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Abstract

External loads on a free-floating vessel affect the vessel responses in waves. DNV’s recommended practice for
modeling and analysis of marine operations [1] categorizes lifting of an object above 1-2% of the vessel displacement
as a heavy lift operation. Such operations have a non-negligible impact on the vessel responses. This type of operation
is primarily lifting using the vessel crane. This study focuses on two different cases of lifting operations. The first case
is a purpose-made vessel for transportation and deployment/recovery of a Remotely Operated Vehicle (ROV) at the
stern of the vessel. The second case is installation of a subsea template (ITS) with an offshore construction vessel.
Such operations are often done at a certain heeling or trimming angle induced by the weight of the lifted object.
Realistic operational weather limitations for these types of operation are important both for safety reasons and
economic reasons. It is therefore interesting to investigate the consequence of changing the vessels heeling and

trimming angle when performing the lifting operations.

Installation of a subsea template typically involves overboarding, lowering through the splash zone, lowering down
to seabed, and landing on the seabed. Deployment of an ROV is similar, but the overboarding phase is slightly different.
The ROV will be brought overboard by the launch and recovery system, lowered through the splash zone and lowered
further down to working depth. The common phase for these cases is lowering through the splash zone. This study
focuses on crossing of the splash zone, which is considered one of the critical phases of a deployment operation due

to the potentially large hydrodynamic forces.

Comparative response analyses of the vessels with and without an initial trimming or heeling angle are conducted.
The hydrodynamic properties for both vessels have been acquired through frequency domain analysis in upright/even
keel condition and with a certain angle of trimming or heeling. Time domain simulations of the cases, with the acquired

hydrodynamic properties, are used to study the dynamic responses of the system.

In addition