isaacson & Prasad (1994) show a range of 2.52 < Cs < 7.10.

Some of this scatter is attributed to the force measurement apparatus which was

based upon foil strain gauges. These gauges have poorer high-frequency response

characteristics which can cause increased variation in the measured impact loads.

Nonetheless, the dependency of the impact coefficient on an inconsistent definition

of the impact velocity will also contribute to this spread within Cs. Indeed, the

present results have shown that the use of the velocity component in the surface

normal direction, when the fluid kinematics and surface normal are nonparallel, is

a modelling simplification and a source of physical inconsistency. Initial evidence

indicates that this is a source of further spread in the loading coefficients reported

in the existing literature (Miller, 1977). This will be further investigated within
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Chapter 5 of this study.

The impact coefficients derived from drop-test apparatus typically show larger

mean impact coefficients. The most important example of this is the Cs = 5.15

proposed by Campbell & Weynberg (1980). This increase in magnitude is, in

large part, due to dry body conditions. Within Isaacson & Prasad (1994), Miller

(1977) and the present testing program, the body was rigorously dried before each

test sequence. However, since the fluid-structure impacts occurred within wave

conditions, the body was subject to earlier wetting by preceding wave crests. This

effect occurs within both the large regular waves used by Isaacson & Prasad (1994)

and Miller (1977) and the focused wave groups used within the present study.

This is a significant departure from the drop-test study of Campbell & Weynberg

(1980). Indeed, the wetting of the impact body is known to have significant effect

on the measured impact forces. This is highlighted in the work of van Nuffel et al.

(2011). This showed that wetting of the body creates a 40% reduction in applied

pressures and, furthermore, increases the inter-test variation of measured peak

forces and peak pressures.

4.4 Sustained wave forces on horizontal cylinders

The wave impact force is the first process within the fluid-structure loading se-

quence. In addition to this transient force when the body is first immersed, the

sustained forces resulting from drag and inertia are required to understand the

total force prediction. The magnitude of the impact force relative to the sustained

load is a variable property, dependent on both the incident wave conditions and

the position of the body within the wave crest. The relative importance of the

impact and sustained forces is first summarised. Figure 4.21 highlights the ratio of

the peak impact force, Fs, to the peak sustained force, Fi + Fd. It is evident that

at higher positions within the wave crest, the impact force becomes increasingly

dominant. This result is, in part, caused by the temporal and spatial location of

the maximum fluid velocities as zcyl is increased within the wave crest. For waves

of limiting steepness, the maximum water particle velocities move forward of ηmax

within the wave crest (§3.6.1). Furthermore, at increased vertical elevations the

horizontal water particle velocities rapidly increase. Table 4.3 also shows how
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Figure 4.21: Ratio of the measured impact force to the sustained hydrodynamic loads of drag

and inertia within the limiting steepness wave cases of: [ ] wave case 4, [ ] wave case

3 and [ ] wave case 2 over the five cylinder measurement positions.

significant the vertical velocities are at elevations high in the wave crest.

Impact forces remain a significant part of the total flow forcing, particularly

due to the absolute magnitude of the impact force. However, structural failure

is not governed by the application of the impact force alone. Indeed, it is often

argued that it is the structural response of a body to the initial impact force

combined with the sustained hydrodynamic loads that induces member failure.

As a result, understanding these latter sustained forces are an important part of

predicting the total hydrodynamic forces.

4.4.1 Velocity time-histories

The prediction of the sustained fluid forces is in large part dependent on an ac-

curate desription of the underlying water particle kinematics. The importance of

accurately modelling the wave kinematics within waves of limiting and breaking

steepness was highlighted within Chapter 3. In particular, the need to apply fully

nonlinear, unsteady wave models was clearly shown. However, in many cases the

bem cannot be used for the velocity time-histories within the wave crest due to

breakdown of the bie when wave breaking occurs. Given this limitation, pre-

dictions of the sustained wave forces are based upon the velocity time-histories,

u(t) and w(t), measured experimentally using lda (§3.2.4). For each wave case
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and each cylinder position, u(t) was measured five times. The data was averaged

and fitted with a 4-part cubic spline as outlined within §3.6.1 and Figure 3.27.

Figures 4.22, 4.24, 4.26 and 4.28 concern wave cases 1, 2, 3 and 4 respectively,

and show the raw data sampled at each vertical elevation, zcyl. Superimposed on

this raw data are the functional forms of the velocity components, u(t) and w(t),

based upon the least-mean-squares 4-part cubic spline. Using descriptions of this

type, the measured data describing the sustained forces are first compared with

predictions based upon a momentum flux method.

4.4.2 Momentum flux method

With the internal water particle velocities known from the laboratory measure-

ments, the forcing on the cylindrical body can be predicted using a momentum

flux formulation. In adopting this method, it is assumed that any momentum

associated with the water that comes into contact with the body surface is instan-

taneously destroyed; the rate of destruction of momentum defining the applied

force. Furthermore, the body geometry is significantly simplified to evaluate the

forcing on the body centreline. This requirement is such that the body projec-

tion, DL, where D is the diameter and L the length, is the area over which the

horizontal and vertical momentum is computed. If dm/dt defines the mass flow

rate,

Fx = u
dm

dt
= ρDLu|u|, (4.25)

Fz = w
dm

dt
= ρDLw|w|, (4.26)

where ρ is the density of water and (u,w) are the horizontal and vertical fluid

velocities respectively. This method leads to the related formulae used in the

calculation of wave-in-deck forces, as described by van de Graaf et al. (1995). The

momentum flux method requires only the velocity components as time dependent

variables. This offers a simplified, yet more restricted model than that of Morison

et al. (1950), where loading coefficients, Cd and Cm, are additionally required. The

loading coefficients will be dependent on both the Keulegan-Carpenter number,

Kc, and the Reynolds number, Re. This presents additional complexity which is

investigated in §4.4.3.
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The horizontal and vertical velocity time-histories for each wave case (and

each cylinder elevation, zcyl) are shown within Figures 4.22, 4.24, 4.26 and 4.28.

Each figure is followed by the forcing prediction using the momentum flux model.

These force predictions are shown within Figures 4.23, 4.25, 4.27 and 4.29, with

each cylinder elevation, zcyl, shown on subplots (a)–(d). In addressing both the

horizontal and vertical forces, comparisons are shown between the measured ex-

perimental force time-histories and the prediction of the simplified momentum flux

model. In considering wave cases 3 and 4, force predictions have been omitted for

when the cylinder is positioned at zcyl = 100 mm. This is because at this elevation

the body is only partially immersed for a very short time duration. As such, the

sustained forces could not be fully established.

Analysis of the force predictions using the momentum flux method leads to

some important trends. At large values of zcyl it is observed that in the horizontal

direction, the momentum flux method over-predicts the applied force. The reduc-

tion in the measured force may be due, in part, to a global loss of crest momentum

after a large initial impact. At higher elevations this initial impact will account for

the destruction of a larger proportion of the total horizontal momentum at that

given elevation. However, good agreement is observed in the shape of the loading

time-history. The only exception to this occurs as zcyl decreases; the observed

and predicted horizontal force maxima showing an increasing time offset. This

temporal shift suggests a phase modification caused by the increase in magnitude

of an inertial force. This hypothesis will be examined further in §4.4.3.

In considering the time-histories of the vertical loading component, poorer

agreement is observed between the measured and predicted loads at all vertical

elevations of the cylinder, zcyl. The main factor accounting for this poor agreement

is the neglected inertia forces. It is evident from all the velocity time-histories (for

example wave case 1 in Figure 4.22) that at ηmax whilst w ≈ 0, ∂w/∂t is large. It

therefore follows that, at this time, the vertical loads will be dominanted by the

inertia force. This highlights the potential importance of the inertia forces. These

are subsequently examined in §4.4.3. In considering this part, it is important to

note that whilst the Kc number is large for these wave conditions, the Kc number

expresses whether the drag or inertia force maxima is dominant. To achieve an

accurate definition of the force time-history, particularly in steep wave conditions,
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Figure 4.22: Velocity time-histories, (a) horizontal and (b) vertical, measured under wave

case 1 using lda at four vertical elevations, zcyl, correponding to [ ] z = 75 mm, [ ]

z = 50 mm, [ ] z = 25 mm and [ ] z = 0 mm. All dots [·] denote measured Doppler

bursts and the lines represent the results of a least-mean-squares 4-part cubic spline fit.
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Figure 4.23: Measured and predicted forces at each cylinder elevation for wave case 1; (a)

zcyl = 75 mm, (b) zcyl = 50 mm, (c) zcyl = 25 mm and (d) zcyl = 0 mm. Measured horizontal

[ ] and vertical [ ] force, with predictions based upon the momentum flux model

[ ◦ , ◦ , ◦ , ◦ ] Fx and [ M , M , M , M ] Fz.

171



Chapter 4: Wave forcing on slender horizontal cylinders

Time [s]

u
[ m

s−
1
]

−0.2 −0.1 0 0.1 0.2
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

(a)

Time [s]

w
[ m

s−
1
]

−0.2 −0.1 0 0.1 0.2

−0.4

−0.2

0

0.2

0.4

0.6

(b)

Figure 4.24: Velocity time-histories, (a) horizontal and (b) vertical, measured under wave

case 2 using lda at four vertical elevations, zcyl, correponding to [ ] z = 75 mm, [ ]

z = 50 mm, [ ] z = 25 mm and [ ] z = 0 mm. All dots [·] denote measured Doppler

bursts and the lines represent the results of a least-mean-squares 4-part cubic spline fit.
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Figure 4.25: Measured and predicted forces at each cylinder elevation for wave case 2; (a)

zcyl = 75 mm, (b) zcyl = 50 mm, (c) zcyl = 25 mm and (d) zcyl = 0 mm. Measured horizontal

[ ] and vertical [ ] force, with predictions based upon the momentum flux model

[ ◦ , ◦ , ◦ , ◦ ] Fx and [ M , M , M , M ] Fz.
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Figure 4.26: Velocity time-histories, (a) horizontal and (b) vertical, measured under wave

case 3 using lda at five vertical elevations, zcyl, correponding to [ ] z = 100 mm, [ ]

z = 75 mm, [ ] z = 50 mm, [ ] z = 25 mm and [ ] z = 0 mm. All dots [·] denote

measured Doppler bursts and the lines represent the least-mean-squares 4-part cubic spline fit.
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Figure 4.27: Measured and predicted forces at each cylinder elevation for wave case 3; (a)

zcyl = 75 mm, (b) zcyl = 50 mm, (c) zcyl = 25 mm and (d) zcyl = 0 mm. Measured horizontal

[ ] and vertical [ ] force, with predictions based upon the momentum flux model

[ ◦ , ◦ , ◦ , ◦ ] Fx and [ M , M , M , M ] Fz.
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Figure 4.28: Velocity time-histories, (a) horizontal and (b) vertical, measured under wave

case 4 using lda at five vertical elevations, zcyl, correponding to [ ] z = 100 mm, [ ]

z = 75 mm, [ ] z = 50 mm, [ ] z = 25 mm and [ ] z = 0 mm. All dots [·] denote

measured Doppler bursts and the lines represent the least-mean-squares 4-part cubic spline fit.
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Figure 4.29: Measured and predicted forces at each cylinder elevation for wave case 4; (a)

zcyl = 75 mm, (b) zcyl = 50 mm, (c) zcyl = 25 mm and (d) zcyl = 0 mm. Measured horizontal

[ ] and vertical [ ] force, with predictions based upon the momentum flux model

[ ◦ , ◦ , ◦ , ◦ ] Fx and [ M , M , M , M ] Fz.
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consideration must be given to the time varying nature of the drag and inertia

forces and the relative phasing between them.

4.4.3 Morison loading

The loading model proposed by Morison et al. (1950) describes the fluid forcing on

a cylindrical body as the sum of the drag and inertia component (Equation 2.25).

The momentum flux method outlined in §4.4.2 shows a direct relation to the drag

term in Equation 2.25. However, in quantifying the forces defined by Morison

et al. (1950), the fluid accelerations and the drag and inertia force coefficients, Cd

and Cm respectively, are required. Since the flow velocities were recorded using the

Eulerian lda method, the accelerations derived from the velocity time-histories

relate to the temporal accelerations only. No attempt has been made to quantify

the convective accelerations.

The time-histories of the temporal accelerations ∂u(t)/∂t and ∂w(t)/∂t are

calculated using a central difference method and a least-mean-square fit to the

measured velocity data. Whilst the time dependent velocities and accelerations

can be measured, the drag and inertia force coefficients, Cd and Cm are not known

a priori. Significant research has focused on the definition of these variables, with

experimental tests conducted over a range of Kc and Re numbers (Wiegel, 1964;

Sarpkaya, 1976; Bearman et al., 1985; Chaplin, 1988a,b; Chaplin et al., 1992;

Chaplin & Subbiah, 1994). When both the flow velocities and accelerations are

known (in addition to the measured forces), there are several available methods to

compute the force coefficients within a regular wave train. However, in the case

of a single or isolated wave event, such as the focused waves considered herein,

only one wave period can be considered. In this case, the force coefficients can be

derived by:

(1) Calculating Cd and Cm using a least-mean-square error minimisation on the

force time-history measured over one wave period.

(2) Calculate Cd and Cm at the locations of maximum velocity and acceleration

using the two simultaneous equations. Unfortunately, when adopting this

approach unreliable results can occur within highly nonlinear waves where
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both drag and inertial forces are important at the locations of umax and

∂u/∂t|max.

(3) Calculate Cd and Cm via the application of Morison’s equation, once for the

maximum force and also once for the zero force (effectively inserting the

velocities and accelerations at these times).

(4) Calculate Cd and Cm over short segments over which drag dominates (high

flow velocities) and also when inertia dominates (high unsteady accelera-

tions) (Kim & Hibbard, 1975).

It was stated at the outset that this work was not concerned with the improved

definition of the loading coefficients. The primary aim of this study is to review the

drag-inertia forces predicted using high-quality kinematics measurements and to

make comparisons to the measured forces. Based upon the average phase velocity

for the four wave cases the Reynolds number appropriate to the present test was

approximated as 20,000. Similarly, the Kc number was calculated to lie between

the limits of 15 to 80. Using these values of the Re and Kc, the best estimate of

Cm was selected as 1.8 according to Sarpkaya (1976).

Since the drag coefficient is more sensitive to changes in Kc and Re at this

scale, Cd was varied across the four wave cases and the different elevations, zcyl.

To achieve this the value of Cd was chosen by minimising the error between the

measured and predicted horizontal drag force when the vertical velocity, w = 0.

In adopting this location, it also ensured that ∂u/∂t ≈ 0, thereby removing the

source of error identified within point (2) above. The results of this analysis,

with coefficients derived for each wave case and each cylinder position, zcyl, are

presented in Table 4.4. These results highlight that the drag coefficient varies

with the cylinder position, zcyl. Moreover, since the water particle velocities are

proportional to the elevation within the wave crest, it is evident that the drag

coefficient is proportional to the wave-induced velocity. This is to be expected

and reflects the fact that across the range of tests the conditions have not been

Reynolds number scaled. Nonetheless, these drag coefficients show good agreement

with the experiments performed by Sarpkaya (1976), the results of which are

shown on Figure 4.30. It is important to note that the tests of Sarpkaya (1976)

were conducted in a U-tube tank with variations made to the maximum velocity
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magnitude, the period of the fluid oscillation and the cylinder diameter, with Kc
defined by these variables using Equation 2.26. Due to fixed body diameter and

varied wave conditions used in this work, Kc was defined at each cylinder elevation,

with u (as required in Equation 2.26) equal to umax(zcyl).

Figures 4.31-4.34 concern the measured horizontal and vertical force records

and provide comparisons to the predicted drag, inertia and total force based upon

Morison’s loading model. For each of the four wave cases, data relating to the

different cylinder elevations, zcyl, are presented in two subplots. The first highlights

the drag and inertia components and the second the total force. The predicted

wave forces, using the model of Morison et al. (1950), highlights both agreement

and departures from the measured data.

In the horizontal direction, the drag force is dominant within the measured

force records. However, the phase lag between the peak drag force and measured

peak total force clearly arise due to the contribution from the inertia force. Indeed,

the importance of horizontal inertia forces are particularly evident in the phasing

of the peak force at lower elevations within the wave crest; zcyl = 0 mm and zcyl =

25 mm across all wave cases. For example, within Figure 4.31(g) the horizontal

inertia force component is approximately equal in magnitude to the horizontal drag

force due to the large unsteady accelerations. Futhermore, the good agreement

between the measured and predicted total forces shown within Figure 4.31(h)

highlights the fact that the inertia force cannot be neglected.

In reviewing the horizontal force, both the predicted force time-history and the

predicted force maxima are in good agreement with the observations. At higher

elevations within the wave crest, notably when the impact force, Fs, becomes

larger than the maximum sustained force, the Morison predicted total forces are

larger than the measured forces in the horizontal direction. This is especially

evident within Figures 4.31(b) and 4.32(b). This departure occurs due to the finite

time required for the body to become immersed. Since the horizontal unsteady

accelerations are large close to first inundation, the predicted inertial force is also

large. However, the body is not immersed at this point. Consequently, the inertia

force is not fully established, causing a smaller force to be measured.

This result highlights the over-prediction of the inertial force component at

high elevations within the wave crest due to the finite body geometry. This is an
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Table 4.4: Drag and inertia coefficients appropriate to the sustained forces occurring after the

initial impact.

Case zcyl Cd Cm

1 0 1.6 1.8
1 25 1.6 1.8
1 50 1.5 1.8
1 75 1.2 1.8

2 0 2.5 1.8
2 25 1.8 1.8
2 50 1.6 1.8
2 75 1.2 1.8

3 0 2.2 1.8
3 25 2.1 1.8
3 50 2.0 1.8
3 75 1.5 1.8

4 0 3.1 1.8
4 25 2.2 1.8
4 50 2.0 1.8
4 75 1.5 1.8

Figure 4.30: Drag coefficients, Cd, measured by Sarpkaya (1976). The calculated drag coeffi-

cients from this study are shown by [ � ] wave case 1, [ � ] wave case 2, [ � ] wave case

3 and [ � ] wave case 4.
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(e) Drag and inertia forces, zcyl = 25 mm.
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(f) Total force, zcyl = 25 mm.
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(g) Drag and inertia forces, zcyl = 0 mm.
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(h) Total force, zcyl = 0 mm.

Figure 4.31: Drag, inertia and total forces measured and predicted for wave case 1 at all

cylinder elevations, zcyl. Horizontal [ ] and vertical [ ] measured forces; horizontal

force predictions are defined by colour at zcyl = 75 mm, 50 mm, 25 mm and 0 mm [•, •, •, •];
force components are [ ] horizontal drag force, [ ] horizontal inertia force and [ ]

the total horizontal force. Vertical forces are shown by: [ ] the vertical drag force, [ ]

the vertical inertia force and [ ] the total vertical force.
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(b) Total force, zcyl = 75 mm.
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(c) Drag and inertia forces, zcyl = 50 mm.
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(d) Total force, zcyl = 50 mm.
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(e) Drag and inertia forces, zcyl = 25 mm.
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(f) Total force, zcyl = 25 mm.
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(g) Drag and inertia forces, zcyl = 0 mm.
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(h) Total force, zcyl = 0 mm.

Figure 4.32: Drag, inertia and total forces measured and predicted for wave case 2 at all

cylinder elevations, zcyl. Horizontal [ ] and vertical [ ] measured forces; horizontal

force predictions are defined by colour at zcyl = 75 mm, 50 mm, 25 mm and 0 mm [•, •, •, •];
force components are [ ] horizontal drag force, [ ] horizontal inertia force and [ ]

the total horizontal force. Vertical forces are shown by: [ ] the vertical drag force, [ ]

the vertical inertia force and [ ] the total vertical force.
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(a) Drag and inertia forces, zcyl = 75 mm.
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(c) Drag and inertia forces, zcyl = 50 mm.
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(e) Drag and inertia forces, zcyl = 25 mm.
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(f) Total force, zcyl = 25 mm.
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(g) Drag and inertia forces, zcyl = 0 mm.
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(h) Total force, zcyl = 0 mm.

Figure 4.33: Drag, inertia and total forces measured and predicted for wave case 3 at all

cylinder elevations, zcyl. Horizontal [ ] and vertical [ ] measured forces; horizontal

force predictions are defined by colour at zcyl = 75 mm, 50 mm, 25 mm and 0 mm [•, •, •, •];
force components are [ ] horizontal drag force, [ ] horizontal inertia force and [ ]

the total horizontal force. Vertical forces are shown by: [ ] the vertical drag force, [ ]

the vertical inertia force and [ ] the total vertical force.
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(a) Drag and inertia forces, zcyl = 75 mm.
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(b) Total force, zcyl = 75 mm.
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(c) Drag and inertia forces, zcyl = 50 mm.
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(d) Total force, zcyl = 50 mm.
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(e) Drag and inertia forces, zcyl = 25 mm.
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(f) Total force, zcyl = 25 mm.
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(g) Drag and inertia forces, zcyl = 0 mm.
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(h) Total force, zcyl = 0 mm.

Figure 4.34: Drag, inertia and total forces measured and predicted for wave case 4 at all

cylinder elevations, zcyl. Horizontal [ ] and vertical [ ] measured forces; horizontal

force predictions are defined by colour at zcyl = 75 mm, 50 mm, 25 mm and 0 mm [•, •, •, •];
force components are [ ] horizontal drag force, [ ] horizontal inertia force and [ ]

the total horizontal force. Vertical forces are shown by: [ ] the vertical drag force, [ ]

the vertical inertia force and [ ] the total vertical force.
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4.4 Sustained wave forces on horizontal cylinders

important design issue, the importance of which was first introduced within the

phasing of umax and ∂u/∂tmax in §3.5.2. The phase difference between the positions

of umax and ∂u/∂tmax, θu|max− θ∂u/∂t|max → 0 as the wave steepness becomes very

large (limiting steepness). This consequently suggests a superposition of the peak

inertia and drag forces. However, this is subject to a limitation relating to the finite

body size and the finite immersion time before the inertia and drag forces are fully

established. The evidence presented within this study shows the requirement for

a finite immersion time before the sustained forces can be appropriately modelled;

validating the time-dependent correction of the drag force by Kaplan & Silbert

(1976).

In comparing the vertical fluid forces, there are significant departures between

the observed and predicted forces. In first reviewing the component loads, it is

evident that the vertical drag force is at a maximum upon fluid entry and exit, at

the locations of |wmax|. However, at this position the body is not instantaneously

immersed, which causes a discontinuity between the measured and predicted force;

the latter assuming the body is instantaneously immersed.

Predictions of the fluid forces using the momentum flux method and the drag-

inertia calculations highlight departures from experimental measurements as the

body enters and exits the water. This is due to both methods imposing instan-

taneous body immersion. Whilst the impact force, Fs, seeks to model the wave

impact (examined within §4.3 and Chapter 5 of this work) the forces associated

with a cylindrical body exiting the fluid are not discussed within this study due

to their reduced practical importance.

When taken as a whole, the predicted force measurements calculated using

Morison’s equation are shown to be in good agreement with the measured wave

forces. This agreement is strongly dependent on the accuracy of the input kine-

matics; the present results based upon lda measurements. The present study has

shown that the force model is effective when a correct representation of the input

kinematics is used. Nonetheless, it is important to note that if a poor description

of the wave kinematics were to be used, the force calculations will be error prone.
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Chapter 4: Wave forcing on slender horizontal cylinders

4.5 Concluding remarks

This chapter details a new experimental procedure to measure the applied fluid

forces on a horizontal cylinder located high in the wave crest. The testing program

has examined changes in the fluid-forcing as a function of the body position. This

experimental procedure has provided new data and physical insights into the force

components applied within very steep wave-structure interactions. In particular, it

has reviewed the physical origins of the component forces and how best to predict

them. The achievements and findings of this chapter are summarised below.

(1) Analysis of the impact force direction and magnitude, highlighted an im-

portant source of uncertainty within the wave-structure impact modelling.

This relates to the nonparallel nature of the normal to the water surface

and direction of the resultant water particle velocities. This work has shown

that in the crests of large, steep waves, the angular difference between the

surface normal and the resultant water particle kinematics causes the im-

pact force to lie between the two. If the angular direction of this force is

included instead of taking the surface normal, as recommended by earlier

methods (Miller, 1977), improved prediction of the impact coefficient can be

attained. Specifically, it results in a reduced spread in the impact coefficient

and the removal of extreme outliers.

(2) When using the fluid velocity component normal to the fluid surface, the

aggregated impact coefficient is Cs = 3.276. This shows good agreement

with the studies of Miller (1977) and Isaacson & Prasad (1994). However,

the spread is reduced by accounting for the angular direction of the impact

force within the impact velocity. Using this hypothesis (to be examined in

detail in Chapter 5) the aggregated impact coefficient is Cs = 2.773.

(3) Impact coefficients arising from wave impacts are lower than some impact

tests such as Campbell & Weynberg (1980) due to the wetting of the cylin-

der. This can lead to a 40% reduction in impact pressures and forces (van

Nuffel et al., 2011).

(4) The prediction of the sustained forces of drag and inertia were examined

using both a momentum flux model and the force model proposed by Mori-
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4.5 Concluding remarks

son et al. (1950). The present results have shown that the inertia forces are

significant, particularly in the vertical direction, at high elevations within

the wave crest, at small times after immersion. At lower elevations within

the crest, inertial forcing is also important; however, it is important in both

the horizontal and vertical directions throughout the complete immersion

time.

(5) The drag and inertia coefficients derived within this work were Cm = 1.8

and Cd = 1.2 → 3.1. The range of drag coefficients is strongly correlated

with the input velocity. For the highest locations in the wave crest, where

the velocities are largest, the drag coefficient is reduced. However, at lower

cylinder elevations, the drag coefficient shows an increase. This is in agree-

ment with the work of Sarpkaya (1976).

(6) Significant departures were observed between the measured and predicted

forces during body entry and exit. Whilst body-fluid entry is modelled

by the impact force, the force prediction at the body-fluid becomes error

prone. Theoretical predictions highlight a large negative drag force as wmin

is approached. However, due to the finite size of the body, this force could

not be established; the experimental data indicating that the force returns

more gradually to zero.
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5
Wave impact forcing on cylindrical

structural members

5.1 Chapter overview

This chapter concerns the modelling of the realistic wave impact conditions first in-

troduced Chapter 4. These conditions focus on the angular discontinuity between

the normal to the water surface and the effective direction of the water particle

velocities. A new set of experimental tests is described, the work providing mea-

surements of the impact forces and most importantly, a physical explanation for

the asymmetric forces observed in Chapter 4.

To realise these results, a new experimental installation was designed and fab-

ricated. This apparatus is capable of simulating impact conditions typical of those

observed within a wave environment (such as the experimental tests of Chapter

4). The details of this apparatus are introduced within §5.2; the objective being to

create a variable angle between the normal to the water surface and the effective

direction of the water particle velocities. Furthermore, this must be achieved for

a range of impact velocities. To date, no other study has presented observations

of this kind for the fluid-structure impact forcing on a cylindrical body.

The chapter commences in §5.1.1 with a brief synopsis of the limitations of the
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existing literature. This is followed by the introduction of the experimental appa-

ratus, the testing program to be implemented and a verification of the preliminary

results in §5.2, §5.3 and §5.4 respectively. Building on these results, §5.5 exam-

ines the self-similarity applied throughout this chapter. This self-similarity forms

the foundation to the pressure and force data presented within §5.6 and §5.7 re-

spectively. Taken together, the pressure time-histories measured within this work

and the calculated fluid forcing provide an explanation for the asymmetric impact

forces identified within Chapter 4. Applying these results, §5.8 and §5.9 concern

the effective prediction of the fluid impact forces for perpendicular and oblique

impact geometries. The chapter concludes with a summary of the results achieved

and the new insights gained.

5.1.1 Literature synopsis

The first theories to describe impact forces arising in the context of a fluid-

structure interaction, concerned the impact of cylindrical pontoons onto quies-

cent water. These analytical solutions, formulated by von Kármán (1929) and

Wagner (1932), were restricted to a perpendicular cylinder-fluid entry; the long

axis of the cylinder moving normal to the water surface. Both of these mod-

els characterised the water entry process by a rigid cylinder penetrating into an

imcompressible, inviscid, irrotational fluid, with no surface tension effects. The

method of von Kármán (1929) imposed a condition of no surface disturbance dur-

ing impact. This creates an under-prediction of the wetted width, X(t), and hence

an under-prediction of the applied forcing. In contrast, the method proposed by

Wagner (1932) included the disturbance of the water surface; the latter building-

up as the body enters the water. This formulation increased the wetted width by
√

2. With a 40% increase in the wetted width, the predicted impact forces were

double in magnitude. Taken together, these methods highlight the significance of

the wetted width on the impact force prediction. However, both the works of von

Kármán (1929) and Wagner (1932) impose a flat-plate analogue when defining

the impact pressure area. In contrast, Fabula (1957) considered an ellipse-fitting

method to calculate the wetted width and added mass more accurately. This

approach sought to better mitigate the singularities that occur at the air-water-
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structure interface in the linearised flat plate analogue. In a further contribution

Faltinsen et al. (1977) also redefined the added mass term (first defined within

von Kármán (1929)) by replacing the flat-plate with a lens shaped surface. Whilst

this method effectively modelled the decay in forcing during the inundation, it did

not improve the accuracy of von Karman’s force prediction. This was due to the

neglect of the surface disturbance and the absence of a wetted width correction.

In contrast, Cointe & Armand (1987) sought to include the accurate modelling

of the free surface deformation during impact. This was achieved in a manner

similar to Wagner (1932), specifically, they implemented a perturbation expan-

sion of the velocity potential, φ, and the free surface deformation, η, to evaluate a

second-order impact force. The derived solution produces the same peak impact

coefficient as Wagner (1932) at the instant of impact (2π), but in a departure to

the flat-plate model of Wagner (1932), the lens shaped impact surface (similar to

that adopted by Faltinsen et al. (1977)) produced a gradual decay in forcing with

increased body immersion.

The modelling of fluid impacts on cylindrical bodies provided a focus for most

of the early work. However, since the middle of the 20th century, theoretical devel-

opments have also been made in respect of wedge entry problems. The motivation

for this work arose as a consequence of bow and hull slamming within naval archi-

tecture applications. The first solution to the wedge entry problem was proposed

by Mackie (1962). This represented a linearised formulation and included the in-

fluence of a wedge inclination angle. A nonlinear description of the free surface

deformation was subsequently proposed by Dobrovol’Skaya (1969). This was lim-

ited to a symmetric wedge entering the fluid vertically, or perpendicular to the

free surface. However, due to difficulties related to the singularity at the root rise

angle, Dobrovol’Skaya (1969) only studied wedge entries for deadrise angles larger

than 30°; the deadrise angle denoting the angle between the undisturbed water

surface and the wedge sides. The singularity that occurs at the air-structure-water

interface is a common difficulty in all fluid-structure impact problems. In accor-

dance with the analytical methods discussed above, this singularity is particularly

challenging within all numerical approaches to fluid-structure impacts (Greenhow,

1987). One method to remove this singularity was first proposed by Zhao & Faltin-

sen (1993). In this approach the jet singularities are mitigated within the wedge
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entry problem by removing the thin jet layer from the domain at each time step.

In addition to perpendicular wedge entries, the impacts associated with in-

clined wedge sections have also been addressed. In such cases it is important to

note that the angle of inclination is the angle between the normal to the free sur-

face and the line of the impact velocity; the latter being aligned with the body

symmetry. Howison et al. (1991) first developed the two-dimensional impact solu-

tion for sections with small deadrise angles using an asymptotic solution similar to

Cointe & Armand (1987). More recently, Semenov & Iafrati (2006) and Semenov

& Wu (2013) have provided notable contributions to the study of asymmetric

wedge entry problems.

First, Semenov & Iafrati (2006) used complex variables to reduce the impact

problem to one or two integral equations. These are subsequently solved by a

numerical method. In contrast, the solution proposed by Semenov & Wu (2013)

used the internal hodograph method to provide more accurate and detailed local

results. The work of Semenov & Iafrati (2006) highlights the pressure asymmetry

and the movement of the stagnation point away from the wedge vertex during

oblique impacts. This phenomenon was hypothesised for the oblique entry of

cylindrical sections within Chapter 4. When the wedge angle is inclined on im-

pact, an asymmetric applied pressure is found. This qualitative result is observed

experimentally in Judge et al. (2004) and in the sph simulations of Oger et al.

(2006). In considering these results, some similarities exist between broad angle

wedges and cylinders; the qualitative description of pressure field being the most

obvious. However, important differences also exist between these two body geome-

tries. Most importantly, the curvature of a cylinder does not cause flow separation

as exhibited by the oblique entry of a wedge apex; the latter shown experimentally

by Judge et al. (2004) in Figure 5.1. Given these similarities, the perpendicular

fluid cylinder impact studied by Campbell & Weynberg (1980) and Lin & Shieh

(1997) will be expanded within this Chapter to include oblique entries.
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Figure 5.1: Sequence of photographs shown the oblique impact of an angled wedge onto

quiescent water recorded by Judge et al. (2004). Flow separation at the wedge apex is clearly

identified (on the left side face) as the wedge becomes increasingly immersed. The wedge has an

inclination angle of α = 63.4°, impact speed of u = 3.81 m s−1 and internal wedge angle of 105°.

5.2 Experimental apparatus

5.2.1 Design of the test rig

The experimental apparatus used within this work consists of four parts: (i) a

supporting superstructure frame, (ii) a pair of linear carriage rails, (iii) a sample

carriage and (iv) the cylindrical test specimen.

Superstructure frame, linear carriage rails and sample carriage

The superstructure frame was designed and assembled using aluminium sections to

provide the required rigidity. The novel detailing within this design comes through

the ability to create a variable inclination angle, α. Variations in this angle are

achieved through a pivoting bearing rod that connects the superstructure frame

to the carriage rails as highlighted within Figure 5.2.

The linear rail system uses a precision linear motion system from HepcoMo-

tion® mounted onto the 2.7 m long aluminium sections of Figure 5.2. Two pairs

of bearing plates were mounted to each linear rail to provide the mounting points

of the sample carriage; this side elevation of this setup is shown within Figure
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Figure 5.2: Side elevation of impact test apparatus with geometric and experimental variables,

(a) orientated for perpendicular entry and (b) orientated for an oblique entry of angle α.
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5.2. This bearing system enables the sample carriage to describe a single degree of

freedom motion in near frictionless conditions. The sample carriage connects the

bearing plates of the slide system to the cylindrical test specimen. This carriage

retains the cylinder in a fixed position and the design ensures that no flow obstruc-

tions are caused when the cylinder impacts on the water surface. The linear rails

and substructure frame provide sufficient stiffness and damping to prevent dy-

namic amplification of the measured pressures (highlighted in §5.4). The natural

frequency of the cylinder section was calculated to be 700 Hz.

The drop height of the carriage is used to control the impact velocity, u, of

the test specimen. The relative height of the drop is controlled using an electrical

winch connected to an electromagnetic release. This method allows the carriage to

be lifted to the appropriate test height, via the winch, and instantaneously released

using the electromagnetic release. The elevation and speed of the test specimen

is measured using a laser distance transducer manufactured by MicroEpsilon�.

This device was mounted at the base of the linear rails and directed onto a target

fixed on the sample carriage. When used in this configuration, the experimen-

tal apparatus allowed impact velocities to be closely controlled with near-perfect

repeatability, shown in §5.3 and §5.4.

To decelerate the test specimens at the end of the linear rails, 2 ACE® shock

absorbers were used. These shock absorbers decelerate the carriage to a controlled

stop commencing when the body reaches an immersion depth of D and finishing

at an immersion depth of 1.5D.

Pressure sensing on the cylindrical test specimen

The cylindrical body has a diameter, D, of 170 mm and a length, L, of 600 mm.

The geometry of L > D was selected to mitigate the influence of end-effects on

pressure measurements. The pressure sensors were placed at the cylinder centreline

at x = L/2, or section A-A, as shown within Figure 5.3(b). At this position, nine

XP5 pressure sensors (by Measurement Specialities®) were installed around the

circumference of the body, at 15° increments. The placement of pressure sensors

is shown within Figure 5.3(a). The XP5 sensors (coloured light green within

Figure 5.3(a)) are mounted in an insert (dark blue) which is firmly bonded to

the cylinder wall. Figure 5.3(b) indicates that the test cylinder is partitioned
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Figure 5.3: Side elevation and section views of the test cylinder (a) viewed along section A-A,

(b) side elevation of test cylinder of length, L and (c) viewed along section C-C.

into three separate chambers; a central chamber and two end chambers. The

waterproof central chamber contains the pressure sensor mountings. This section

connects to the outer-end chambers by a rotational spigot and three locking nuts.

This design allows the central chamber to be rotated on its central axis as the

drop inclination angle, α, is changed. This ensures the sensors always remain in

the same relative position upon impact with the water surface, as shown in Figure

5.4(a).

Due to the nature of the impact pressures applied to the body during water

entry, the nine sensors used in this installation have markedly different ranges.

Sensor E of Figure 5.4(a) has the largest range of 1 MPa, sensors D and F have

a 0.5 MPa range and sensors A, B, C, G, H and J have a range of 0.2 MPa.

These were chosen to ensure all sensors operated over a significant portion of their

working range without any risk of them being overloaded. The XP5 sensors have a

probe head diameter of 3.6 mm and a flush surface diaphragm for smooth mounting

of the sensor on the cylinder face. The manufactured cylindrical specimen, with

sensors installed, is shown within Figure 5.5 with the water proof hatch open.

The drop test apparatus is shown installed within the wide flume at Imperial
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Figure 5.4: Definition of (a) the inclination angle, α, and (b) spray-root rise angle, β. It is

important to note that the difference between θ and β shown above. Whilst θ is the general

angular coordinate, β, is the angular position of the air-water-structure interface that varies with

immersion.

Figure 5.5: Experimental test cylinder with pressure sensors installed.
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College London in Figure 5.6. Quiescent initial conditions and a water depth of

d = 0.4 m were used during all tests. The tank has width 1.22 m and a length of

8 m. This geometry is sufficiently large to ensure that wave reflections from tank

boundaries did not effect the recorded impact event.

In §4.3, it was shown that the angular discontinuity between the surface nor-

mal and the incident fluid velocity vector did not exceed α = 45°. Based upon

this result, this angle provided a physical upper limit for the design of the test

apparatus. Figure 5.6(a) shows the apparatus installed within the wide flume,

with quiescent water conditions and with α = 45°. The angle α is one of two

experimental variables within this tests series; the other being the impact veloc-

ity, u. A complete description of the testing program will be introduced within

§5.3. In addition to the inclination angle, α, the spray-root rise angle, β, is also

introduced within Figure 5.4(b). The spray-root rise angle is subtended from the

cylinder centre to the interface of the air-water-structure on the body face. This

angle describes how the fluid moves around the body as the impact event develops.

5.2.2 Control system and data acquisition

To simultaneously control the acquisition of pressure data and laser distance trans-

ducer measurements, hardware from National Instruments� and software from

LabView� were used.

Data sampling rate

The impact pressures measured on cylinders and flat plates are very sensitive to

the rate of data sampling. This is most important on parallel impact surfaces.

In the case of cylinders, the position of a sensor at θ = 0° (Sensor E) dictates

the highest sample rate required. At this position, the rise-time of the pressure

peak is extremely small as the speed of fluid over the immersed surface is very

large. The sample rate must be sufficiently high to ensure the peak pressure is

measured. A preliminary sample rate of sf = 50 kHz was imposed for all sensors.

When reviewing preliminary data (further discussed in §5.4), this sample rate

was found to be insufficient to measure the peak pressure on sensor E. With

a sample rate of 50 kHz, the sample resolution was such that the deviation in
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(a)

(b)

Figure 5.6: Impact test apparatus installed within wide flume (a) side elevation and (b) end

elevation (inclination angle, α = 45°).
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the measured peak pressure from repeated experimental runs was too high. By

increasing the sample rate to 250 kHz, a very significant reduction in the standard

deviation of the peak pressures was observed. Van Nuffel et al. (2011) provide a

related set of measurements, involving impact velocities of u = 5 to 10 ms−1, and

showed that a sample rate of 200 kHz was required to measure pressure profiles

with a deviation < 1% between repeated experimental tests. The importance of a

sufficient sample rate was further highlighted within Lin & Shieh (1997). In this

case the perpendicular impacts examined within this work (α = 0) show significant

scatter in peak pressure at θ = 0° due to the inadequate sample rate of 25 kHz.

Thermal shock on pressure sensor

In undertaking measurements of impact pressures, the effect of thermal shocks

between the water and air must be considered. As the sensor moves from air to

water a change in thermal conductivity can cause a non-physical drift within the

signal output. The micro-silicon strain gauges used within the XP5 sensors have

minor sensitivity to thermal shocks. Nevertheless, steps were taken to minimise the

potential thermal shock. First, the water within the tank was left to reach thermal

equilibrium with the air temperature. Second, the outside face of the sensor was

covered in a thin film of silicon grease to regulate the change in thermal properties

from air to water.

To quantify the shift in the signal output caused by a worst case thermal

change, a sensor at air temperature (22 ◦C) was subjected to an instantaneous

cooling by plunging the sensor into water at 15 ◦C. In these cases, no insulating

silicon grease was applied. These tests showed a shift in the sensor offset by a

maximum of 0.05% of the full scale output. These results confirmed the excellent

performance of the sensors given the present application.

5.2.3 Scale and surface effects

Aeration of the fluid volume has a significant effect on the compressibility of

water within a developing impact. Physically, compressibility affects the rate of

momentum exchange (Blackmore & Hewson, 1984). Consequently, air entrainment

causes a change in the pressure time-history measured on the body. Specifically,
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this involves a reduction in the peak impact pressure, an increase in the rise-time

of the peak pressure and a change in the post peak decay.

To ensure consistent testing conditions, all test cases were conducted with

non-aerated water. Whilst this condition creates the largest peak pressures, it is

important to note that air entrainment is an important consideration within real

wave-structure impacts, particularly those involving breaking waves. However,

the presence of entrained air does not necessarily affect the impulse associated

with the impact. This is a product of two factors. First, the wave kinematics are

not strongly affected by the presence of air. Second, whilst flow aeration reduces

the water density, the wave mass remains the same due to bulking (Blackmore &

Hewson, 1984). Since the impulse represents the momentum transferred from the

wave to the structure, the impulse magnitude is unlikely to change. Nevertheless,

the peak pressure and the duration of the impact will be strongly influenced.

The extent of this effect is beyond the scope of this thesis; however, due to its

importance it will be discussed further within §6.5.3.

The Weber numbers for these tests (introduced within §4.2.1 of this work) are

Wn = 3498 → 53018. Consequently, surface tension effects are negligible in the

present testing program.

Surface conditions of the body and the fluid

Maintaining a dry body surface and ensuring quiescent conditions in the flume are

essential to retain the homogeneity of the testing programme. To ensure this, the

cylinder was rigorously dried before each test run and the tank was left to settle to

return to quiescent conditions. A settling duration of 600 s was used to ensure any

reflected surface waves were fully dissipated. Without quiescent tank conditions

and a dry body a randomised error will be introduced within the testing program

and the peak pressures will not be consistently measured. For example, if the

body of the cylinder sample is left wet, the peak pressures can be reduced by up

to 40% and the standard deviation of peak pressures can be doubled (van Nuffel

et al., 2011).
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5.3 Test case specification

The test cases presented within this chapter examine 4 angles of inclination, α and

5 different impact velocities, u. This gives a total of 20 different test conditions.

The inclination angle, α, is as defined in Figure 5.4(a), while variations in the

impact velocity were achieved by adopting different carriage release heights. In

this latter case, the variable s, defined in Figure 5.2, was changed from 0.75 m

to 1.75 m in increments of 0.25 m. For each test condition, defined by α and s,

the experiment was repeated 10 times ensuring the definition of a good ensemble

average. Table 5.1 defines the complete set of test cases.

Table 5.1: Impact test cases, where N is the number or repeated runs, u is the impact velocity

and un the velocity component normal to the water surface.

α [°] s [m] N u [m s−1] un [m s−1]

0 1.75 10 4.64± 0.02 4.64± 0.02
1.50 10 4.23± 0.01 4.23± 0.01
1.25 10 3.82± 0.02 3.82± 0.02
1.00 10 3.32± 0.02 3.32± 0.02
0.75 10 2.76± 0.01 2.76± 0.01

15 1.75 10 4.50± 0.00 4.35± 0.01
1.50 10 4.13± 0.01 3.98± 0.00
1.25 10 3.69± 0.01 3.56± 0.01
1.00 10 3.17± 0.00 3.07± 0.00
0.75 10 2.56± 0.06 2.47± 0.06

30 1.75 10 4.17± 0.02 3.61± 0.01
1.50 10 3.83± 0.03 3.32± 0.03
1.25 10 3.40± 0.01 2.94± 0.01
1.00 10 2.91± 0.00 2.52± 0.00
0.75 10 2.30± 0.00 1.99± 0.00

45 1.75 10 3.46± 0.05 2.45± 0.03
1.50 10 3.19± 0.04 2.26± 0.03
1.25 10 2.82± 0.01 1.99± 0.01
1.00 10 2.32± 0.02 1.64± 0.01
0.75 10 1.69± 0.08 1.19± 0.05
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Figure 5.7: Impact velocity measurements using laser distance transducer. The position of

the cylinder face with respect to the free surface is shown by [ ]. The impact of the cylinder

on the fluid is shown by [◦] with the impact velocity shown by the gradient of [ ]. Time of

fluid-structure impact is shown by vertical [ ]. z/D = ±60% shown by horizontal [ ].

(a) Test case α = 0° and u = 4.64 m s−1 and (b) test case α = 0° and u = 2.76 m s−1.

5.4 Repeatability, reliability and data validation

The test cases introduced within §5.3 all show excellent consistency in terms of

the impact velocities, u. The standard deviation of u, over 10 tests (highlighted

in Table 5.1) was < 1%. Furthermore, the uniformity of u(t) recorded during the

impact event is also important. Figure 5.7 shows the time variation in the posi-

tion of the body (s) during two impact events corresponding to u = 4.64 m s−1 and

u = 2.76 m s−1, both corresponding to α = 0°. The gradient of this line, ds/dt,

defines the body velocity. Figure 5.7 confirms the consistency (or uniformity) of

the impact velocity throughout the impact event; the velocity information being

measured to the sensor limit of D/z = −0.6. In addition to the velocity mea-

surements, careful examination of the raw pressure data is also required. Figure

5.8 concerns the raw pressure time-histories measured at sensors E, F and G;

the position of these sensors on the body circumference being defined in Figure

5.4. The pressure time-histories all relate to the test α = 0° and s = 1.75 m.

These pressures are the largest that the body would experience within the test

specification outlined in Table 5.3. Figures 5.8(a), 5.8(b) and 5.8(c) each present
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Chapter 5: Wave impact forcing on cylinders

data arising from ten repeated tests with comparisons to the ensemble averaged

pressure time-history. Sensor E shows the largest peak pressure at θ = 0° and

t = 0 s. As the fluid moves around the body, the pressure peaks measured at

θ = 15° (sensor F) and at θ = 30° (sensor G) reduce. The standard deviation in

the measured peak pressure is also shown on these plots. Figure 5.8(a) highlights

the effect of under sampled data defining the impact process. Two standard de-

viations are shown: one is from the measure peak pressure sampled at 250 kHz,

the second from the peak presssure sampled at 50 kHz. As discussed in §5.2.2, a

low sample rate will measure a reduced peak pressure with an increased spread

in the recorded data. To mitigate this effect, sensor E was sampled at 250 kHz,

whilst all other sensors are sampled at 50 kHz. Adopting this approach, the stan-

dard deviation in the peak pressure, Pmax, expressed as a percentage of Pmax were

respectively: Sensor E, σPmax/Pmax = 4.4%, Sensor F, σPmax/Pmax = 3.0% and

Sensor G, σPmax/Pmax = 2.3%.

To validate these initial pressure measurements, the pressure time-history of

Sensor D for the case with α = 0° and s = 1.25m are compared to the pressure

time-histories measured by Campbell & Weynberg (1980) and Lin & Shieh (1997).

Figure 5.9 addresses this comparison in nondimensional form; Cp being the nondi-

mensional pressure coefficient, expressed as P/(1
2
ρu2

n). On the x-axis, unt/D is

the nondimensional body penetration depth, expressing the relative submergence

of the body within the fluid. These two nondimensional variables will be further

explained in §5.5.

Due to limited high-quality data describing pressure time-histories, direct com-

parisons with independent data is difficult. In an attempt to overcome this prob-

lem, the pressure trace of Campbell & Weynberg (1980) recorded by a sensor

located at θ = 12°, is compared to the present data recorded at a sensor location

of θ = 15°. Additional data, provided by Lin & Shieh (1997) again relating to

θ = 15°, is also included in these comparisons. Given the difference in the sensor

locations it is expected that the Campbell & Weynberg (1980) data describes a

larger maximum pressure, Pmax, occurring at a reduced unt/D; a sensor located at

θ = 12° being immersed before a sensor located at θ = 15°. The nondimensional

pressure coefficient measured within the present study and the work of Campbell

& Weynberg (1980) are both fitted with a functional form. Whilst Campbell &
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Figure 5.8: Repeatability of the raw pressure time-histories recorded at (a) sensor E, (b) sensor

F and (c) sensor G. Each subplot shows [ ] 10 measured records with [ , , ]

and [ ] the standard deviation in Pmax ensemble averaged profiles . Figure 5.8(a) also

highlights the importance of the sample rate; the standard deviation in Pmax shown when P (t)

is measured at [ ] 50 kHz and [ ] 250 kHz .
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Figure 5.9: Verification of pressure measurements. [�] Raw pressure coefficients measured by

Campbell & Weynberg (1980), [ ] linear rise to peak pressure and hyperbolic post-peak

decay. [◦] Raw pressure coefficients measured in this work at sensor D, [ ] linear rise to peak

pressure and two-part exponential post-peak decay. [ ] Denotes the pressure coefficients of

Lin & Shieh (1997).

Weynberg (1980) use a hyperbolic function form, this study implements a more

general decay profile using a two-part exponential fit. A good description of the

pressure decay is achieved using this method, this gives confidence in use of a two-

part exponential function when seeking to model the data recorded in the present

tests.

Unfortunately, the work of and Lin & Shieh (1997) exhibits a gradual drift in

the pressure records at large immersion depths, notably for unt/D > 0.25. This is

(most likely) a thermodynamic sensor effect, not least because the impact velocity

remains constant at this immersion depth. Whilst the peak pressures occur at

the same time in both the present work and the work of Lin & Shieh (1997), the

peak pressure coefficient recorded in the earlier work is 24% lower. This under-

prediction is the result of the low sample rate (25 kHz) adopted by Lin & Shieh

(1997) discussed in §5.2.2.

5.5 Normalisation and self similarity

Within this chapter two nondimensional parameters are used. First, the body

motion through the fluid is described by unt/D. This gives a measure of nondi-

mensional body-fluid penetration. Second, when analysing the measured pressure,
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the pressure coefficient, Cp is defined by,

Cp =
P

1
2
ρu2

n

, (5.1)

where un is the component of the impact velocity normal to the water surface

and P is the gauge pressure. Figure 5.10 introduces the importance of these

parameters within the present impact tests. The variation of the spray-root rise

angle, β, with time is first considered in Figure 5.10(a). In this, and all subsequent

figures, t = 0 s corresponds to the start of the impact event. This is defined when

pressure sensor E first registers a positive pressure. Independent checks, based

on the data recorded by the laser displacement transducer, confirms that this

exactly corresponds to the cylinder breaking the quiescent water surface. Figure

5.10(a) shows β(t) for the five different impact velocities recorded with α = 0°;

full details provided in Table 5.1. At each sensor position, β(t) was determined

as the time at which the peak pressure was recorded; this definition ensuring that

the whole pressure sensor diaphragm was covered. Figure 5.10(a) highlights the

fact that as the impact velocity increases, the body moves through the water

more rapidly. As a result, β(t) increases as the impact velocity increases. Figure

5.10(b) removes this dependency on the impact velocity by transforming the x-axis

into nondimensional form, unt/D. Figure 5.10(b) now highlights that when the

spray-root-rise angle, β(t), is appropriately normalised by the immersion depth,

the process is self similar.

This self similarity is further considered in Figure 5.10(c). Within this figure,

β is expressed as a dimensionless immersion depth, 1−cos(β). This indicates that

the rise of the spray root around the body is independent of impact velocity at

small immersion depths. It is clear from Figure 5.10(c) that β rises rapidly around

the body. Indeed, the rate of change of β is increased by the surface disturbance

caused by the body as it enters the fluid. This is highlighted by the agreement

between the present data and the earlier solutions of Wagner (1932) and Fabula

(1957); the latter both incorporating the surface disturbance caused by the body

penetration. In contrast, if no surface disturbance is included and β is modelled

by comparison to the still water level on the body, the spray root angle will be

significantly under-predicted at all stages of the immersion.
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Figure 5.10: The self-similarity of an impact event for small submergence depths; variations

in the spray root angle, β, with time. (a) In dimensional form, β vs. t; (b) with time non-

dimensionalised as unt/D, and (c) with β expressed as a non-dimensional immersion depth,

1−cos(β). All test cases correspond to α = 0°, with five different impact velocities superimposed:

[ ] un = 4.64 m s−1, [ ] un = 4.23 m s−1, [ ] un = 3.82 m s−1, [ ] un =

3.32 m s−1, [ ] un = 2.76 m s−1. [ ] Wagner (1932) flat plate solution, [ ] Fabula

(1957) solution and [ ] static water level.
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The second nondimensional variable, the pressure coefficient, Cp, was also in-

troduced within §5.4. The validity of this coefficient choice is considered in Figure

5.11. This highlights the variation in the pressure coefficient during immersion for

sensors D and F (located at θ = ±15°) and sensors C and G (located at θ = ±30°).

It is important to note that appropriate nondimensionalisation produces excellent

self similarity of the pressure traces; the records becoming independent of the

impact velocity.

Figure 5.11 also introduces the primary research objective of the present chap-

ter: quantifying the differences between a symmetric impact (α = 0°) and an

oblique impact (α 6= 45°); the latter characterised by the fact that u and sur-

face normal are nonparallel. Figure 5.11 compares the nondimensional pressure

traces, with increasing immersion on the left and right of the cylinder centreline

when α = 45°. Comparisons between these data records highlight the developing

asymmetry.

For example, comparisons between the data recorded at sensors D and F lo-

cated at θ = ±15°, (Figure 5.11(a) and 5.11(b)) and sensors C and G located at

β = ±30°, (Figure 5.11(c) and 5.11(d)) show significant differences between the

left (lhs) and right (rhs) sides of the body. Specifically, sensors F and G located

on the right hand side of the body show larger maxima in the pressure coefficient

and a greater impulse magnitude than the corresponding sensors on the left hand

side.

5.6 Pressure asymmetry

To examine the development of the pressure asymmetry on the body face, the

pressure time-histories measured on each side of the cylinder are presented. First,

the case of α = 0°, un = 4.64ms−1 is examined within Figure 5.12. Figure 5.12(a)

highlights the pressure time-histories measured on the lhs of the body at sensors

E, D and C. Similarly, Figure 5.12(b) shows the pressure time-histories measured

on the rhs of the body at sensors E, F and G. Both figures have a Pmax envelope

superimposed on the measured time-histories. This line shows the change in peak

pressure as the body becomes increasingly immersed and β increases. It is im-

portant to note that the Pmax envelope does not denote the peak pressure around
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(d) Sensor G, α = 45°, right side.

Figure 5.11: Self-similarity in the pressure time-histories at four sensor locations; (a) sensor

D, (b) sensor F, (c) sensor C and (d) sensor G. Sensors D and C are located on the left side

of the body, and sensors F and G are located on the right side of the body. In each case data

relating to all five impact velocities for α = 45° are superimposed: [ ] un = 3.46ms−1,

[ ] un = 3.19ms−1, [ ] un = 2.82ms−1, [ ] un = 2.32ms−1 on the left side of

the body and [ ] un = 3.46ms−1, [ ] un = 3.19ms−1, [ ] un = 2.82ms−1 and

[ ] un = 2.32ms−1 on the right side of the body. In addition to demonstrating the self

similarity, comparions between the left and right figures highlight the asymmetry in both the

pressure maxima and the impulse duration.
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the cylinder face at any one instant in time, but rather the peak pressure at each

β angle, where β(t), irrespective of the time at which the it occurs. In effect, it

represents the envelope to the measured data. The Pmax(β) envelope is formulated

using a two-part exponential least-mean-squares fit. The benefits of adopting this

approach are further discussed in §5.7.1.

Figure 5.12(c) superimposes the Pmax envelopes presented on Figures 5.12(a)

and 5.12(b); the near-perfect agreement highlighting the symmetry about θ = 0°.

However, as the inclination of the inclination angle is increased to α = 45°, this

symmetry will progressively disappear. This change is highlighted in Figure 5.13.

This provides a similar set of figures relating to α = 45°. However, with an increase

in α there is a corresponding reduction in un. When comparing Figure 5.13(a)

to Figure 5.13(b) the right side of the cylinder body experiences significantly

larger pressure maxima, that are sustained for increased durations. This result

is consistent with preliminary findings of Figure 5.11 and further highlighted in

Figure 5.13(c).

To make direct comparisons between Figures 5.12 and 5.13, both the pressure

and the depth of immersion are nondimensionalised. This removes the dependency

on the impact velocity, un, and enables the relationship between changes in α and

the impact pressure to be examined. Taking one step at a time, the nondimensional

x-axis is shown within Figures 5.14 and 5.15 (using the nondimensional variable

outlined in §5.5). With the x-axis defined by a nondimensional immersion depth,

the effect of α on the resulting pressure distribution can be observed. As α is

increased from α = 0° (Figure 5.14) to α = 45° (Figure 5.15), the Pmax envelope

highlights a decreasing pressure on the left hand side and an increasing pressure

on the right hand side.

To better quantify this effect, nondimensionalisation of the y-axis converts the

pressure to a pressure coefficient, Cp = P/(1
2
ρu2

n) and Cp,max = Pmax/(
1
2
ρu2

n).

Adopting this approach, the maximum pressure envelope, Pmax(β) can be com-

pared across all five impact velocities for each inclination angle, α. Figure 5.16

provides the result of this nondimensionalisation. As the inclination angle is in-

creased from Figure 5.16(a) to Figure 5.16(d), an increased asymmetry of the

Pmax envelope is observed. Most importantly, Figure 5.16 exhibits excellent self

similarity at each inclination angle. Futhermore, the asymmetric pressure enve-
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Figure 5.12: Pressure time-histories and the definition of the envelope of the maximum pres-

sures for case α = 0° and un = 4.64 m s−1. (a) Left side of the body, (b) right side of the body

and (c) superimposed Pmax envelopes. [ ] Pmax on left hand side, [ ] Pmax on right

hand side. [ ◦ ] P (t) at sensor E, [ � ] P (t) at sensor D and F, [ ♦ ] P (t) at sensor C

and G.
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(a) Left side of the body
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(b) Right side of the body
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Figure 5.13: Pressure time-histories and the definition of the envelope of the maximum pres-

sures for case α = 45° and un = 2.26 m s−1. (a) Left side of the body, (b) right side of the body

and (c) superimposed Pmax envelopes. [ ] Pmax on left hand side, [ ] Pmax on right

hand side. [ ◦ ] P (t) at sensor E, [ � ] P (t) at sensor D and F, [ ♦ ] P (t) at sensor C

and G.
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lope exhibited within Figure 5.16(d) shows a clear departure from the symmetric

impact case shown within Figure 5.16(a).

In considering Figure 5.16, three points are highlighted. The Pmax envelope is

formed from the maximum pressure registered at each of the sensor locations. In

this form, there is a small time difference between sensor pairs registering the peak

pressure coefficient. In this context, a sensor pair share the same angular position

either side of the centre sensor E; for example, sensors D and F at ±15° and sensors

C and G at ±30°. The small difference between the immersion depths at the sensor

pairs reflect the manufacturing tolerances associated with the apparatus. A small

displacement in the relative position of any one sensor in pair, creates a small

difference in the arrival time of the pressure peak. In considering this point, it

is important to note that this tolerance does not affect the shape of the Pmax

envelope.

It is also clear from Figures 5.16(a)–5.16(d) that the average pressure coeffi-

cient at β = 0° (or t = 0 s) is Cp = 295. This value is significantly greater than

the Cp = 105 reported in Lin & Shieh (1997). However, the accumulated evidence

suggests that the value proposed by Lin & Shieh (1997) represents a significant

under-prediction. First, a significant dynamic response is evident within the mea-

surements of Lin & Shieh (1997). This will cause both a temporal delay and an

attenuation in the peak pressure. Furthermore, the low sample rate of 25 kHz will

yield an under-prediction of the peak pressure when the body is first immersed.

Unfortunately, Campbell & Weynberg (1980) do not achieve measurements of the

peak pressure at small immersion depths (when unt/D < 0.006). However, sig-

nificant growth of the Cp coefficient in this region is noted. Taken together, this

work highlights that at small immersion depths the pressure coefficients are very

large but spatially restricted.

Most importantly Figure 5.16 provides clear evidence of the asymmetric evo-

lution of the maximum pressure envelopes on the left and right sides of the body.

As the angle of inclination, α, increases, the asymmetry between the left and right

sides notably increases. To quantify the dependency of the symmetry on α, Fig-

ures 5.16(a)–5.16(d) are ensemble averaged to produce an envelope of the pressure

maximum for each α angle. The results of this aggregation are shown on Figure

5.17. This highlights the fact that as the inclination angle α increases, the pres-
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Figure 5.14: The maximum pressure envelope shown against nondimensional immersion for

case α = 0° and un = 4.54 m s−1. (a) Left side of the body and (b) right side of the body. [ ]

Pmax on left hand side, [ ] Pmax on right hand side. [ ◦ ] P (t) at sensor E,

[ � ] P (t) at sensor D and F, [ ♦ ] P (t) at sensor C and G.
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Figure 5.15: The maximum pressure envelope shown against nondimensional immersion for

case α = 45° and un = 2.26 m s−1. (a) Left side of the body and (b) right side of the body.

[ ] Pmax on left hand side, [ ] Pmax on right hand side. [ ◦ ] P (t) at sensor E,

[ � ] P (t) at sensor D and F, [ ♦ ] P (t) at sensor C and G.
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Figure 5.16: Envelopes of the nondimensional maximum pressure for all test cases; (a) α = 0°,

(b) α = 15°, (c) α = 30° and (d) α = 45°. [ ] Cp,max on left side and [ ] Cp,max on right

side. [◦] Cp,max(E), [�] Cp,max(D), [�] Cp,max(C), [4] Cp,max(B), [B] Cp,max(A), [�] Cp,max(F),

[�] Cp,max(G), [4] Cp,max(H) and [B] Cp,max(J).
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Figure 5.17: The averaged Cp,max envelopes across each inclination angle: [ ] α = 0°,

[ ] α = 15° (rhs), [ ] α = 15° (lhs). [ ] α = 30° (rhs), [ ] α = 30° (lhs).

[ ] α = 45° (rhs), [ ] α = 45° (lhs).

sure increases on the rhs of the body and decreases on the lhs; the increase in

the pressure coefficient on the rhs (as α increases) coinciding with the increasing

horizontal velocity component.

5.7 Impact forces

To understand the effect of the pressure asymmetry with non-perpendicular fluid-

structure impacts it is necessary to consider the body forcing. This is achieved

by integrating the measured pressure time-histories around the immersed fraction

of the cylinder. To calculate the body forcing, two pieces of information are

required. First, the shape of the pressure time-histories recorded at each of the

sensors and, second, the limits of the fluid movement around the cylinder edge as

the body moves through the water. To attain this information, the envelopes of

the maximum pressure and discrete pressure time-histories are both required.
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5.7.1 Verification of the envelopes of the maximum pressure

The definition of the envelope of the maximum pressure was introduced within

§5.6; the mathematical description selected to be a two-part exponential profile.

Whilst this method produces excellent agreement with the measured data, the

accuracy of this fitting method remains unclear in areas involving a rapid change

in the pressure peak (at small angles of β). To examine the suitability of the

maximum adopted shape, one impact test case was re-examined and the pressure

data measured with a substantially increased angular resolution. The angular

sensor separation of 15° was refined to 3°, and the pressure measurements taken

within the range of θ = 0° to 15°. The chosen test case was α = 0° and un =

3.82 m s−1; the α = 0° case giving a very rapid change in Cp for small times and

hence small depths of immersion.

Figure 5.18 confirms the validity of the two-part exponential model to describe

the envelope of the maximum pressure. This figure shows the envelope of the

maximum pressure coefficient, Cp,max(β), produced using the data measured with

pressure sensors located at 0°, 15°, 30°, 45° and 60°. With an additional set of

measurements subsequently recorded at 0°, 3°, 6°, 9°, 12° and 15°, the maximum

pressures measured at these positions are superimposed on the original maximum

pressure coefficient envelope. Due to restrictions on the sensing ranges, the in-

creased spatial resolution data was measured on one side of the body only, for

the symmetric impact test case of α = 0°. The test case of un = 3.82 m s−1 was

selected to produce the largest impact velocities that did not overload the adjacent

sensors when pressure measurements were taken at 3◦ increments.

The pressure measurements at the increased angular resolution of 0°, 3°, 6°, 9°,

12° and 15° were each repeated 10 times. The standard deviation associated with

these repeated tests lie within the range of 4.8%–8.4% of Cp,max(β) and are shown

on Figure 5.18.

The data presented on Figure 5.18 highlights the excellent correlation between

the measured peak pressures (as a function of the spray root rise angle, β) and

the use of two-part exponential least-mean-square functional fit; the latter based

upon the original pressure data measured within an angular resolution of 15°
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Figure 5.18: Verification of the two-part exponential model for the description of the Cp,max en-

velope [ ] using experimental data sampled at an increased angular resolution. [◦] Cp,max(E),

[�] Cp,max(C), [4] Cp,max(B), [�] Cp,max(G), [4] Cp,max(H). [◦] Cp,max measured at 3° increments

around the body from 0° to 15°. Standard deviation in Cp,max denoted by [I].

5.7.2 Pressure time-history interpolation

To calculate the applied force time-history the pressure time-histories measured

at each of the nine sensors require interpolation. The use of interpolation is to

increase the spatial resolution of the pressure time-history information. Each

of the pressure time-history records, P (t), were described by a functional form.

This consisted of two-parts, a linear increase on the rising edge and a two-part

exponential decay in the post-peak region. An example of this fitting process is

provided in Figure 5.20. This data relates to α = 0° and un = 3.82 m s−1 and was

recorded at sensor F. The key point to note is the excellent agreement between

the measured pressure data and the two-part functional fit; the data presented on

Figure 5.20 being representative of that arising in all cases.

The choice of the functional fit was based upon the recommendation of Camp-

bell & Weynberg (1980) and the successful validation outlined in the preliminary

comparisons of §5.4. In adopting this functional form, the relatively coarse reso-

lution of the pressure histories measured experimentally could be interpolated to

produce a more accurate prediction of the force time-history. To achieve this, the

gradient of the linear increase, m, and the two-part exponential decay were defined
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Figure 5.19: Details of the interpolated fits used to describe the pressure time-histories P(t) at

positions of θ on the body. (a) The gradient of the linear rise, m, with increased body immersion

and (b) the normalised two-part exponential decay, P (t)/Pmax, for [ ] sensor E , [ ]

sensor F, [ ] sensor G and [ ] sensor J. The data shown in the figure is taken from a

typical case, α = 0° and u = 3.82 m s−1.

as functions of the angular position. Details of these fits are given in Figure 5.19.

Figure 5.19 defining the gradient of the linear rise and Figure 5.19(b) the two-

part exponential decay. From these figures it is clear that as the body becomes

increasingly immersed in the fluid and the impact root rise angle, β, increases, the

gradient m decreases and the post-peak pressure decay is more gradual. This was

first seen within Figure 5.8. The gradient m, and properties of the post-peak de-

cay are known at each of the pressure sensor locations at 0°, 15°, 30°, 45° and 60°.

As the angle β changes between these discrete locations, the pressure time-history

shape is interpolated.

Adopting the functional form outlined in Figure 5.19, the results of the in-

terpolation method are compared to the additional data recorded with a higher

angular resolution outlined in §5.7.1. These results are presented in Figure 5.21(a)

to Figure 5.21(e); all of the data relating to the α = 0° and un = 3.82 m s−1 test

case. In considering these results it is important to stress that this data was not

used at any point in the fitting for the functional form (Figure 5.21(a) to Figure

5.21(e)) and that good agreement is achieved in all cases, particularly subplots

(b)–(d).
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Figure 5.20: Recorded pressure time-history, P (t), with fitted functional form; [ ◦ ] the

pressure data recorded at sensor F for case α = 0°, un = 3.82 m s−1 and [ ] is the functional

form.

5.7.3 Derivation of the fluid-structure forcing

In the section that follows the body forcing is calculated using strip theory. This

evaluates body forces using a numerical integration of the pressure description

over space. In continuous form the vertical body force, Fz, at each time during

the fluid-structure impact is defined by:

Fz(t) =

∫ θ=β

θ=−β
P (θ, t) cos(θ)rdθ, (5.2)

where P is the pressure acting on an infinitely small arc of the body circumference,

rdθ; r being the radius of the body. The limits of the pressure integral increase

with time as the body penetrates deeper into the fluid and β increases. The

definition of these variables is shown in Figure 5.22. Adopting a similar approach,

the horizontal force is defined by Equation 5.3. It is important to note this force

is only zero when the fluid structure impact is perpendicular and hence α = 0.

Fx(t) =

∫ θ=β

θ=−β
P (θ, t) sin(θ)rdθ. (5.3)

To evaluate this continuous integral using the experimentally measured pres-

sure time-histories, reference should be made to Figure 5.23. In all cases the

movement of fluid around the body is defined by β(t). For each test β(t) was
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Figure 5.21: Comparisons between the recorded pressure time-histories and the interpolated

functional form for the impact case with α = 0° and un = 3.19 m s−1. [ ◦ ] is the measured

pressure data at each angular position of (a) θ = 0◦, (b) θ = 3◦, (c) θ = 6◦, (d) θ = 9◦ and (e)

θ = 12◦. [ ] Denotes the functional form on the pressure-time history.
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found, as highlighted within Figure 5.10. Consequently, at each time step, the

limits of fluid around the body are known thereby defining the limits of the pres-

sure integration. Using the β(t) information, a vector of times are defined for a set

of uniformly spaced β values. These are the times at which the force is calculated.

At the selected values of β the interpolated pressure time-histories (as discussed

in §5.7.2) are produced. These pressure time-histories describe how the pressure

on an arc of length, li, varies with time, Pi(t). To calculate the total body force,

an integral is taken over all arcs, li, on each side of the body.

For clarity, the body is split into two parts, separated by the line of θ = 0°.

These denote the left and right hand sides. In this form, the vertical force on the

right side of the body is equal to:

Fz(t)|rhs = P1(t) cos

(
θ1

2

)
r(θ1) +

N∑

i=2

Pi(t) cos

(
θi + θi−1

2

)
r(θi − θi−1); (5.4)

the adopted notation defined on Figure 5.23. Within this formulation the pressure,

Pi, is taken from the interpolated pressure time-histories; the shape of the pressure

time-histories as the fluid moves around the body being defined in accordance

with §5.7.2. Scaling of the pressure time-histories is ensured by the envelope of

the maximum pressure defined in §5.7.1. Equation 5.4 accounts for half (or part)

of the vertical force; the full vertical force being defined by the sum of the vertical

forces on the right and left hand sides of the body. The forcing applied to both

sides of the body are only equal in the case of a perpendicular impact. As the

angular difference between the surface normal, n, (Figure 5.23) and the impact

velocity, u, increases, the pressure on strips positioned at ±θ, become different.

When considering these cases (α 6= 0), the vertical forcing on the lhs, Fz(t)|lhs, is

β

z

x

n

θ
dθ

dP

r

Figure 5.22: Definition of the continuous pressure integration variables.
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Figure 5.23: Definition of the discrete pressure integration variables; (a) the overal layout and

(b) a close-up indicating the definition of angles and pressures.

evaluated using an equation identical to Equation 5.4, but P (t) will be different.

Summing up the two parts, the total vertical force is given by;

Fz(t) = Fz(t)|lhs + Fz(t)|rhs (5.5)

The horizontal force, Fx(t), is evaluated in a similar fashion to the vertical

force, the problem again being divided into two parts. In this case the horizontal

force on the left side of the body is described by:

Fx(t)|lhs = P1(t) sin

(
θ1

2

)
r(θ1) +

N∑

i=2

Pi(t) sin

(
θi + θi−1

2

)
r(θi − θi−1), (5.6)

where the relevant notation is again defined on Figure 5.23. Given the adopted

Cartesian co-ordinate (x, z on Figure 5.23) the horizontal force on the right hand

side is defined using an identical equation to Equation 5.6; however, it acts in the

opposite direction. Summing the two parts the total horizontal force is defined

by:

Fx(t) = Fx(t)|lhs − Fx(t)|rhs. (5.7)

In undertaking the calculations it is important to note that the number of strips

to be numerically integrated, N , increases as the immersion of the body increases.

When evaluated at successive time-steps this numerical integration produces a

time-history of the vertical and horizontal forces acting on the body. Figure 5.24

presents the force time-histories arising in the perpendicular fluid-structure impact

(α = 0°); the five records corresponding to the five different impact velocities.
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Figure 5.24: Vertical and horizontal force time-histories for case α = 0°; (a) Fz and (b) Fx

with impact velocities denoted by [ ] un = 4.64 m s−1, [ ] un = 4.23 m s−1, [ ]

un = 3.82 m s−1, [ ] un = 3.32 m s−1, [ ] un = 2.76 m s−1. The vertical lines of [ ]

highlight when the sensor positions of E, D, C, B and A become immersed.

Figure 5.24(a) shows that as the impact velocity increases, so does the magnitude

of the vertical force. Furthermore, Figure 5.24(b) confirms that in this symmetric

impact case, the resultant horizontal force is effectively zero.

By contrast, Figure 5.25 shows the vertical and horizontal body forcing when

the inclination angle is set to α = 45°. In this case the vertical force again increases

similar to Figure 5.24, as with the normal component of the impact velocity, un

(Figure 5.25(a)). However, Figure 5.25(b) identifies a significant difference; the

body being subject to a resultant horizontal force.

This horizontal force, highlighted within Figure 5.25(b) arises from the asym-

metric pressure applied on the left and right sides of the body. Figure 5.26 further

investigates this asymmetric pressure for the four different inclination angles each

with an (approximately) equal normal impact velocity, un. Within each of the

four plots, the pressure coefficient, Cp, is presented as a function of θ. The se-

quence of lines on each figure demonstrate the evolution of the applied pressure

as the body penetrates through the fluid. For example, Figure 5.26(a) shows the

normalised pressure, Cp, on the body circumference at seven levels of immersion;

the latter corresponding to unt/D = 0.0000625, 0.003, 0.006, 0.012, 0.018, 0.024
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Figure 5.25: Vertical and horizontal force time-histories for case α = 45°; (a) Fz and (b) Fx

with impact velocities denoted by [ ] un = 2.45 m s−1, [ ] un = 2.26 m s−1, [ ]

un = 1.99 m s−1, [ ] un = 1.64 m s−1, [ ] un = 1.19 m s−1. The vertical lines of [ ]

highlight when the sensor positions of E, D, C and B become immersed.

and 0.03. At each level of immersion this figure highlights the symmetry of the

pressure distribution arising on the left and right sides of the body. As a result,

no horizontal force acts, as shown in Figure 5.24. Figure 5.26(a) also contrasts the

measured pressure distribution with the peak pressure coefficients measured for

the same levels of immersion in the tests of Campbell & Weynberg (1980). The

pressure field measured by Campbell & Weynberg (1980) is shown in detail on

Figure 5.27. Unfortunately, this work exhibits two important limitations. First,

with the instrumentation based upon strain gauges, the distribution of pressure

at immersion levels of unt/D < 0.006 are not provided. Second, the work was

limited to symmetric impact cases (α = 0°) and, as a such, the impact pressures

were only recorded on the half body. A full description of the pressures there-

fore requires the data to be mirrored through the line of fluid-structure symmetry.

Whilst this is acceptable in the α = 0° case, it gives no information concerning

the development of the unavoidable asymmetries (see Figure 5.26).

Figure 5.26(b), 5.26(c) and 5.26(d) idenitify clear departures from the sym-

metric impact case of Figure 5.26(a). To confirm this Figures 5.26(b)–5.26(d)

are also compared to the distribution of the peak pressure coefficient arising from
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Figure 5.26: Applied pressure coefficients, Cp(θ), for variations in cylinder immersion and

the inclination angle, α, with approximately constant normal velocities, un; (a) α = 0◦, un =

2.76 m s−1, (b) α = 15◦, un = 2.47 m s−1 and (c) α = 30◦, un = 2.52 m s−1. The different

fluid immersion levels are: [ ◦ ] unt/D = 0.0000625, [ ◦ ] unt/D = 0.003, [ ◦ ]

unt/D = 0.006, [ ◦ ] unt/D = 0.012, [ ◦ ] unt/D = 0.018, [ ◦ ] unt/D = 0.024, [

◦ ] unt/D = 0.030. The Cp,max(θ) as defined by Campbell & Weynberg (1980) is shown by

[ ◦ ].
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Figure 5.27: Pressure field variations with increased cylinder immersion as measured by Camp-

bell & Weynberg (1980). This work was restricted to perpendicular fluid-structure impact and

P (θ) for unt/D < 0.006 was not measured. [ ◦ ] unt/D = 0.006, [ ◦ ] unt/D = 0.012,

[ ◦ ] unt/D = 0.018, [ ◦ ] unt/D = 0.024, [ ◦ ] unt/D = 0.030 and [ ◦ ]

unt/D = 0.036. The Cp,max(θ) is defined by [ ◦ ] with all data reflected over the line of

symmetry at θ = 0◦.

Campbell & Weynberg (1980). It is evident from these comparisons that as the in-

clination angle, α, increases, the applied pressure has increasing asymmetry. This

leads to an increase in the pressure applied to the right side of the body and a

decrease on the left side. It is this pressure difference on the body that causes the

resultant horizontal force; the latter acting in addition to the vertical force. As

the inclination angle α increases, there is an obvious increase in horizontal hori-

zontal momentum. Upon impact, this increased horizontal momentum causes the

increased horizontal pressures on the reaction face (right) and a relative reduction

of the pressures on the left face. It is also noteworthy that within all the test cases

presented on Figure 5.26, the pressure coefficient shows rapid increase at small

immersion depths. This highlights the rapid temporal and spatial changes in the

pressure distribution during the initial stages of the impact.

The evolution of the impact for different inclination angles (α) is shown in

Figures 5.28 to 5.31. Each figure shows a sequence of photographs beginning at

the instant of the initial impact at t = 0 and extending to t = 0.1 s after impact.

Whilst Figure 5.28 (α = 0°) exhibits well defined symmetry, as α is increased the

asymmetry in the spray root becomes more evident.
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(a) t = 0.0 s (b) t = 0.0125 s (c) t = 0.0250 s

(d) t = 0.0375 s (e) t = 0.0500 s (f) t = 0.0625 s

(g) t = 0.0750 s (h) t = 0.0875 s (i) t = 0.1000 s

Figure 5.28: Fluid-structure impact for α = 0° and un = 2.76 m s−1, images recorded at 400fps.
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(a) t = 0.0 s (b) t = 0.0125 s (c) t = 0.0250 s

(d) t = 0.0375 s (e) t = 0.0500 s (f) t = 0.0625 s

(g) t = 0.0750 s (h) t = 0.0875 s (i) t = 0.1000 s

Figure 5.29: Fluid-structure impact for α = 15° and un = 2.47 m s−1, images recorded at

400fps.
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5.7 Impact forces

(a) t = 0.0 s (b) t = 0.0125 s (c) t = 0.0250 s

(d) t = 0.0375 s (e) t = 0.0500 s (f) t = 0.0625 s

(g) t = 0.0750 s (h) t = 0.0875 s (i) t = 0.1000 s

Figure 5.30: Fluid-structure impact for α = 30° and un = 2.25 m s−1, images recorded at

400fps.
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(a) t = 0.0 s (b) t = 0.0125 s (c) t = 0.0250 s

(d) t = 0.0375 s (e) t = 0.0500 s (f) t = 0.0625 s

(g) t = 0.0750 s (h) t = 0.0875 s (i) t = 0.1000 s

Figure 5.31: Fluid-structure impact for α = 45° and un = 1.99 m s−1, images recorded at

400fps.
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5.8 Perpendicular impact force prediction

The new set of experimental measurements outlined within this chapter provide

insights into the applied pressures arising in realistic impact conditions. Overall,

the test cases include conditions where the free surface normal and the resultant

kinematics (or the approach velocity) are nonparallel. To assess the practical effect

of this misalignment, the perpendicular fluid impact case, or α = 0°, will first be

assessed within this section.

Figure 5.32(a) addresses the nondimensional impact force time-history during

progressive fluid immersion, essentially showing the temporal change in the im-

pact force as the immersion increases. Based upon present observations, the peak

force occurs at an immersion depth of unt/D = 0.011. On Figure 5.32(a) the

two horizontal lines denote the theoretical slamming coefficients derived by von

Kármán (1929) and Wagner (1932) of π and 2π respectively. Both solutions show

no temporal dependency owing to the flat plate analogue employed. This does not

account for the change in the wetted width as the body becomes increasingly im-

mersed. This is an important omission not least because the correct time-history

is vital when modelling the dynamic response of a structure subject to the applica-

tion of an impact force. In practice, the suitability of the von Kármán (1929) and

Wagner (1932) solutions to cylindrical bodies in wave conditions remains limited

due to approximation of the wetted width, X(t). Nevertheless, they provide a

convenient and commonly applied solution of the maximum load.

Figure 5.32(b) again concerns the load time-history for a perpendicular impact;

the present experimental data compared to the solutions of Fabula (1957), Cointe

& Armand (1987), Mei et al. (1999) and Faltinsen & Sun (2006). When reviewing

the rise-time of the force peak, the present results and the solution of Mei et al.

(1999) show a force peak measured at unt/D ≈ 0.011. Whilst this result is in

good agreement with the results of Chapter 4, the latter giving finite rise-times

of 0.006 s→ 0.008 s, it is a departure from theoretical solutions that exhibit peak

pressures at t = 0 s; the latter implying a force that rises instantaneously from zero

to a finite value. In considering the case of a cylinder impacting on a stationary

water surface (or vice-versa) the finite rise-time is physically consistent. At t = 0 s

the impact pressures will be large (limited only by the acoustic pressure), but
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Figure 5.32: Comparisons between normalised force data describing perpendicular impacts

and published analytical methods. The present data is shown by [ ], compared to, [ ]

von Kármán (1929), [ ] Wagner (1932), [ ] Fabula (1957), [ ] Cointe & Armand

(1987), [ ] Mei et al. (1999) and [ ] Faltinsen & Sun (2006).

will act over a small area. As time evolves, the impact pressures will reduce but

the impact area will rapidly increase. This produces a rapidly increasing impact

load (Figures 5.32(a) and 5.32(b)). Furthermore, it is important to note that

the assumptions of an inviscid and incompressible flow is most challenged during

initial inundation close to t = 0 s.

Setting aside the initial force time-history predictions, the gradients of the post-

peak force from Fabula (1957) and Cointe & Armand (1987) are in good agreement

with the measured data. This is due to the improved definition of added mass

and wetted width; particularly the fact that they increase with immersion within

the analytical models. More importantly, excellent agreement is found between

the solution proposed by Mei et al. (1999) and the perpendicular impact data

gathered herein. Within this solution Mei et al. (1999) obtain the vertical force

using a direct pressure integration on the wetted body surface. By retaining all

the pressure terms within Bernoulli’s equation, rather than assuming the problem

is dominated by the unsteady component, ∂φ/∂t, the force prediction and the

wetted length prediction (both computed using a conformally mapped solution

for the boundary-value problem at successive instants of time) have improved
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Figure 5.33: Normalised force data for perpendicular impacts; comparisons between the

present test data and other published experimental data. In (a) the pressure integrated data

arising from the present study is shown by [ ], with comparison to, [ ] Miller (1977),

[ ] Isaacson & Prasad (1994) and [ ] the functional form of F (t) from Campbell &

Weynberg (1980). In (b) [ ] the measured F (t) from Campbell & Weynberg (1980), inclu-

sive of dynamic response, is compared to the recommended functional from, showing the origins

of the latter.

accuracy.

Figure 5.33(a) compares the present perpendicular impact data to the experi-

mental tests of Miller (1977), Campbell & Weynberg (1980) and Isaacson & Prasad

(1994). In the case of Miller (1977) and Isaacson & Prasad (1994) only the aver-

age peak impact coefficients are shown; the impact force time-histories were not

provided in the published material. In both cases they produce low predictions of

the peak impact force as discussed in §4.3.2.

The experimental work of Campbell & Weynberg (1980) is also presented in

Figure 5.33. In Figure 5.33(a) this corresponds to the recommended fit through

their laboratory data; comparisons with the present results showing excellent

agreement in the peak impact coefficient, Cs, the nondimensional rise-time and

post-peak force time-history. Indeed, the only significant departure can be seen

at small levels of immersion, when unt/D < 0.01. This difference has its origin in

the processing of the force signal, as highlighted in Figure 5.33(b). In the exper-
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iments of Campbell & Weynberg (1980) the measured forces are affected by the

dynamic response of the body. To derive the incident applied forcing a hyperbolic

post-peak decay was used with a linear increase over a rise-time of unt/D = 0.01.

This method was validated using a dynamic modelling analogue, similar to the

method presented within Chapter 4. However, the results of this dynamic model

were not presented for small immersion depths within the analysis of Campbell &

Weynberg (1980). Nevertheless, excellent agreement was attained in the post-peak

region. The decay of the pressure coefficient, Cs, with nondimensional immersion,

unt/D, was defined by Campbell & Weynberg (1980) as:

Cs =
5.15

1 + unt/D
+ 0.55unt/D. (5.8)

This decay profile is shown in Figure 5.33(a) to be in good agreement with the

present work. However, it is noteworthy that no filtering was applied within

the analysis of the present experimental data thereby avoiding the uncertainty

associated with the recommended fit outlined in Figure 5.33(b).

5.9 Oblique impact force predictions

In the test cases that follow, the resultant impact force, Fr, is defined by the

vector sum of Fx + Fz. In those cases involving a perpendicular impact (α = 0°),

Fr = Fz. However, as the inclination angle increases (α = 15°, 30° and 45°), this

is no longer the case since Fx 6= 0. In these cases the resultant force, Fr, has a

direction of action, θr, where θr is as discussed in Chapter 4.

With the rotation of the impact angles within the Cartesian axis between

Chapter 4 and Chapter 5, the angular definitions are clarified in Figure 5.34. In

all the test cases examined in this Chapter the angle of the resultant force, θr,

lies in the region θn < θr < θk (Figure 5.34(b)); where θn defines the normal

to the water surface and θk is the angle of the resultant kinematics, the angles

being measured relative to the z-axis such that θn = 0. In contrast, the wave-

impacts discussed in Chapter 4 can possess θn < θr < θk or θk < θr < θn (Figure

5.34(a)); with θr being measured relative to the x-axis in these cases. Despite

these differences, all cases are directly comparable by using the angular definitions
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Figure 5.34: Definition and transformation of the impact angles within (a) wave impacts

(as introduced within Chapter 4) and (b) the impact angles as used within this Chapter. In

contrasting these wave cases it is important to note that all angles are directly comparable:

[ ] denotes the resultant kinematics direction, [ ] is the fluid normal direction and

[ ] is the resultant force direction.

outlined on Figure 5.34.

The magnitude of the nondimensionalised resultant force is considered within

Figure 5.35; the slamming coefficient, Cs, introduced within Chapter 2 and fur-

ther developed within Chapter 4 being defined by Cs = Fr/(
1
2
ρu2

nD). Figure 5.35

shows all test cases clustered according to the inclination angle, α; data relating to

the five different impact velocities being provided. The nondimensional ensemble

average profile is also shown for each angle of inclination. For example, Figure

5.35(a) shows the five impact force time-histories for the five impact velocities all

relative to α = 0°; the ensemble averaged profile of the nondimensional impact is

superimposed. This process produces the force time-history shown within Figures

5.32 and 5.33. Figures 5.35(b), 5.35(c) and 5.35(d) provide similar information

relating to α = 15°, 30° and 45° respectively. Taken as a whole, there are impor-

tant qualitative similarities between all test cases. In particular, all cases show a

finite rise-time in the peak forcing, with a decay profile similar to other inclined

and perpendicular impacts available within the published literature. However, to

quantitatively assess the effect of the angular discontinuity between the free sur-

face normal and the water particle kinematics on the resultant force time-history,

the ensemble averaged force time-histories need to be superimposed. Figure 5.36

does exactly this, essentially contrasting the averages through all of the present
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(d) α = 45°

Figure 5.35: The nondimensional impact force during fluid-structure immersion calculated

using strip theory. Each inclination angle, α = 0° [ ], α = 15° [ ], α = 30° [ ] and

α = 45° [ ] includes the five different impact velocities shown. The angle average profile is

shown by [ ].

data.

In considering Figure 5.36, two points are discussed in detail: the peak force

coefficient, Cs,max and the post-peak force decay. In addressing the first point, the

peak force coefficients all occur at approximately the same immersion, unt/D ≈
0.01. This result is in agreement with the rise-times of the impact forces observed

within both Chapter 4 and the past literature; see, for example, Miller (1977) and

Mei et al. (1999). However, a departure is observed between the four cases in

respect of the magnitude of the peak slamming coefficient. For α = 0°, Cs,max =

5.43, whilst for α = 45◦ Cs,max = 5.19. This corresponds to a 5% reduction with

increasing α. This result occurs due to the definition of the slamming coefficient

Cs = Fr/(
1
2
ρu2

nD). In this equation the resultant force is normalised with respect
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Figure 5.36: The nondimensional impact force during fluid-structure immersion. Each inclina-

tion angle is represented by the angle average profile: [ ] α = 0° , [ ] α = 15° , [ ]

α = 30° and [ ] α = 45°. The vertical lines of [ ] give reference to how immersed the

cylinder is in terms of the spray root rise angle.

to the normal component of the impact velocity, un. For oblique impacts this

definition is incorrect since it assumes that Fr = Fz for all cases of α. This is

clearly not the case; §5.7.3 showing that a resultant horizontal force, Fx, increases

as α increases. Figure 5.37 further addresses this point showing the variation in

the direction of the forcing with immersion for all impact angles. At the instant

of the peak force, Fr|max, the angle of the applied force is small but θr 6= 0°. This

confirms that the maximum forcing is not in the normal direction. Instead, it is

at a small angle θr > 0°, that increases with the angle of inclination α.

This change in the direction of the force is important. Instead of normalising

the force by the normal velocity, un, as highlighted within Figure 5.36, the peak

forcing coefficients should account for the angle of forcing at Fr,max. The inclusion

of this effect is shown within Figure 5.38. This figure shows that the peak impact

force is not in the direction of the normal to the free surface when there is an an-

gular difference between the free surface normal and the water particle kinematics

at impact. Indeed, although the impact force direction is strongly influenced by

the direction of the free surface normal, if the normal velocity is used this creates

an under-prediction of the impact force. Conversely, if the water particle kinemat-
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Figure 5.37: Impact force angle over immersion for all impact velocities. [ ] α = 0° ,

[ ] α = 15° , [ ] α = 30°, [ ] α = 45°. The vertical lines of [ ] denote the

locations of the maximum impact force.
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Figure 5.38: The direction of the maximum impact force [ ◦ ] is shown relative to the

direction of surface normal [ ] and the direction of the fluid-structure kinematics [ ].

238



5.9 Oblique impact force predictions

Angle, α [◦]

C
s

0 10 20 30 40 50
0

1

2

3

4

5

6

Figure 5.39: Impact coefficients calculated from drop test data; the coefficients found using

different velocity inputs. Velocity taken as u [ ], un [ ] and un cos(θr) [ ].

ics are used this causes a significant over-prediction of the impact force. Instead

of these methods, an angular correction should be applied that accounts for the

angular difference between the free surface normal and the kinematics direction if

it is present within the initial impact conditions.

Figure 5.39 confirms the hypothesis proposed in Chapter 4; the results showing

that to reduce the uncertainty in the impact force prediction, an angular correction

should be applied to the normal impact force direction. It is evident that whilst

the peak impact coefficient remains strong influenced by the normal velocity (due

to peak load occurring at small immersion depths, unt/D ≈ 0.01), when the

correction is applied a more consistent impact coefficient is predicted as shown

within Figure 5.39.

In addition to the variation in the peak pressure coefficient highlighted within

Figure 5.36, a small difference in both the immersion time of the peak impact

coefficient and decay profile is also observed. This difference can be partily at-

tributed to the nondimensional axis produced in the form of unt/D. The use of

the normal velocity, un, when α 6= 0° will create a small change to the decay

shape. The cause of this effect is shown within Figure 5.38, as the force direc-

tion evolves with immersion. Consequently, as α increases, the component of un

239



Chapter 5: Wave impact forcing on cylinders

increases with immersion, leading to a stretching of the profiles for α = 15°, 30°

and 45° with increased immersion. This modification of the horizontal axis from

unt/D to urt/D where ur is the component of velocity in the direction of the force,

would cause the immersion depths at which the peak force coefficient occurred to

be more closely aligned. Nonetheless, the use of unt/D was selected to ensure all

nondimensionalisation was defined by constant variables.

5.10 Concluding remarks

A new experimental investigation has been completed to investigate perpendicular

and oblique fluid-structure impacts. Within this experimental program, the body

geometry was restricted to slender cylinders and four incident angles considered.

These angles range from the perpendicular impact case of α = 0°, to α = 15°, 30°

and 45°; the largest angle reflecting the upper bound between the direction of the

surface normal and the resultant kinematics identified in Chapter 4. This study

is the first experimental program providing high-quality pressure measurements

of oblique fluid-structure impacts on cylindrical bodies. The resulting data has

enabled the physical origins of the forcing to be examined; the main findings being

listed as follows:

(1) High-quality, repeatable, fluid-structure impacts can be modelled using a

bespoke experimental apparatus. The normal impact velocities lie within

the range 4.64 m s−1 to 1.19 m s−1 and can be modelled with velocity devi-

ations less than < 0.04 m s−1.

(2) For perpendicular fluid-structure impacts the pressure measurements show

excellent agreement with Campbell & Weynberg (1980). The importance

of sample rate at low angles of β has been confirmed; the present tests

employing a sample rate of > 200 kHz. Adopting this approach the shape

of the subsequent pressure decay profiles also agree well with Campbell

& Weynberg (1980). Based upon these results, it is recommended that a

predictive model be based upon a linear increase and a two-part exponential

decay.
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(3) In oblique fluid-structure impacts the measured data reveals a marked pres-

sure asymmetry. This asymmetry is highlighted by the shape of the Pmax

envelope with angular position β and immersion depth.

(4) By integrating the pressure time-histories in both space and time, force

time-histories have been produced allowing further quantification of the

developing asymmetry.

(5) When modelling the perpendicular fluid-structure impact force, it can be

separated into two parts; the initial rise-time and the post-peak decay:

(a) Rise-time shows good agreement with experimental findings of Camp-

bell & Weynberg (1980) and the model of Mei et al. (1999). The data

presented within this chapter also provides further validation of the

wave-structure impacts measured in Chapter 4.

(b) The post-peak decay also shows good similarity to Campbell & Weyn-

berg (1980) and Mei et al. (1999). Theories of Faltinsen & Sun (2006)

under-predict, whilst Fabula (1957) and Cointe & Armand (1987)

over-predict.

(6) Finally, in the modelling of oblique fluid-structure impacts, the input ve-

locity has been shown to be important. Miller (1977) recommends as design

guidance, to use the component of velocity normal to the water surface. The

present results suggest that whilst this is a valid approximation, it is not

correct and can be improved. Indeed, to achieve the best possible predic-

tion of an oblique impact force, an angular correction should be applied to

the normal impact velocity. This approach validates the hypothesis first

outlined in Chapter 4, reduces the uncertainty (or variability) in the impact

force coefficient, and ensures the predicted force lies in the correct direction.
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6
Wave impact forcing on a slender

vertical column

6.1 Introduction

This chapter concerns wave impact forces on a slender, surface-piercing column. In

particular, it addresses the forcing within the crests of limiting and breaking waves.

The loads associated with these wave conditions present significant challenges due

to the three-dimensional deformation of the water surface around the vertical body.

This presents increased complexity when compared to the wave forces discussed

within Chapters 4 and 5; the forces in the latter being uniform across the body

length.

The first part of this chapter, §6.2, provides an overview of the background

to wave force impact calculations on a vertical column. Following on, the experi-

mental apparatus used within this study is detailed in §6.3, and the validity and

repeatability of the generated data summarised within §6.4.

The experimental data and observations are subdivided into 4 topics for dis-

cussion. These focus on the analysis of the impact forces observed within the wave

crest, and relate the findings of this chapter to earlier sections of thesis.

(1) In §6.5 the relationship between the wave impact forces and the wave steep-

243



Chapter 6: Wave impact forcing on a slender vertical column

ness defined by Akc and ∂η/∂x will be examined. The wave cases used

within this chapter allow the spatial distribution of impact loads to be as-

sessed. This includes both the distribution of the impact forces over the

vertical elevation and the effect of the horizontal breaking position (relative

to the column) on impact forces.

(2) In §6.6 the effective prediction of the wave impact forces on a vertical cylin-

der is assessed; the laboratory data being compared to the commonly ap-

plied solutions.

(3) The relative magnitude of the wave forces arising within the wave crest

are reviewed in comparison to total column forces within §6.7. This also

examines the magnitude of the impact forces within a design context.

(4) Finally, §6.8 addresses the deformation of the water surface, commonly re-

ferred to as wave run-up. The primary motivation of this work is to assess

whether wave run-up and impact forces are two alternative (or competing)

effects arising in a single loading effect and, if so, what determines their

relative importance.

6.2 Literature synopsis

The wave forcing models for slender vertical cylinders discussed within §2.3.1 and

§2.3.2 all have limited (or questionable) validity in the near-surface region. The

explanation for this lies in the fact that the vertical column is subject to rapid

changes in the water surface elevation (Chaplin et al., 1992). The combination

of steep incident wave conditions and the surface-piercing body give rise to the

possibility of wave impact forces; the practical importance of these forces having

been highlighted in §2.3.3, §4.3, §5.8 and §5.9. However, predicting the magnitude

of these forces on a vertical column is more complex.

Goda et al. (1966) proposed one of the first models to predict wave impact

forces on a vertical column. Within this solution he modelled a portion of the

wave height (given as a fraction of the maximum crest elevation, χηmax) being

near-vertical in elevation, and assumed this fraction moved at the phase velocity,
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Figure 6.1: Definition of the variables appropriate to the description of impact forces on a

surface-piercing column, following Goda et al. (1966).

c. Consequently, the impact force is defined by:

Fs,x = Cs
D

2
ρχηmaxc

2, (6.1)

where Fs,x is the slamming force in the x-direction, Cs is the impact coefficient

and D is the body diameter. This model enables the impact force to be predicted

using a force equation analogous to that derived by von Kármán (1929). Whilst

the method of Goda et al. (1966) offers a practical solution, the variables used

within Equation 6.1 are not often known a priori. This includes:

� the vertical elevation of the wave front, χηmax,

� the impact coefficient, Cs,

� the phase velocity, c.

When calculating the fluid forcing on a vertical column, considerable research

has focused on the description of the sustained forces. Much of this work has

focused on the higher-order potential flow forces arising in addition to the drag

and inertial forcing popularised by Morison et al. (1950). These developments have

included contributions from Lighthill (1979), Faltinsen et al. (1995) and Rainey

(1995a,b). All of these methods incorporate higher-order near-surface forces that

were shown to be of significant magnitude (see §2.3.2). However, such theories are
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not applicable when modelling waves of limiting and breaking steepness, not least

because wave impact forces can become important. With the collection of new

data describing the wave forces within the wave crest, an assessment of the force

models appropriate to the wave crest region will be provided.

6.3 Laboratory environment

6.3.1 The long wave flume

The testing programme presented within this chapter was conducted in the 65 m

long wave flume located in the Hydrodynamics Laboratory within the Depart-

mental of Civil and Environmental Engineering at Imperial College London. This

facility has a width of 1.8 m and a working depth of 1.25 m. It is equipped with

a bank of four identical, bottom-hinged, flap-type wavemakers located on the up-

stream boundary. These wavemakers are capable of producing wave components

with frequencies in the range of 0.3 Hz < f < 3 Hz. The tank uses the same

force-feedback control loop and active absorption detailed within §3.2.3. At the

downstream tank boundary, a perforated parabolic beach was used for the passive

dissipation of wave energy.

65m

18.8m

1.25m

Wavemaker bank

uniform intervals of 0.2m

beach
Hyperbolic

6 wave-gauges, spaced atx

Figure 6.2: Side elevation of the long wave flume at Imperial College London.

Following on from §3.2.3, the wave conditions generated in this experimental

program are all focused wave events, specified using the theory of Lindgren (1970).

The underlying wave spectra are jonswap; the individual wave events represent-

ing the most probable form of a large wave arising within that sea state. Within
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the wave flume, a set of six tension wire wave gauges were used for measurement

of the water free surface. These gauges were located from 18.8 m to 19.8 m down-

stream of the wavemakers. This location was chosen to be sufficiently far from the

wavemakers to avoid any evanescent wave modes and, at the same time, to allow

sufficient data acquisition time before any small wave components, reflected from

the downstream boundary, returned to the measurement position. The vertical

surface-piercing column was positioned 19.4 m downstream of the wavemakers. In

defining these focused wave cases, the linear focal time was defined as tf = 48 s,

with a repeat time of 64 s. This ensured that the highest frequency wave com-

ponents had sufficient time to propagate to the measurement location during the

focused wave formation.

As part of the preliminary work, the possible effect of the tank side walls

was briefly considered. This specifically sought to check for the influence of any

scattered wave components from the surface-piercing column; in particular, at 90°

to the incident wave direction. With the body geometry being very slender, with

D = 80 mm, and a side wall distance of 1.4 m, there was no evidence that any

(small) scattered wave components (Swan & Sheikh, 2015) were able to propagate

out to the side walls and be reflected back into the measurement area during a

single focused wave event.

6.3.2 Wave conditions

The wave conditions examined in this chapter are an extension to those discussed

within Chapter 3; the wave conditions being scaled from the tank geometry of the

wind-wave-current flume (Chapter 3) to the present (larger) wave facility. The

chosen wave cases involve a large nonlinear but non-breaking wave, a spilling wave

and an overturning wave; all generated within a sea state defined by Tp = 1.396 s

and γ = 2.3. Two smaller wave events involving substantially reduced steepness

were also generated. These were used to verify the experimental wave environment

via comparisons to established analytical theory. Finally, two additional wave

cases were examined with a different spectral bandwidth; the latter specified in

terms of the peak enhancement factor, γ. In §3.6.2 it was noted that γ influences

the strength of the breaking process; an increase leading to more vigorous spilling
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Chapter 6: Wave impact forcing on a slender vertical column

or the onset of over-turning. Within the present series of tests, the most important

new variable is the wave breaking position relative to the column position, xf . In

each of the largest focused waves five breaking positions, defined as xf1 → xf5

have been considered. The selection of these positions is such that the maximum

surface elevation is attained at xf3. More details of the breaking position are given

below.

The measurement of the water surface elevation was undertaken using surface-

piercing resistance type wire gauges. Individual gauges were placed at a fixed spa-

tial position (as shown within Figure 6.2). In accordance with the data presented

in Chapter 3, each gauge provides a time-history of the water surface elevation,

η(t), at a fixed spatial location. These surface-piercing tensioned wire wave gauges

cause no disturbance to the incident wave field, were sampled at 128 Hz, and have

previously been shown to have an accuracy of ±0.5 mm (Swan & Sheikh, 2015).

To validate the wave conditions generated within the long wave flume, a linear

wave (wave case 1 on Table 6.1) was first generated and the time-history of the

water surface elevation, η(t), compared to linear theory. These comparisons are

given on Figure 6.3(a); the measured data shown to be in good agreement with

lrwt. Furthermore, excellent agreement is shown between two independent gen-

erations of the same wave event, the data measured on different testing days. This

confirms the repeatability of the wave wave generation. Figures 6.3(b) and 6.3(c)

also show good agreement between the measured data and the theoretical linear

amplitude spectra, a(ω), and the theoretical phase angle at the focal time, φ(t)

at t = 0 s. Further evidence of the success of the wave generation is provided in

Figure 6.4. This concerns the generation of a weakly nonlinear wave (wave case 2

of Table 6.1). In this case the nonlinearity leads to a 3% increase in the maximum

crest elevation, ηmax = 31.0 mm. Figure 6.4(a) concerns the time-history of the

water surface elevation, η(t), for two repeated generations of this wave event and

shows very good agreement with the second-order random wave theory of Sharma

& Dean (1981). The related subplots of Figure 6.4(b) and 6.4(c) show a(ω) and

φ(ω); the latter measured at the focus time. Once again, very good agreement

between the measured and target wave properties is demonstrated.

The incident wave conditions detailed within Table 6.1 were each selected for

specific reasons. Wave cases 1 and 2 are were used to assess the wave generation
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Table 6.1: Wave cases.

A [mm] Tp [s] γ xf [m] Akc Description Wave case

10 1.386 2.3 19.1 0.0312 Linear wave 1

30 1.386 2.3 19.4 0.0935 Weakly nonlinear wave 2

85 1.386 2.3 18.7 0.2650 Large nonlinear, 3xf1

18.9 non-breaking wave 3xf2

19.1 3xf3

19.3 3xf4

19.5 3xf5

104 1.386 2.3 19.8 0.3242 Spilling wave 4xf1

20.0 4xf2

20.2 4xf3

20.4 4xf4

20.6 4xf5

125 1.386 1.0 21.5 0.4273 Overturning wave 5xf1

21.7 5xf2

21.9 5xf3

22.1 5xf4

22.3 5xf5

125 1.386 2.3 22.1 0.3896 Overturning wave 6xf1

22.3 6xf2

22.5 6xf3

22.7 6xf4

22.9 6xf5

125 1.386 7.0 23.8 0.3393 Spilling wave 7xf1

24.0 7xf2

24.2 7xf3

24.4 7xf4

24.6 7xf5

(as outlined above) and are not examined further regarding the fluid loading. The

large nonlinear (but non-breaking) wave is generated such that the largest crest

elevation occurs at the column position for the central focal position (wave case

3xf3 on Table 6.1). Since the vertical column was mounted at a fixed location

within the wave tank, at a distance of x = 19.4 m downstream of the wave paddle,

the phase of the spectral wave components was adjusted to move the focused wave
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Figure 6.3: The measured time-history of the water surface elevation, η(t), and its Fourier

decomposition for a linear focused wave based upon a jonswap spectrum with
∑
ai = 10 mm,

Tp = 1.386 s and γ = 2.3. [ ] The theoretical prediction of this event using linear random

wave theory compared to two experimental tests, [�] and [◦], taken on separate days.

position, in steps of 0.2 m, from −0.4 m to 0.4 m either side of the column. It is

noted that as the wave steepness increases and wave breaking occurs (wave case

4), the position of the breaking event relative to the column was chosen such that

spilling occurs at the instant the wave passes the column for the central focal

position (or wave case 4xf3). This case represents the limiting condition at which

wave breaking first occurs.

In the other breaking wave cases (of 5, 6 and 7) Table 6.2 provides a sequence

of photographs showing the position of the wave breaking relative to the column

location. As discussed in §3.2.3 the use of photographic observations of wave

breaking is important as the data from resistance-type wave gauges become error

prone (or at least uncertain) as wave breaking (particularly wave overturning)

occurs.
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Figure 6.4: The measured time-history of the water surface elevation, η(t), and its Fourier

decomposition for a weakly nonlinear focused wave based upon a jonswap spectrum with
∑
ai =

30 mm, Tp = 1.386 s and γ = 2.3. [ ] The theoretical prediction of this event using second-

order random wave theory (Sharma & Dean, 1981) compared to two experimental tests, [�] and

[◦], taken on separate days.

In considering the breaking wave cases (5, 6 and 7), the most broad-banded

wave event (γ = 1 in wave case 5) produces an overturning wave with a distinct jet

structure . Evidence of this is provided in Table 6.2, the photographs of row 1 and

columns ff2 and ff3 being most relevant. The breaking wave event shown within

these photographs is very different from that observed in wave case 7 corresponding

to the third (or bottom) row of photographs in Table 6.2. Although the linear

input amplitude sum is the same in both these wave events (A = 125 mm), wave

case 7 is more narrow-banded with γ = 7.0. As a result, wave case 7 attains a larger

maximum crest elevation. However, with a narrow-banded spectrum (γ = 7.0), the

effective kc in the wave crest reduces (with less energy in the higher frequencies)

and hence the steepness, represented by Akc, also reduces. As a consequence,

the breaking shape is very different, with the wave spilling down the front face.

251



Chapter 6: Wave impact forcing on a slender vertical column

T
a
b
l
e

6
.2

:
P

h
ot

og
ra

p
h

s
sh

ow
in

g
th

e
sp

a
ti

al
p

ro
fi

le
of

th
e

w
av

e,
η
(x

),
at

th
e

in
st

an
t

of
th

e
in

ti
al

im
p

ac
t

fo
r

th
re

e
w

av
e

ca
se

s
(5

,
6

an
d

7)
an

d
fi

v
e

d
iff

er
en

t
fo

cu
s

lo
ca

ti
on

s
x
f

1
-x

f
5

as
d

efi
n

ed
in

T
ab

le
6.

1
.

[
]

T
h

e
sw

l
an

d
[

]
th

e
co

lu
m

n
ce

n
tr

el
in

e.

W
av

e
ca

se
x
f

1
x
f

2
x
f

3
x
f

4
x
f

5

5 6 7

252



6.3 Laboratory environment

With γ = 2.3, the spectral properties of wave case 6 lie between wave cases 5 and

7. Table 6.2, row 2 (or the middle row) shows the moderate wave overturning

observed in this wave case. Taken as a whole, this set of wave conditions was

chosen to provide a wide range of breaking characteristics at the position of the

vertical column. The loading arising due to these waves will be considered in the

sections that follow.

6.3.3 Measurement of fluid forcing in the wave crest

The vertical column of diameter D = 80 mm was installed 19.4 m downstream from

the vertical face of the wavemakers. Figure 6.5 shows a photographic overview

of the tank cross-section and the vertical column, while Figure 6.6 presents an

upstream view. The column is composed of three separate parts. The lowermost

part is an aluminium upstand, of height 0.7 m, which rigidly connects the column

to the tank bed. On top of this upstand, a stainless steel collar is postioned, which

supports the sensing section mounted above. The sensing section contains all the

instrumentation used to measure the wave forces above the still water level.

The sensing section incorporates eight sensing panels; the latter extending over

a vertical elevation of 16 mm < z < 254 mm, where z is the measured from the swl

upwards. Each sensing panel is 28 mm high, with a 2 mm gap between adjacent

panels. Furthermore, each segment has a width of 75 mm, providing a segment

angle of 140° to the incident wave front. The centreline elevation of each sensing

panel is detailed in Figure 6.7.

The design and fabrication of the force sensing section is briefly summarised

as follows. Figure 6.8 provides a number of photographs of the sensing section.

This is composed of a number of parts, all of which are covered by an outer rubber

membrane to provide effective water proofing. To explain the internal elements of

this section, Figure 6.9 shows an exploded projection.

The sensing section is built around a solid pvc body, turned to a diameter

of 80 mm. This pvc core (shown on the far left of Figure 6.9) was subsequently

machined to fit a brass mounting plate that holds the 8 load cells used for the

force sensing. In turn, the 8 loads cells (manufactured by pcb® electronics) were

connected onto the front face of the brass plate before being located (as one piece)
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Chapter 6: Wave impact forcing on a slender vertical column

Upstand

Collar

Sensing
section

Figure 6.5: Cross sectional view of the wave flume with the vertical column installed. The

tension wire gauges are also shown to the right of the column.

Figure 6.6: Upstream view of the wave flume with the vertical column shown in the foreground.
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D

z 30mm
60mm
90mm
120mm
150mm
180mm
210mm
240mm

Figure 6.7: Sketch showing the vertical elevation of the 8 sensing panels on the vertical column.

(a) (b) (c)

Figure 6.8: Photographs of the force sensing section showing (a) the cylinder body covered

by a waterproof rubber membrane, (b) five of the force sensing panels underneath the rubber

membrane and (c) the mounting of the load cells within the cylindrical body. Further details of

the layout of this apparatus is given in Figure 6.7.
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BrassPvc

Sensors

Sensing

plate
panelsmounting

D

Figure 6.9: Exploded projection of the sensing column with the rubber membrane removed.

The column is design around the central pvc body with a brass sensor mounting plate attached.

The 8 sensing panels are connected to the brass plate by the force sensors.

into the pvc body. The load cells were placed with a uniform vertical spacing of

∆z = 30 mm. The top and bottom cover segments seen on the top and bottom of

the sensing panels on Figure 6.9) were rigidly connected to the pvc body, to pro-

vide the correct column profile before the sensor panels were added. Figures 6.8(b)

and 6.8(c) shows the assembled column with the sensors installed, but with some

sensing panels removed. The sensor panels were connected with a uniform torque

before the completed column was covered by the 200 µm thick rubber membrane.

This membrane is required to waterproof all electronic components, but must be

sufficiently thin to prevent structural connectivity between the independent force

sensing segments. This is important to prevent contamination of the force mea-

surements from adjacent sensors. Within this design the force sensing panels are

independent and have high stiffness. The natural frequency of the installed column

was calculated to be 20 Hz. It is important to note that from the design of the

column all forces applied on the outward face of the cylinder are measured, this
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includes the hydrostatic force. Whilst this would present a significant challenge

if other sustained forces were to be analysed, such as drag and intertia loads, for

the measurement of wave impact forces this apparatus is well-suited.

The data acquisition system used within this test program included National

Instrument® hardware and a control interface developed in LabView�, as dis-

cussed within §5.2.2. This high-speed data acquisition apparatus allowed simulta-

neous sampling of all 8 load cells at 50 kHz.

6.4 Preliminary force measurements

The vertical array of force sensors provide data describing the spatial distribu-

tion of the wave impact forces. Preliminary data arising from this apparatus is

presented in Figure 6.10. This relates to wave case 6xf4, involving a very steep

wave that overturns a small distance downstream of the column position. A pho-

tograph of this wave event is given in Table 6.2. This confirms that when this

wave impacts on the column, the leading wave face is near-vertical in the region

of 110 mm < z < 180 mm, where z is measured from the still water level upwards.

Figures 6.10(a), 6.10(b) and 6.10(c) show the force time-histories measured on

the force sensing segments located at z = 180 mm, z = 150 mm and z = 120 mm

respectively. At all three locations the measured forces exhibit an impact-type

force time-history. This is characterised by a short rise-time (0.005 s, 0.007 s and

0.01 s respectively) to a maximum load, Fmax, followed by a gradual decay there-

after. In contrast, the force time-history measured at the lowest force segment

(z = 30 mm) is shown within Figure 6.10(d). At this elevation, the force time-

history is markedly different Specifically, there is no evidence of rapid rise to Fmax,

but rather a more gradually applied forcing. Indeed, there is no evidence of an im-

pact force and the main sustained force is, at least in part, due to the hydrostatic

force; the latter being largest at this low sensor elevation.

Figure 6.10 also confirms the repeatability of the recorded force time-histories.

At each of the four elevations, the wave forces were measured three times on three

separate days. In all cases, both Fmax and F (t) show excellent repeatability; the

standard deviations of Fmax being of 5.3% (Figure 6.10(a)), 1.1% (Figure 6.10(b))

and 2.2% (Figure 6.10(c)) at z = 180 mm, 150 mm and 120 mm respectively.
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Figure 6.10: Example load time-histories confirming the repeatability of force measurements

at 4 elevations: (a) z = 180 mm, (b) z = 150 mm, (c) z = 120 mm and (d) z = 30 mm. Data

arising from three independent test, undertaken on different days, are shown by [ ] test 1,

[ ] test 2 and [ ] test 3, with Fmax denoted for all impact forces by [ ].
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6.5 Fluid forces high in the wave crest

6.5 Fluid forces high in the wave crest

6.5.1 The occurrence of impact forces

This section examines the spatial distribution of impact forces within waves of

limiting and breaking steepness. Adopting the same definition of an impact force

outlined in Chapter 3 and 5, an impact force flag system was established and

applied to the measured force data. The purpose of this flag was to identify the

location of the impact forces by considering the force time-history. Specifically, it

sought to identify force peaks that occur at a very small immersion time, when

the column is first struck by the incident wave.

This flag was set such that if Fmax|sensor > 0.1Fmax|crest and the corresponding

rise-time defined by less than 0.0139s (or 1% of Tp) then an impact force was

flagged to have occurred. In undertaking the present tests, all wave cases 6 times;

the raw data presented on Figure 6.10 being typical (in terms of repeatability) of

the data recorded throughout.

Table 6.3 details the results of the impact forcing flag system applied over the

vertical sensing column. This table presents a matrix of the wave cases and the

sampling elevations and characterises the measured data in terms of three markers;

the latter denoting:

◦ No horizontal force measured.

• Horizontal force measured, but no impact recorded.

? Impact forces measured.

This table highlights the location of impact forces in different wave cases and

emphasises the influence of the wave breaking position on the column. It is noted

that impact forces only occur in wave conditions that are of breaking steepness;

no fluid impacts occur in wave case 3xf1 to 3xf5. As the input wave steepness is

increased (wave cases 4 to 7) wave breaking occurs and impact loads are observed.

The clear implication of this is that impact loads on vertical columns are associated

with very steep waves that are on the point of breaking either by spilling or

overturning.
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Table 6.3: The occurrence of wave impacts on the column face. [◦] No horizontal force mea-

sured. [•] Horizontal force measured, but no impact recorded. [?] Impact forces measured.

Akc Case xf
Vertical elevation [mm]

30 60 90 120 150 180 210 240

0.2650 3 xf1 • • • ◦ ◦ ◦ ◦ ◦
3 xf2 • • • • ◦ ◦ ◦ ◦
3 xf3 • • • • ◦ ◦ ◦ ◦
3 xf4 • • • • ◦ ◦ ◦ ◦
3 xf5 • • • • ◦ ◦ ◦ ◦

0.3242 4 xf1 • • ? ◦ ◦ ◦ ◦ ◦
4 xf2 • • • ? ◦ ◦ ◦ ◦
4 xf3 • • • ? ◦ ◦ ◦ ◦
4 xf4 • • • ? ? ◦ ◦ ◦
4 xf5 • • • • • • ◦ ◦

0.4273 5 xf1 ? ? • • ◦ ◦ ◦ ◦
5 xf2 ? ? ? • ◦ ◦ ◦ ◦
5 xf3 • ? ? ? • ◦ ◦ ◦
5 xf4 • • ? ? • ◦ ◦ ◦
5 xf5 • • • • • ◦ ◦ ◦

0.3896 6 xf1 • ? ? ? • • ◦ ◦
6 xf2 • • ? ? ? ? ◦ ◦
6 xf3 • • ? ? ? ? ◦ ◦
6 xf4 • • • ? ? ? ◦ ◦
6 xf5 • • • • • • ◦ ◦

0.3393 7 xf1 • • • ? ? ? ◦ ◦
7 xf2 • • • • ? ? ? ◦
7 xf3 • • • • • ? ? ◦
7 xf4 • • • • • • ? ◦
7 xf5 • • • • • • • ◦

The location of the impact forces shown in Table 6.3 should be treated as

preliminary findings. However, they provide insight into the correlation between

the presence of wave impact forces and the wave breaking position relative to the

column. Wave cases 4, 5, 6 and 7 are each generated with five different breaking

positions: xf1 to xf5. Across the four wave cases, consistent trends are observed.

When wave breaking occurs in-front of the column, position xf1, wave impact

forces are measured on the lower fraction of the body. As the wave breaking
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6.5 Fluid forces high in the wave crest

is moved forward to occur on the column, position xf3, wave impact forces are

recorded at higher elevations on the column. Finally, when the breaking position

is moved to occur downstream of the column, position xf5, no impact forces are

recorded.

The flag indicators shown in Table 6.3 also highlight how the form of the

wave breaking, either spilling or overturning contributes to a difference in the

vertical location of wave impact forces. Within the present tests this is controlled

by the spectral bandwidth, γ = 1, 2.3 or 7; evidence of the different breaking

modes being provided in Table 6.2. Evidence of its influence on the location of

the impact loads is provided in wave case 5. This includes a jet structure in the

overturning wave (case 5xf3 of Table 6.2) which causes impact forcing at elevations

of z = 60 mm → 120 mm ≈ 0.4ηmax → 0.8ηmax. Interestingly, the fluid impacts

are not applied at the maximum crest elevation, ηmax. This is very different to the

spilling wave case, 7xf2, where impact forces are registered up to ηmax. The cause

of this effect will be discussed in §6.5.3.

6.5.2 The effect of wave shape on wave impact forcing

The wave impacts recorded in wave cases 5, 6 and 7 are now discussed in some

detail. These cases are of particular interest since they involve a progressive in-

crease in the wave steepness; Akc = 0.3393 (Case 7), Akc = 0.3896 (Case 6) and

Akc = 0.4273 (Case 5). Furthermore, although these three wave cases all involve

different wave breaking, the associated wave profiles are very different. Assess-

ing the influence of wave shape and the associated water particle kinematics on

the occurrence, magnitude and position of wave impacts on vertical columns is a

primary aim of this study.

Figure 6.11 shows the time-histories of the water surface elevation, η(t), mea-

sured at the position of the column, but without the column present in the flow.

Three subplots are provided corresponding to the wave cases 5, 6 and 7. In each

case five time-histories are presented corresponding to the five focus locations,

xf1 → xf5; all of the data recorded using resistance-type wave gauges. In §3.2.3

it was shown that data recorded in this way may not accurately define the wa-

ter surface elevation throughout the whole of the breaking process. However, the
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(a) Wave Case 5, γ = 1, A = 125 mm.
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(b) Wave Case 6, γ = 2.3, A = 125 mm.
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(c) Wave Case 7, γ = 7, A = 125 mm.

Figure 6.11: Time-histories of the water surface elevation, η(t), measured at the column

position, but without the column in place. (a) Wave case 5, (b) wave case 6 and (c) wave case

7. In each case data is presented for the 5 wave breaking positions: xf1 [ ], xf2 [ ],

xf3 [ ], xf4 [ ], xf5 [ ] and [ ] defines the envelope of ηmax.
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Figure 6.12: Spatial profiles of the water surface elevation, η(x), immediately prior to the

occurrence of wave breaking; (a) wave case 5, (b) wave case 5 and (c) wave case 7 for wave

breaking positions of xf3 [ ], xf4 [ ] and xf5 [ ]. (Note: the gradients of these

spatial profiles, −[∂η/∂x]−1, were calculated and are given in Table 6.4.

maximum water surface elevation, ηmax, is accurately measured.

Figure 6.11 shows that in each wave case, ηmax(xf ) arises within the time-

history, η(t), recorded at xf3. This is clearly defined by the envelope of ηmax, or

the line linking the maximum crest elevation recorded at each focal position. The

variation of ηmax(xf ) will be discussed further in section §6.5.3. At this point it

is sufficient to note that whilst the envelope of ηmax varies rather gradually, the

occurrence of wave impacts (Table 6.3) appears to vary more rapidly. Part of the

explanation for this undoubtedly lies in the steepness of the wave face, which is

itself linked to the occurrence of wave breaking.

The presence of wave impact forces is strongly correlated with the location

of the breaking position relative to the position of the column. To examine the

effect of breaking position, Figure 6.12 concerns the spatial variation in the water

surface elevation, η(x). These profiles are based upon the laboratory observations

and contrast the wave shape when the water surface elevation at the centerline of

the column is defined by η ≈ 0.3ηmax. Once again, three subplots are provided

corresponding to wave cases 5, 6 and 7. In each case, three spatial profiles are

provided corresponding to xf,3, xf,4 and xf,5. In presenting this data it is important

to note that the spatial profiles, η(x), corresponding to the breaking positions
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Chapter 6: Wave impact forcing on a slender vertical column

xf,1 and xf,2 are omitted because the occurrence of wave breaking affects the

free surface gauge measurements that are used to assemble the η(x) profiles. In

addition to the spatial profiles, η(x), shown in Figure 6.12, the angle of the outward

normal to the free surface, measured relative to the horizontal axis (as defined

by Equation 4.22), and averaged over the region −0.06 m ≤ x ≤ −0.04 m, are

tabulated within Table 6.4. Both the surface profile plots (Figure 6.12) and the

data given in Table 6.4 highlight the decrease in the wave front steepness at the

column, as the wave breaks downstream of the column for wave cases xf3 → xf5.

Taken together this data highlights two important points.

(1) As the breaking position of a wave on the column changes, so does the local

wave front steepness; the latter being greatest when the wave breaking is

positioned at xf3.

(2) The wave front steepness at the column position is critical in determining

the occurrence of the impact forces. For example, if the angle of the free

surface normal increases beyond > 50° (a common limit for when the wave

breaking position is at xf5), no impact forces occur. This is consistent across

all three wave cases.

Table 6.4: Wave front steepness, expressed in terms of the angle of the normal to the free

surface, θnorm = arctan(−[∂η/∂x]−1), for variations in the wave breaking position. The gradient

∂η/∂x is averaged within the region −0.06 m ≤ x ≤ −0.04 m with the angle measured from the

x-axis, positive in an anticlockwise direction.

Case A [mm] γ xf1 xf2 xf3 xf4 xf5

5 125 1.0 - - 39.0° 46.3° 54.5°
6 125 2.3 - - 35.9° 45.2° 51.7°
7 125 7.0 - - 49.5° 53.6° 59.4°

6.5.3 The interaction between the wave breaking position and

the fluid impact forces

The forces measured within the present experimental program extend over the

range 30 mm < z < 240 mm. Figure 6.13 describes the total wave forces recorded
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6.5 Fluid forces high in the wave crest

in wave cases 5, 6 and 7 subject to the five different breaking positions, xf1 to

xf5. In each case the time-histories of the measured crest forces are produced by

summing the output data from the 8 load cells. At each of the different wave

breaking positions, xf , the time-histories of the applied force show distinct differ-

ences in shape. First, it is clear from Figure 6.13 that when wave breaking occurs

downstream of the column position, xf4 and xf5, no impacts are observed. This

provides the information of the earlier results presented on Table 6.3.

Figure 6.13 shows that the maximum value of the total load in the wave crest

remains relatively small when wave breaking occurs some distance upstream of the

column, for breaking position xf1. However, as wave breaking occurs closer to the

column, there is a sharp increase in the maximum measured force, corresponding

to the occurrence of a transient impact force. Interestingly, Figure 6.13 highlights

a difference between the wave breaking position that causes the peak impact force

in wave cases 5, 6 and 7. In Figures 6.13(a) and 6.13(b), corresponding to the

overturning wave cases 5 and 6, the maximum total applied force is shown to occur

when the breaking position is at the column face, xf3; photographs of these events

being provided in Table 6.2. In contrast, in wave case 7, the spilling wave case,

Figure 6.14(c) shows that the maximum total force does not occur at the breaking

position, xf3 (and hence the position of ηmax), but when the wave breaks a small

distance in front of the column, at the position xf2.

The most likely explanation for this lies in the nature of the spilling event.

When a wave spills the largest fluid velocities are highly localised at the very top

of the wave crest, hence the origin of the spilling event. This is in contrast to

an overturning wave which involves a larger volume of fluid moving at speeds in

excess of the phase velocity; hence the formation of the overturning jet (§3.6.2).

In the spilling case, the volume of fluid moving at large velocities will increase as

the wave breaking develops. As a result, one would expect the largest loads to

occur shortly after the initial breaking event; the latter situation corresponding

to a breaking position of xf2. Interestingly, if the breaking position occurs even

further upstream, then the developing spilling leads to a substantial aeration of

the front face of the wave. In this case, the additional compressibility ensures

that any impact loads are substantially reduced. This latter case corresponds to

a breaking position of xf1; the nature of the breaking events shown on Table 6.3
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(a) Wave case 5.
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(c) Wave case 7.

Figure 6.13: The time-histories of the total wave crest forces measured for each of the wave

breaking positions for (a) wave case 5, (b) wave case 6 and (c) wave case 7; the wave breaking

positions being defined by [ ] xf1, [ ] xf2, [ ] xf3, [ ] xf4 and [ ] xf5 .
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Figure 6.14: Envelopes of the normalised maximum water surface elevation, η/ηmax [ � ]

and the normalised maximum force F/Fmax [ � ] as functions of wave breaking position, xf .

(a) Wave case 5, (b) wave case 6 and (c) wave case 7.

and the reduced maximum loads noted in Figure 6.13(c).

It is clear from these results that the wave breaking position relative to the

column has a significant effect on the maximum total forces within the wave crest.

Figure 6.14 concerns the normalised maximum force, F/Fmax(xf ), and the nor-

malised maximum surface elevation, η/ηmax(xf ), and shows how they vary with

the wave breaking position. As five wave focus positions were tested for each wave

case (xf1 → xf5), the sub-plots shown in Figure 6.14 are constructed from five

data points with a line of best-fit superimposed. In particular, Figure 6.14 shows

that when a wave is sufficiently steep to overturn, the maximum impact force cor-

relates with the position of wave overturning on the column face and hence the

position of ηmax. This result is highlighted within both Figure 6.14(a) and 6.14(b),

relating to wave cases 5 and 6 respectively. In contrast, Figure 6.14(c) shows the

normalised ηmax and Fmax for wave case 7. In this case the largest impact force

occurs at the breaking position xf2 which does not coincide with ηmax occurring on

the column face. Taken together, Figure 6.13 and 6.14 confirm that the location

of ηmax does not necessarily define the location of the largest force, particularly in

the case of a spilling wave.

Setting aside the position of the breaking event that causes the largest load,
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Chapter 6: Wave impact forcing on a slender vertical column

the envelopes defining the maximum water surface elevation and the maximum

total force as function of the wave breaking position, xf , are very important.

Indeed Figure 6.14 shows a common trend across all wave cases. Specifically,

the maximum water surface elevation, ηmax(xf ), does not vary significantly with

changes in the position of the wave breaking. In contrast, the maximum total

force, Fmax(xf ), is shown to be very sensitive to relatively small changes in the

wave breaking position. This change is undoubtedly due to the wave impact forces

that occur over very local, near-breaking positions.

Before assessing the physical origins of the impact forces, it is instructive to

consider whether analysis of the maximum total loads arising within the wave

crest, Fmax, is the most appropriate quantity to consider. Figure 6.13 confirms

that Fmax is associated with the occurrence of impacts and represents the largest

statically applied load. However, given that the practical significance of an applied

load is, in part, dependent upon the time taken for a body to respond to that load,

it might be argued that the total impulse is also a relevant quantity to consider.

This is particularly relevant to highly transient forces, involving large loads applied

for a very short duration. Figure 6.15 describes η/ηmax and I/Imax as a function of

xf , where I is the total impulse defined by the integral of the force time-histories

shown on Figure 6.13. Comparisons between the data presented on Figures 6.14

and 6.15 confirm two important trends. First, it is clear from these traces that

the impulse associated with the measured force is less sensitive to smaller changes

in the breaking position, particularly, when compared to the maximum forces. In

effect, these results show that whilst the envelope of the maximum force changes

very rapidly during a breaking wave event, the total impulse associated with the

force is much more slowly varying. Second, when wave breaking occurs in front of

the column (xf = −0.4 m and −0.2 m) there is a significant reduction in the total

impulse. This occurs in all wave cases and is believed to be due to the momentum

lost during wave breaking, before the wave strikes the column. This result has

significant practical implications. Whilst waves that break on the column face

create the largest loads (Figure 6.14) if the wave breaks just in front of the column

this reduces both the measured maximum load and the force impulse; the latter

reducing much less than the former.

To assess the physical origins of the observed impact forces and their prediction,
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Figure 6.15: Envelopes of the normalised maximum water surface elevation, η/ηmax [ ]

and the normalised impulse, I/Imax [ ] as functions of wave breaking position, xf . (a) Wave

case 5, (b) wave case 6 and (c) wave case 7.

two aspects of the recorded data are further examined:

(1) the variation in the force time-history with the vertical elevation, F (z, t),

(2) the magnitude of the maximum force recorded at different vertical eleva-

tions, Fmax(z).

When reviewing the force time-histories measured at varying vertical elevations,

differences between the impact loads caused by the overturning and the spilling

waves becomes evident. Figure 6.16 concerns wave case 5, with the breaking

position at xf3; the latter giving the largest maximum load. Within this figure six

subplots are provided describing the time-histories of the measured force at sensor

positions lying within the range 30 mm ≤ z ≤ 180 mm. The six sensors positions

are those that recorded force during the wave impact. The data presented on

Figure 6.16 shows the presence of wave impacts at sensors 3 and 4, corresponding

to elevations of 90 mm and 120 mm respectively. However, the force time-histories

at these elevations are markedly different. Comparing the data recorded at sensors

3 and 4, which experience the largest loads, the force time-history at sensor 4 starts

0.0055 s before sensor 3 due to striking of the wave jet on the column face at an

elevation of z ≈ 120 mm. Interestingly, the force time-history recorded at sensor
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Figure 6.16: Force time-histories measured in wave case 5, with a wave breaking position

of xf3; the data corresponding to sensors 1–6 which relates to elevations lying in the range

30 mm ≤ z ≤ 180 mm (see Figure 6.7).

4 does not have the traditional form of an impact force. Specifically, it lacks the

characteristic linear (and rapid) increase to the peak force. The observed deviation

from the expected behaviour is almost certainly due to the presence of the wave

jet. Whilst the horizontal water particle velocities are largest within the jet (as

shown within §3.6.1), the fluid mass remains relatively small. Consequently, the

jet deforms heavily on impact, producing a departure from the expected linear

rise to the peak force; the latter identified in §4.3 and §5.9 of this thesis.

When examining the total force within the wave crest, it is evident that the

most important part of the wave impact occurs a short duration after the jet has

struck the body of the column. This corresponds to the impact of the main body

of the water mass within the wave crest and is clearly demonstrated within the

time-history of the measured force at sensor 3 on Figure 6.16.

Figure 6.17 provides a similar set of data relating to wave case 6. This repre-

sents the second overturning wave case in which the wave breaking position that
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Figure 6.17: Force time-histories measured in wave case 6, with a wave breaking position

of xf3; the data corresponding to sensors 1–7 which relates to elevations lying in the range

30 mm ≤ z ≤ 210 mm (see Figure 6.7).

causes the peak forcing is again at xf3 (Figure 6.13(b) and Table 6.3). The data

presented on Figure 6.17 highlights 4 impact forces occuring on sensors 3, 4, 5

and 6; lying in the range 90 mm ≤ z ≤ 180 mm. Indeed, the larger ηmax associ-

ated with this wave case ensures that forces are measured higher on the column

face, on sensors 1 to 6. Taken as a whole, the data presented on Figure 6.17 is

in good agreement with that presenting on Figure 6.16 (wave case 5xf3). Specif-

ically, when the overturning jet strikes sensor 5 at an elevation of z ≈ 150 mm,

the recorded force time-history shares a common shape with the data recorded

on sensor 4 in wave case 5xf3 (Figure 6.16). Furthermore, when the main body

of fluid within the wave crest strikes the column, impact forces are subsequently

measured on sensors 3, 4 and 6, with an additional rise on sensor 5. Once again,

this is (qualitatively) similar to that observed on Figure 6.16. Finally, the peak

impact forces recorded in wave case 6 (Figure 6.17) occur on sensors 4 and 5 at
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Figure 6.18: Force time-histories measured in wave case 7, with a wave breaking position

of xf3; the data corresponding to sensors 1–8 which relates to elevations lying in the range

30 mm ≤ z ≤ 240 mm (see Figure 6.7).

a vertical elevation of approximately 0.4ηmax. This is again very similar to the

elevation of the peak impact loads recorded in wave case 5 (Figure 6.16).

In contrast, Figure 6.18 concerns the force time-histories measured on sen-

sors 1-8 for the spilling wave case 7. This relates to data lying in the range

30 mm ≤ z ≤ 240 mm. Based upon this data, the fluid-forcing within the crest

of the spilling wave case 7 shows important departures from the overturning wave

cases considered in Figures 6.16 and 6.17. Specifically, Figure 6.18 highlights the

reduction in the vertical extent of the impact force. Indeed, significant impact

forces were only recorded at one sensor elevation, sensor 6 at z = 180 mm. This

indicates a departure from the overturning wave cases of 5 and 6, where the max-

imum impact forces were observed to occur over a larger fraction of the wave

crest.

To better examine this point, Figure 6.19 shows the vertical distribution of
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the maximum force, Fmax(z). Three subplots are provided corresponding to the

force data recorded in wave case 5, 6 and 7 respectively. In each case five vertical

distributions, Fmax(z), are presented corresponding to the five alternative locations

of the breaking position; xf1 → xf3. Based on this data it is clear that the largest

impact forces, occurring in wave cases 5xf3, 6xf3 and 7xf2, exhibit a different

vertical distribution.
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(a) Wave case 5.
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(b) Wave case 6.
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(c) Wave case 7.

Figure 6.19: The vertical distribution of the peak force, Fmax(z), for (a) wave case 5, (b) wave

case 6 and (c) wave case 7. On each subplot the 5 wave breaking positions are shown by [ ]

xf1, [ ] xf2, [ ] xf3, [ ] xf4 and [ ] xf5. For the wave breaking position that

causes the maximum total crest force (xf3 for wave case 5 and 6, and xf2 for wave case 7) the

0.7Fmax line is shown by [ ] and the vertical extent of the significant impacts (F ≥ 0.7Fmax)

indicated by [ ].
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Comparing the vertical distribution associated with these largest loads, it is

clear that in the overturning wave cases, 5xf3 and 6xf3, Fmax acts over a larger

vertical elevation. Quantifying this effect by (arbitrarily) setting a threshold value

of 0.7Fmax to define a significant impact, Figure 6.19(a) shows that a significant

impact force acts over a length of 47.2 mm, which equates to 0.34ηmax. Adopting

a similar approach in wave case 6 (Figure 6.19(b)) a significant impact force oc-

curs over a length of 43.7 mm or 0.27ηmax. These results are remarkably similar

despite the difference in crest elevation and wave shape (Figure 6.11 and Table

6.3). In contrast, Figure 6.19(c) concerns the spilling, wave case 7. In this case

the significant impact, defined in exactly the same way, only occurs over a length

of 22.5 mm which corresponds to 0.12ηmax. This clearly suggests that the impacts

associated with spilling waves is much more spatially localised. The explanation

for this lies in the steepness of the incident waves; the data presented in Table

6.4 showing that the wave steepness is substantially reduced in the spilling wave,

wave case 7.

6.6 Impact force modelling

This section seeks to provide a quantitative assessment of the wave impact model

proposed by Goda et al. (1966). To achieve this, a description of the wave-induced

water particle kinematics is required; the importance of this having been high-

lighted in Chapter 3. Given the three wave cases to be considered, two overturning

and one spilling, the water particle kinematics were calculated using four separate

techniques:

(1) The maximum water particle velocity, arising at the maximum crest eleva-

tion, calculated using a Stokes fifth-order solution, uS5, (Fenton, 1985).

(2) The phase velocity calculated using a Stokes fifth-order solution, cS5, (Fen-

ton, 1985). Since the waves are breaking, the phase velocity (or some mul-

tiple thereof) is often adopted as a representative maximum velocity.

(3) The maximum water particle velocity calculated numerically using the bem

model, ubem, detailed in Chapter 3.
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(4) The maximum water particle velocity were measured experimentally, uexp,

by tracking the water surface elevation using a high-speed video camera.

The results of these different velocity calculations are presented in Table 6.5. In

applying Stokes’ wave model, both (1) and (2) were based upon a crest matched

solution, ηmax, with the input wave period based upon a trough-to-trough period

determined from the measured wave record, η(t). To achieve the bem solution

noted in (3), the calculations were undertaken within a numerical wave tank set up

to have the same geometry as the long flume (§6.3). In all other respects, including

the nodal resolution and the full numerical specifications (such as the Courant

condition for convergence) the model was implemented exactly as described in

Chapter 3.

To validate the bem calculations, Figure 6.20 compares the calculated water

surface elevation, η(x), and the velocity vectors, u(x, z), to the water surface

elevation measured using a high-speed camera (with a focal plane on the flume

side wall). In making these comparisons it is important to note that the wave

conditions are approaching the practical limitations of the bem model. Evidence

of this is provided by the fact that wave breaking at the column position could not

be achieved; the surface curvature being such that the numerical scheme broke-

down immediately prior to this position. As a result, the comparisons provided on

Figure 6.20 are shown for a time step immediately before the simulation terminated

in each wave case. Although these comparisons are not exact, the description of the

surface profile is very good, giving confidence concerning the predicted velocities

Finally, the experimental measurements of the maximum horizontal velocities

were achieved by tracking the water surface using a high-speed video camera. In

adopting this approach, it is assumed that the fluid velocity within the jet tip and

Table 6.5: Water particle velocities calculated and measured within the breaking wave events

that caused the largest impact forces.

Case xf ηmax [mm] uS5 [m s−1] cS5 [m s−1] ubem [m s−1] uexp [m s−1]

5 xf3 139 1.14 1.73 1.62 1.75
6 xf3 164 1.08 1.95 1.73 1.83
7 xf2 189 1.17 2.17 1.71 1.92
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on the edge of the spilling wave was purely horizontal. In effect, when tracking

a point on the water surface, the water particle was assumed to remain at this

point, in a fully-Lagrangian sense.

Although this represents a significant simplification, the fact that the waves are

in the process of breaking allows this simplistic (and relatively quick) approach to

be adopted. Indeed, the fact that the final results are reasonably close to the bem

predictions (both having their respective limitations) confirms that the maximum

fluid velocities can be reasonably well approximated.

With the kinematics detailed within Table 6.5, Equation 6.1 is rearranged to

define the vertical impact length, Ĥ, where

Ĥ = χηmax, (6.2)

and χ is the fraction of ηmax over which the impact force, Fs,x, is assumed to act.

In this case,

χ =
Ĥ

ηmax

=
Fs,x

1
2
CsDρηmaxu2

, (6.3)

where u is the appropriate velocity. Adopting this equation, χ can be solved di-

rectly; all other variables being defined from the experimental method except for

the slamming coefficient, Cs. However, in Chapter 5, it was shown that Cs = 5.19

was appropriate given the same surface properties and dry initial conditions. Ap-

plying Equation 6.3 now allows the impact elevation fraction, χ, to be calculated

using the four different input velocities given on Table 6.5. Taking each of the solu-

tions in turn, these are defined as follows: based upon Stokes’ fifth-order maximum

horizontal water particle velocity, χS5u , the Stokes’ fifth-order phase velocity, χS5c ,

the maximum horizontal water particle velocity from bem simulations, χbem, and

the water particle velocity from experimental tracking of the water surface, χexp.

The results of these calculations are given in Table 6.6. Before comparing the

varying estimates of χ given in Table 6.6, it is important to restate that in the

calculation of χ, all the relevant variables within Equation 6.3 are fixed except

the impact velocity. Consequently, the nondimensional impact force time-history,

for any one wave case remains constant. Indeed, Figure 6.21 makes comparisons

between the non-dimensional force time-history recorded in wave cases 5xf3, 6xf3
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(a) Wave case 5xf3.

(b) Wave case 6xf3.

(c) Wave case 7xf2.

Figure 6.20: Comparisons between the calculated water surface profile, η(x), using the bem

model [ ] and photographs of the water surface at the same time captured by a high-speed

video recorder. The resultant surface velocity vectors from the bem model are also shown by

[ ]. The subplots show (a) wave case 5, (b) wave case 6 and (c) wave case 7. In all cases,

it is important to note that the comparisons correspond to a time, t, moments before the bem

solution broke-down, the applied model being unable to capture the final wave breaking at the

column; the centreline of the latter being denoted by [ ].
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Table 6.6: The vertical elevation of impact, expressed as a fraction, χ, of ηmax; using different

representative horizontal wave impact velocities.

Case xf ηmax [mm] χS5u χS5c χbem χexp

5 xf3 139 0.55 0.24 0.28 0.29
6 xf3 164 0.87 0.27 0.34 0.30
7 xf2 189 0.65 0.20 0.43 0.22

and 7xf2 and these are also shown to be in good agreement.

Considering the data in Table 6.5, the fourth column, χS5u , shows the predic-

tion of χ using the maximum horizontal fluid velocity from Stokes’ theory, uS5,u.

As discussed in Chapter 3, this velocity represents a significant under-prediction

of the maximum horizontal wave velocity within a breaking wave (highlighted

within Table 6.5). With an under-prediction of the impact velocity, significant

increases in χ are required to compute the same measured force. This difficulty is

exacerbated by the quadratic dependence of the force on the velocity.

To improve the prediction of the vertical impact length, the vertical scaling

could be based upon Stokes’s fifth-order phase velocity. This is commonly applied

in design recommendations; the justification being that if a wave is breaking then

the maximum near-surface velocities must be at least as large as the phase velocity,

c. In the present example, the data presented in Table 6.5 suggests that this is

not the case. Specifically, it is believed that the agreement between χS5c and χexp

is fortuitous; an over-prediction of c accounting for an under-prediction of umax.

The most reliable data presented in Table 6.5 relates to the bem calculations

and the experimental observations. In the two cases, 5xf3 and 6xf3; these are in

very good agreement, confirming that for an overturning wave a value of χ ≈ 0.3

is appropriate. This is consistent with the early observations reported in §6.5.3.

In contrast, the data relating to the spilling wave case, 7xf2, shows significant

departures: χbem = 0.43 and xexp = 0.22. This difference almost certainly arises

due to the breakdown of the bem model discussed earlier. In this specific case,

the onset of spilling occurs some distance upstream of the column (Table 6.2)

and consequently the bem data relates to velocity predictions some time before
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Figure 6.21: Time-history of the impact forces expressed in nondimensional form: [ ]

wave case 5xf3, [ ] wave case 6xf3 and [ ] wave case 7xf2.

the wave event arrives at the column. Given the very rapid change in the water

particle velocities that occur in near-breaking waves (Chapter 3), this explains

why the bem predictions are likely to be in error.

In case 7xf2 in Table 6.6, χexp is undoubtedly the most reliable. Furthermore,

given the nature of this data umax is likely to be under-predicted leading to an

over-prediction of χ. On this basis it is clear that the impact elevation fraction,

χ, is substantially less in the case of wave spilling, χ ≈ 0.3, than in overturning

waves. Once again, this is consistent with the earlier observations reported in §6.5.

6.7 The importance of wave impact forces and to-

tal column forces

To put the wave impact loads in context, it is important to understand their

magnitude relative to the other wave induced forces. In particular, the wave loads

on the immersed length of the column. To make this comparison, the second-order

random wave solution of Sharma & Dean (1981) was applied to the three wave

events examined in §6.6. This theory was applied using the underlying, linearly

generated, wave spectrum with the model predictions matched to the maximum

measured crest elevation. The results of modelling the water surface elevation
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Chapter 6: Wave impact forcing on a slender vertical column

using this method are shown in Figures 6.22(a), 6.22(c) and 6.22(e), relating to

wave cases 5xf3, 6xf3 and 7xf2 respectively. Whilst the predicted water surface

profiles clearly show departures from the measured nonlinear data (as expected) it

was shown in Chapter 3 that the second-order wave solution produces a reasonably

accurate description of the wave induced water particle velocities beneath the still

water level (swl).

The velocities and unsteady accelerations calculated using the second-order

solution were used within a Morison’s equation formulation and integrated over the

immersed column height, from the bed at z = −1.25 m, to the swl at z = 0. The

two force components and the total force arising from these calculations are shown

in Figures 6.22(b), (d) and (f) for wave cases 5xf3, 6xf3 and 7xf2 respectively. The

drag and inertia coefficients employed within these calculations were defined by

Cd = 1.0 and Cm = 1.8 respectively. Whilst the represent the best estimate

of the most appropriate loading coefficients, the specific values chosen do not

substantially alter the conclusions to be made. In addressing this point, it is

important to note that the upper-bound values of Cd and, in particular Cm would

not be substantially larger.

In Chapter 3 it was shown that the drag and inertia forces are well predicted

by Morison’s equation provided:

(1) the local wave kinematics are well predicted,

(2) the entry and exit of the body through the water-air interface is neglected.

Since the sustained column forces are calculated from the column base to the swl,

both of these condition are satisfied. The force components described in Figures

6.22(b), 6.22(d) and 6.22(f) indicate that the inertia force component is (approx-

imately) 50% larger than the drag component; the two force components being

approximately 90° out of phase. The explanation for the large inertia loads lies in

the steepness of these breaking wave events and hence the very large unsteady ac-

celerations. The purpose of the present calculations was to contrast the magnitude

of the wave forces arising on the submerged column (−d < z < 0) in comparison to

the maximum measured crest forces (0 < z < ηmax). In reviewing the magnitude

of the maximum total wave force arising within the wave crest (taken from Figure

6.13), the maximum loads including the impact forces, were measured the fluid
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impact forces applied within the wave crest were measured to be 21 N (wave case

5xf3), 34 N (wave case 6xf3) and 35 N (wave case 7xf2). These forces, generated

within the wave crest, are 4–7 times greater than the forces applied on the rest

of column, −d < z < 0. Although such comparisons are inevitably subject to

some uncertainty, the relative size of the difference emphasises the importance of

accurate load predictions within the wave crest.

Finally, it is also important to stress the fact that the applied forces have very

different physical origins (see Chapter 3). For this reason, the load time-history

must also be considered if a complete picture of the ultimate limit state loads

is to be achieved. This is particularly important when considering any possible

dynamic amplification of these hydrodynamic input forces.

6.8 The relationship between impact forcing and

wave run-up

In steep incident waves, an important difference between the interaction with

horizontal and vertical cylinders occurs in how the fluid is constrained during

the impact event. When a unidirectional wave impacts upon a horizontal body

(Chapter 4) the problem remains two-dimensional. However, when the same wave

conditions impact upon a vertical column, this causes a three-dimensional flow

deformation; the fluid being forced up and around the column on the upstream

face. The fluid deflected vertically upwards on the upstream face is commonly re-

ferred to as wave run-up. This presents a potential threat to offshore installations;

the water rising into the air-gap and striking the underside of the deck structure.

Wave run-up is a highly transient effect that remains poorly understood, partic-

ularly when considering potential correlation with any associated impact forces.

This latter point is the focus of the final section of this chapter.

6.8.1 Measurements of wave run-up

To measure the wave run-up arising in the established test condition, a new series

of experimental observations was required. It has already been noted in §6.3.3

that the test section (or column) used to measure the wave forces in the crest
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Figure 6.22: Comparisons between the measured and second-order predicted water surface

elevation, η(t), and the corresponding load predictions beneath the swl. (a) & (b) wave case

5xf3, (c) & (d) wave case 6xf3 and (e) & (f) wave case 7xf2. In (a), (c) and (e) the water surface

elevations are measured [ ] and predicted [ ], while in (b), (d) and (f) the wave forces

are evaluated from −d ≤ z ≤ 0, with [ ] the drag force component, Fd, [ ] the inertia

force component, Fi, and [ ] the total force, FT .
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6.8 The relationship between impact forcing and wave run-up

Figure 6.23: Photo of the wave run-up measurement section with surface mounted gauges.

region can be removed from the vertical upstand mounted to the tank floor. This

allowed a second test section, of identical geometry, to be placed within the flow

field. The initial intention was that this second section would be designed to allow

the measurement of wave run-up.

Figure 6.23 shows this second test section. This consisted of a column, fabri-

cated from a solid pvc rod (D = 80 mm), with stainless steel inserts uniformly

spaced 10.5 mm apart around the circumference of the body. Figure 6.23 shows

the stainless steel inserts positioned within the pvc body; the steel being fit-

ted so that its outermost surface was flush with the surface of the pvc pipe.

The length of the stainless steel inserts was 960 mm, each insert extending from

−400 mm < z < 560 mm. The stainless steel inserts were paired to allow measure-

ment of the water surface elevation on the column face; the relevant instrumen-

tation being identical to the wave gauges detailed within §3.2.3. With a uniform

gauge spacing of 10.5 mm, the intention was to achieve surface elevation measure-

ments with a 30° resolution around the column face; a total of 12 gauges were

located around the column circumference. By multiplexing the input voltage, any

electrical cross talk between adjacent gauges could be eliminated; thereby allowing

the gauges to be placed in close proximity.

Although this method of measuring the water surface elevation in the vicinity

of a solid body has been applied previously (most recently by Peric (2012), albeit
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Chapter 6: Wave impact forcing on a slender vertical column

in a different context), preliminary measurements identified, a significant source

of error. This error was subsequently shown to be associated with the change in

the fluid thickness on the surface of the body. Unfortunately, a rapidly varying

fluid thickness on the body surface is an important feature of the wave run-up

cycle. As a wave strikes a surface-piercing column, fluid momentum is deflected

vertically upwards on the column face. As the fluid travels upwards, it is subject

to a gravitational deceleration. Consequently, as this upward motion of the fluid

occurs, the fluid thickness progressively reduces. Following the initial identification

of a problem, and a subsequent investigation of the effect, it became clear that

this variable fluid thickness creates a source of error when measuring the fluid

elevation on the body surface using resistance type wave gauges.

To explain this error, Figure 6.24 highlights a sectional view of the electrical

field created between and around the two conductors with opposing current po-

larity, that make up a single wave gauge. Within an infinite body of water on

the gauge faces (xfluid = ∞), the potential difference measured between the two

conductors remains proportional to the fluid elevation. However, in measuring the

wave run-up, the fluid thickness, xfluid, is variable over the gauge length. To quan-

tify the effect of the fluid thickness on elevation measurements, a controlled test

was conducted. Specifically, the effect of the fluid thickness, xfluid, on the linearity

of the calibration was examined. The data arising from these tests is presented on

Figure 6.25(a). In undertaking these tests xfluid was varied by placing an insulating

pvc sheet in front of a single gauge (as shown in Figure 6.24) at a fixed distance

of: 1 mm, 2 mm, 5 mm, 10 mm, 20 mm and 3 m; the latter representative of an

infinite solution. In each case (of xfluid) the gauge was calibrated to measure the

voltage output over five changes in water elevation ranging from 0 mm to 200 mm

in steps of 50 mm. Figure 6.25(a) shows the results of these gauge calibrations,

the different lines corresponding to different xfluid values.

As the fluid thickness on the gauge, xfluid, is changed, the gradient of the cal-

ibration changes also. This arises due to reduced electrical conductivity. Figure

6.25(b) shows the practical consequences of the variable fluid thickness on free

surface elevations. In undertaking the preliminary testing, the surface mounted

wave gauges were calibrated by changing the water level of the tank. This cre-

ates a calibration line consistent with the infinite solution (xfluid) since the water
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6.8 The relationship between impact forcing and wave run-up

lg = 10.5mm

xfluid

Figure 6.24: Sectional view of the electrical field lines generated by a surface-mounted resis-

tance wave gauge; probes have opposing polarity and a uniform spacing of 10.5 mm.

body extends for > 1.4 m in all directions around the body. However, during the

occurrence of wave run-up, the fluid thickness is not > 1.4 m on the gauge faces.

Indeed, it is substantially thinner. As the fluid thickness is reduced, the percentage

under-prediction of the vertical water surface elevation increases. Figure 6.25(b)

highlights exactly this effect. In particular, it shows that to achieve 99% accuracy

in the measured vertical water surface elevation, the fluid thickness on the gauge

face must be at least 22 mm thick. Similarly, for 90% accuracy in the measured

vertical water surface elevation, the fluid on the gauge must be approximately

10 mm thick. When the fluid thickness on the gauge is relatively thin, reduces

within height, and is unknown a priori (as is always the case in wave run-up), the

elevation of the fluid will be under-predicted.

The conclusion arising from these preliminary observations is that a surface

mounted resistance wave gauge (or gauges) cannot be used for the accurate mea-

surement of wave run-up when the fluid thickness is less than 22 mm. For this

reason, an alternative method of measurement for wave run-up was required.

6.8.2 Alternative measurements of wave run-up

To avoid the errors associated with the measurement of wave run-up using surface

mounted resistance wave gauges, an alternative approach based upon high-speed

video and free surface edge detection was used. This method has already been

discussed in some detail and shown to be effective in Chapter 3. To use the

same method for the measurement of vertical wave run-up, a new test section was

designed and fabricated. This included measurement demarcations on the body of

the column. Figure 6.26(a) shows a schematic of the measurement column. With
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Figure 6.25: The effect of fluid thickness, xfluid, on a wave gauge calibration. Figure (a) shows

the change in calibration gradient as the fluid thickness is changed from [ ] 1mm, [ ]

2mm, [ ] 5mm, [ ] 10mm, [ ] 20mm and [ ] ∞. The practical effect of this

change in the calibration gradient is shown in (b) by normalising all gradients by the xfluid =∞
solution. To measure the vertical water surface elevation with 99% and 90% accuracy, the [ ]

lines are added to show the minimum fluid thickness that should be maintained.

a diameter of D = 80 mm and a length of 960 mm, this new column section was

positioned on top of the aluminium upstand and stainless steel collar discussed

in §6.4. Figure 6.26(b) shows assembled column in the tank with wave run-up

occurring on its front face. This image represents one still frame of a run-up

sequence recorded on a high-resolution Sony NEX-FS700 video recorder.

Within this present study, the wave run-up was measured on the upstream

face of the column at the 0° position. This measurement position is perpendicular

to the incident wave conditions and this represents the location of the maximum

wave run-up. The accuracy of using high-speed video combined with fluid edge

detection analysis was shown in Chapter 3 to be ±1 mm. This accuracy is achieved

by taking one frame of the column in quiescent conditions to map the physical

body dimensions onto pixel space. The high-speed images are post-processed to

detect the fluid elevation on the 0° line, with the detected pixels converted to

physical space.

An example of a sequence of run-up measurements is shown on Figure 6.27.
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Figure 6.26: (a) Schematic of the measurement column used for edge detection photography

and (b) a single image recorded by the camera for subsequent post-processing. All images are

recorded looking perpendicular onto the upstream face of the column.

This concerns wave case 6xf5 striking the column; the vertical motion of the fluid

on the upstream face of the body being clearly identified. The horizontal red line

superimposed on each subplot highlights the maximum elevation of the fluid on

the 0° position. Taken together the vertical elevations measured from tracking the

fluid on the column face produce a time-history of the wave run-up.

With careful application this method produced high-quality results with very

good repeatability. An example of the run-up elevation detection is shown within

Figure 6.28. This defines the time-history of the wave run-up for wave case 7xf4;

the data relating to two successive test undertaken on different days. Based on

repeated measurements of this type, then maximum inter-test variation in the

run-up time-history, RU(t), was 5%, and differences in RUmax less than 3%.

6.8.3 Modelling wave run-up

Figures 6.29–6.32 concern wave cases 4, 5, 6 and 7 respectively; full details of the

wave cases having been given on Table 6.1. In each case data is provided for each

position of the breaking event, xf1 → xf,5, defining a total of 20 individual wave
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(a) t = 43.74 s (b) t = 43.75 s (c) t = 43.76 s (d) t = 43.77 s (e) t = 43.78 s

(f) t = 43.79 s (g) t = 43.80 s (h) t = 43.81 s (i) t = 43.82 s (j) t = 43.83 s

(k) t = 43.84 s (l) t = 43.85 s (m) t = 43.87 s (n) t = 43.88 s (o) t = 43.89 s

Figure 6.27: Images recorded for wave case 6xf5 with [ ] run-up elevation shown on the

front face of the column.

288



6.8 The relationship between impact forcing and wave run-up

Time [s]

E
le
va

ti
o
n
[m

m
]

41.25 41.3 41.35 41.4
150

200

250

300

350

400

Figure 6.28: Run-up elevation using the edge detection method. A repeated test of wave case

7xf4 is shown for [ ] test one and [ ] test two.

events. In each of these 20 individual wave cases, data describing both the incident

water surface elevation, η(t), measured at the position of the column, but without

the column in place, and the run-up time-histories, RU(t), recorded on the front

face of the column is provided. Taken together, this sequence of figures highlights

the large magnitude of the run-up in all wave cases.

This result is perhaps to be expected given that all the wave cases are of

breaking steepness; leading to either spilling or over-turning waves. Indeed, when

comparing the maximum elevation of the incident wave, ηmax, to the maximum

run-up elevation, RUmax; a factor of 2 is typically observed. It should also be noted

that the run-up time-histories presented in Figures 6.29-6.32 are discontinuous,

terminating shortly after the time of RUmax. The termination of the measurements

occurs when the run-up elevation can no longer be accurately defined by the edge

detection method. This is a result of the fluid becoming very thin as it runs down

the column face, having attained its maximum elevation of RUmax. Although this

is inconvenient, it is important to stress that it always occurs after RUmax.

In Figures 6.29(a), 6.30(a), 6.31(a) and 6.32(a) the time-histories of the wave

run-up, RU(t), confirms that the run-up velocity, defined by the gradient of RU(t),

is not consistent. Indeed, it varies with both the progression of an individual wave

event and with the position of wave breaking relative to the column face. Similarly,

the maximum run-up elevation also varies with the position of the wave breaking

relative to the column.

In considering these two points, Figures 6.29(b), 6.30(b), 6.31(b) and 6.32(b)
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concern the maximum incident crest elevation, ηmax, and the maximum run-up

elevation, RUmax, measured for the different breaking positions (xf1 → xf5) in

each of the four wave cases. Using this data, the ratio of RUmax/ηmax is shown on

Figures 6.29(c), 6.30(c), 6.31(c) and 6.32(c). This allows the variation in the run-

up ratio with the breaking position to be examined explicitly. Overall, Figures

6.29(c), 6.30(c), 6.31(c) and 6.32(c) confirm that RUmax/ηmax is approximately

constant; with ratios ranging from 1.9 to 2.5. However, some important trends

are evident within these run-up measurements. The largest run-up elevation (and

the largest run-up ratio) occurs when the wave breaking position is located at

either xf4 (0.2 m) or xf5 (0.4 m). This relates to conditions in which wave breaking

occurs downstream of the column position. This confirms the fact that wave events

associated with the maximum run-up are not the same as those that cause the

maximum fluid impact forces.

Examples of this difference are given as follows. Figure 6.30(c) shows that

the maximum run-up attained in wave case 5 arises when the breaking position

is xf4 (0.2 m). In contrast, the peak fluid forcing for this wave case, noted in

Figure 6.13(a), occurs when the wave breaking position is at xf3 (0.0 m). Similar

results are obtained in wave cases 6 and 7. In wave case 6, Figure 6.13(b) indicates

that the maximum impact force arises with a breaking position of xf3 (0.0 m). In

contrast, Figure 6.31(c) shows that RUmax and RUmax/ηmax occur at xf5 (0.4 m).

Similarly, in wave case 7, Figure 6.13(b) shows that the maximum impact force

arises with a breaking position of xf2 (−0.2 m), whereas RUmax and RUmax/ηmax

are shown to occur at xf5 (+0.4 m) on Figure 6.32(c).

These result are, in part, due to the transfer of momentum associated with

a wave impact. Indeed, wave impact forces are caused by the sudden and rapid

transfer of momentum from the wave crest to the column; effectively a destruction

of momentum. As a result, the momentum of the fluid striking the body cannot

be deflected vertically upwards and, at the same time, produce an impact force

of a similar magnitude. In effect, the loss of momentum as the fluid is brought

to rest by the body, ensures that the run-up is reduced at the breaking position.

Put another way, one incident wave form can either be responsible for the largest

impact force, or the largest run-up, but not both.

Although there must be clear linkage between the impact loads and the run-up
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Figure 6.29: Comparisons between the time-histories of the wave run-up on the front face

of the column, RU(t), and the incident water surface elevation, η(t), measured at the column

centreline, but without the column present. All data relates to wave case 4. (a) η(t) for all

breaking positions: [ ] 4xf1, [ ] 4xf2, [ ] 4xf3, [ ] 4xf4 and [ ] 4xf5,

and [ ] RU(t) for all wave breaking positions. (b) [ � ] The maximum water elevation,

ηmax(xf ) and [ � ] the maximum run-up, RUmax(xf ). (c) [ � ] The ratio of these two

quantities, the maximum run-up ratio, RUmax/ηmax(xf ).
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Figure 6.30: Comparisons between the time-histories of the wave run-up on the front face

of the column, RU(t), and the incident water surface elevation, η(t), measured at the column

centreline, but without the column present. All data relates to wave case 5. (a) η(t) for all

breaking positions: [ ] 4xf1, [ ] 4xf2, [ ] 4xf3, [ ] 4xf4 and [ ] 4xf5,

and [ ] RU(t) for all wave breaking positions. (b) [ � ] The maximum water elevation,

ηmax(xf ) and [ � ] the maximum run-up, RUmax(xf ). (c) [ � ] The ratio of these two

quantities, the maximum run-up ratio, RUmax/ηmax(xf ).

291



Chapter 6: Wave impact forcing on a slender vertical column
F
lu
id

el
ev
a
ti
o
n
[m

m
]

Time [s]

43 43.5 44 44.5

−100

0

100

200

300

400

(a)

xf [m]
M
a
x
el
ev
a
ti
o
n
[m

m
]

−0.4 0 0.4
0

100

200

300

400

500

(b)

xf [m]

R
U

m
a
x
/
η
m

a
x

−0.4 0 0.4
0

0.5

1

1.5

2

2.5

3

(c)

Figure 6.31: Comparisons between the time-histories of the wave run-up on the front face

of the column, RU(t), and the incident water surface elevation, η(t), measured at the column

centreline, but without the column present. All data relates to wave case 6. (a) η(t) for all

breaking positions: [ ] 4xf1, [ ] 4xf2, [ ] 4xf3, [ ] 4xf4 and [ ] 4xf5,

and [ ] RU(t) for all wave breaking positions. (b) [ � ] The maximum water elevation,

ηmax(xf ) and [ � ] the maximum run-up, RUmax(xf ). (c) [ � ] The ratio of these two

quantities, the maximum run-up ratio, RUmax/ηmax(xf ).
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Figure 6.32: Comparisons between the time-histories of the wave run-up on the front face

of the column, RU(t), and the incident water surface elevation, η(t), measured at the column

centreline, but without the column present. All data relates to wave case 7. (a) η(t) for all

breaking positions: [ ] 4xf1, [ ] 4xf2, [ ] 4xf3, [ ] 4xf4 and [ ] 4xf5,

and [ ] RU(t) for all wave breaking positions. (b) [ � ] The maximum water elevation,

ηmax(xf ) and [ � ] the maximum run-up, RUmax(xf ). (c) [ � ] The ratio of these two

quantities, the maximum run-up ratio, RUmax/ηmax(xf ).
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velocities, the exact relationship is complicated by the fact that the time-scales

associated with these two distinct events are very different. For example, the run-

up time-histories shown in Figures 6.29(a), 6.30(a), 6.31(a) and 6.32(a) highlight

a time interval of ∆t = 0.1 s for the fluid elevation to reach RUmax.

In contrast, the time scale associated with the rise-time of the impact force is at

least two-orders of magnitude smaller (∆t ≈ 0.005 s). Whilst fluid run-up on the

front face of the column is undoubtedly reduced by the fluid impact on the body,

not least because the occurrence of an impact involves bringing more than just the

fluid in immediate contact with the column to rest, most of the run-up is associated

with the deflection of fluid not directly involved in the initial impact. As a result,

run-up elevations remain only weakly influenced by the wave impact forces. To

examine this point, Figure 6.33 concerns the run-up ratios, RUratio = RUmax/ηmax,

as a function of breaking position, xf , and contrasts the data with the envelope

describing the maximum force, F/Fmax(xf ), and the maximum surface elevation,

η/ηmax(xf ). As expected, Figure 6.33 shows that the run-up ratio (RUmax/ηmax) is

relatively independent of the wave breaking position, xf . Nonetheless, this figure

confirms some local decrease in the wave run-up at the breaking locations close to

where the impact forces are largest. This confirms that the individual wave events

responsible for the occurrence of the largest impact loads do not also give rise to

the largest run-up. This is consistent with the physical arguments outlined above.

The run-up time-histories shown in Figure 6.29(a), 6.30(a), 6.31(a) and 6.32(a)

all show significant changes in run-up the elevation over small time duration. This

emphasises the magnitude of the vertical run-up velocities. Not surprisingly it

is noted that the wave breaking position that caused the maximum run-up ra-

tio, was also the position that generated the largest run-up velocities. A full

description of the run-up velocities is given on Table 6.7 where z is the elevation

of the wRU measurement. Most importantly, it is clear that the run-up veloci-

ties can be substantially larger that the incident fluid velocities high in the wave

crest (0.92umax ≤ wRU/umax ≤ 1.30umax). This result cannot be predicted by

present design practice, based upon local a momentum conservation argument,

and highlights the potential for significant structural damage when the deflected

fluid involved in the wave run-up impacts on members located high above the still

water level.
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Figure 6.33: Envelopes of the normalised maximum water surface elevation, η/ηmax [ ],

the normalised maximum force F/Fmax [ ] and the normalised maximum run-up ratio

RUratio/RUratio(max) [ ] as functions of the wave breaking position, xf . (a) Wave case 5,

(b) wave case 6 and (c) wave case 7.

Table 6.7: Run-up velocity measurements associated with the test cases that produce the

largest run-up elevation. The vertical position of maximum run-up velocity, wRU , is defined by

z, with z/ηmax the nondimensional elevation of this measurement position. The ratio of the

run-up velocity to the maximum horizontal wave velocity (both measured experimentally §6.6)

is wRU/umax.

Test case z [mm] z/ηmax wRU [m s−1] wRU/umax

5xf4 238 1.71 2.27 1.30
6xf4 209 1.40 2.30 1.26
7xf2 209 1.10 1.77 0.92
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6.9 Concluding remarks

A full discussion of the results and conclusions arising from the entire study is

given in the following Chapter, together with some suggestions for future work.

However, in the context of the present chapter, a new experimental study of the

wave loads acting high in the wave crest on a vertical surface-piercing column

has established a number of important points. These are briefly summarised as

follows:

(1) Wave impacts on vertical surface-piercing columns are highly localised events

associated with breaking waves.

(2) The largest impact forces are sensitive to the local wave shape and hence

the position of the breaking wave relative to the column. This is, in large

part, due to the angle of the incident wave face; the largest impact loads

occurring when the wave face is steepest and the fluid velocities are largest.

(3) Whilst the maximum crest elevation, ηmax, does not change significantly for

different breaking positions, subtle changes in the wave shape lead to large

changes in the maximum total force arising in the wave crest.

(4) The impact forces arising in the spilling and overturning waves differ signif-

icantly; the latter being applied over a larger vertical length of the column.

(5) Adopting the model of Goda et al. (1966) together with the impact coef-

ficient derived in Chapter 5, Cs = 5.19, for similar initial body conditions

the wave impact forces were shown to occur over a length of 0.3ηmax in

overturning waves and 0.2ηmax in spilling waves.

(6) Finally, a separate study of wave run-up shows that this was less depen-

dent on the occurrence of wave impact forces than previously hypothesised.

This arises because the time-scales associated with wave run-up are substan-

tially larger than those of the impact forcing. Typically, the wave run-up

was found to be 2ηmax. However, the present tests clearly identify a local

decrease in the wave run-up at the location of the maximum impact force.

This is undoubtedly due to loss of momentum, triggered by the occurrence

of the wave impact.
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(7) In considering the individual run-up events, the run-up velocities were found

to be significant, 0.92umax ≤ wru ≤ 1.30umax. This emphasises the practical

importance of predicting wave run-up and the associated vertical impact

forces.
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7
Conclusions

Extreme wave forces remain uniquely important within a design context; the forces

relating to the ultimate loads that any offshore structure must withstand. Con-

sequently, an improved understanding of extreme wave forcing is vital to both

the safe design of new offshore structures and the re-assessment of existing struc-

tures; the latter being particularly important given the growing number of offshore

structures for which life time extensions are sought.

To improve the prediction of these extreme forces, insights are required into

the physics of limiting and breaking waves, and the load time-histories that arise

when the wave strikes a structural element, particularly in the near-surface zone.

The present study has sought to address these shortcomings. By focusing on the

description of the wave forces at a local, element level (appropriate to cylindrical

bodies) the goals of the study are listed as follows:

(1) To identify sources of uncertainty in existing wave force models when applied

to the steepest and most severe wave conditions.

(2) To provide an improve physical understanding of extreme wave impact forces

in the wave crest-trough region.

This chapter summarises the principal findings of this study and provides recom-

mendations for future work.
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7.1 Principal findings

Taken as a whole, the present study has provided experimental investigations, non-

linear numerical calculations and wide-ranging comparisons to existing analytical

methods to develop the insights required to address the aims of the study.

As a prerequisite to the investigation of the extreme wave forces, the wave-

induced velocities, u(x, z), and the wave profiles, η(t) and η(x) associated with

waves of limiting and breaking steepness were examined in deep-water. Both ex-

perimental observations and nonlinear numerical calculations showed the system-

atic breakdown of existing analytical solutions, due to the omission of important

physical processes within these limiting wave events. For example, during the for-

mation of a steep wave event, resonant interactions at third-order and above cause

an asymmetric steepening of the wave profile. This has two important effects:

(1) A significant phase reduction between the location of the maximum horizon-

tal fluid velocity, umax, and the maximum unsteady acceleration, ∂u/∂tmax.

(2) The steepening of the wave profile also leads to a significant local increase

in the water particle velocities high in the wave crest. In such events umax

approaches and exceeds the local velocity, c; the ratio of umax/c being largest

in an overturning wave. This effect is only captured by the application of

an unsteady fully nonlinear wave model.

Both of these effects are directly related to the steepness of the wave event. Fur-

thermore, these factors have particular significance when considering the sustained

wave forces acting on an individual member; the maximum drag and the maxi-

mum inertia forces occurring much closer together in space and time than was

previously thought to be the case. This represents a significant departure from

the load predictions that arise from the application of Fenton (1985) or Sharma

& Dean (1981) wave solutions; both models being commonly applied in design

practice. With the water particle velocities shown to be critically important for

the prediction of all elements of the wave loading (particularly within breaking

waves), the role of the wave profile was also considered. Using detailed laboratory

observations, the wave profile was also shown to be an important source of un-

certainty in the prediction of wave impact loads. This uncertainty arises because
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the direction of the water particle velocities high in the wave crest are not aligned

with the normal to the water surface on the wave face.

When modelling a wave impact force on a horizontal cylindrical body, the

direction of the normal to the water surface and the direction of resultant water

particle velocities are both important independent variables. Indeed, the mismatch

between these directions reflects the important difference between realistic oblique

wave impacts and the perpendicular impact solutions of von Kármán (1929), Wag-

ner (1932), Fabula (1957) and Cointe & Armand (1987). To clarify this point a

separate set of carefully controlled drop tests was undertaken, involving oblique

angle entries. The data arising from these tests confirmed that the correct resul-

tant impact direction lies between the direction of the normal to the free surface

at impact, and the resultant direction of the impact velocity, u+ w.

The physical explanation of this effect was first hypothesised in Chapter 4 us-

ing the force data recorded on the horizontal cylinder. This was later validated

using direct pressure measurements recorded in the inclined drop tests (Chapter

5). In the latter case, the experimental study highlighted the development of an

asymmetric pressure field that occurs during an oblique fluid-structure impact in-

volving a horizontal cylinder. In addressing this case, it is important to recognise

that the direction of the normal to the water surface remains the dominant pa-

rameter defining the resultant impact force direction. However, the direction of

the local impact fluid velocity should not be neglected. Although the change in

the direction of the impact force is small, it is nonetheless very significant. The

explanation for this lies in the fact that without a correct interpretation of the

impact force direction, errors are incorporated into the impact force magnitude.

Indeed, one of the key findings of the present study is that with an improved de-

scription of the impact force direction, the impact force magnitude can be reliably

predicted using an impact coefficient of Cs = 5.19. Most importantly, this appears

to be widely applicable, covering all impact angles.

In addition to the impact force, the effective prediction of the sustained (or

gradually varying hydrodynamic loads) remains an important element in describ-

ing the forces that arise when a wave crest passes a fixed slender body. This work

has shown that within steep and overturning waves, the maximum water particle

velocities (umax, wmax) and maximum fluid accelerations ∂u/∂t|max are in close
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proximity. The importance of this is reflected in the experimental measurements

of the sustained forces within the wave crest; the maximum horizontal drag and

the maximum horizontal inertia forces being in close proximity. When comparing

the total experimentally measured forces with those predicted using the most ac-

curate wave kinematics (either measured experimentally or predicted using a fully

nonlinear wave model), the model of Morison et al. (1950) produces generally good

agreement. However, this is not the case if the wave kinematics are based upon

an inappropriate and inaccurate wave model as is often the case in commonly

applied design practice. Nevertheless, this study also highlights the need for an

adjustment (or ramping) of the forces to account for the finite body size during

fluid entry and exit (Kaplan & Silbert, 1976).

In considering the extreme wave forces acting on a vertical (surface-piercing)

column, care needs to be exercised in respect of the increased dimensional consid-

erations. In particular, incorporating the three-dimensional surface deformation

at impact, specifically the run-up. This work has shown that wave impact forces

on vertical surface-piercing columns only occur in waves of breaking steepness.

This includes waves that are either breaking or are on the point of breaking. Fur-

thermore, the presence of wave impact forces are highly sensitive to the breaking

position relative to the column. Consequently, whilst the envelope of the maximum

water surface elevation remains only weakly dependent on the breaking position,

the envelope of maximum force (generated within the wave crest) is subject to

rapid change due to the wave impact force being highly localised. As a result, the

maximum crest elevation (alone) is not a good predictor of either the occurrence

of wave impacts or of the maximum load arising.

By considering different types of breaking waves, the prediction of the vertical

impact length using the model of Goda et al. (1966) highlights an important phys-

ical difference between spilling and overturning wave types. This model highlights

that the peak impact force within a spilling wave event extends over a length of

approximately 0.2ηmax. In contrast, in an overturning wave event, this length in-

creases to 0.3ηmax; the peak impact force occurring over a larger proportion of the

wave height. In comparing these cases it is clear that this increase in the impact

length ratio is consistent with the geometry of the breaking waves or the increased

steepness of the overturning wave cases.
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In comparison to the maximum total forces arising within a wave crest, the

maximum wave run-up is much less sensitive to changes in the detail of the wave

shape and hence position of wave breaking. Based upon the data reported herein,

there is a reduction in the maximum run-up elevation arising in the vicinity of

the maximum impact load. This is clearly associated with a reduced vertical

deflection of momentum, due to the wave momentum lost as a result of the impact.

Nonetheless, the envelope of the wave run-up is only weakly dependent on the

breaking position. The explanation for this lies in the fact that the time-scales

associated with the wave run-up are at least two orders of magnitude larger than

those associated with the wave impact. As a result, the latter are only able to

exert a partial (or minor) influence on the former.

7.2 Recommendations for future work

Although the present study has provided an improved understanding of the very

largest loads arising in the crests of extreme (near-breaking and breaking) waves,

additional work is undoubtedly required to access the practical implications of

these results for real structures. Several important aspects of this further work

are listed as follows:

(1) The present study has only addressed unidirectional wave conditions. Real

seas are directionally spread and this has implications for the wave shape,

the maximum water particle kinematics and the occurrence of wave break-

ing. Given the importance of directionality, particularly in respect of the

steepest waves, its influence on the applied fluid loads clearly needs to be

assessed.

In considering the role of directionality it is important to note that the

directionality of a sea state is not expected to influence the conclusions

arising in respect of the impact forcing on a horizontal cylinder. The reasons

for this are two-fold:

(a) The short-crestedness of an extreme wave event arises over a length

scale that is substantially larger than the horizontal length of an

individual structural member.
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(b) In the worst case wave impact loading (which is of concern in Ulti-

mate Limit State (uls) design) the in-line wave motion (x-direction)

is perpendicular to the horizontal body centreline. Consequently, the

transverse fluid velocities, v, (in the y-direction) are of reduced im-

portance.

In contrast, the inclusion of directionality in the modelling of the extreme

wave forces acting on a vertical column is likely to be significant. The

presence of transverse velocity components velocities within a large wave

event, may increase the flow confinement around a vertical surface-piercing

column. This effect has the potential to change both the impact forces and

the wave run-up.

(2) The present study has focused on an improved understanding of the lo-

cal wave loads and has addressed each of the hydrodynamic input forces ;

drag, inertia and slamming. Applying these input forces (with appropriate

scaling) to full-size structural members, including the associated dynamic

properties, represents an important extension. This would allow a rigorous

assessment of whether structural member failure can be better predicted

with improved modelling of the input forces and appropriate member dy-

namics.

(3) When considering the local impact forces that arise as a result of the de-

flected momentum associated with the wave run-up, the full characteristics

of this momentum must be considered. In this regard, it is not just the

maximum run-up elevation that should be considered, but also the volume

of fluid involved in the run-up and the associated run-up velocities. Since

it is this deflected momentum that defines the potential impact forces on

the underside of the lower deck structure, this additional quantification is

key to any practical application. Investigating these additional variables

represents a potential extension of the study that would be well included

with point (1).

(4) It is of significant practical interest to establish how the local loads exam-

ined in this work translate into global structural forces. This is particularly
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important when considering global structural failure within current design

procedures, particularly for fixed offshore jacket structures. The relative im-

portance of these local forces on different structures, with different dynamic

properties, remains an important question to address.
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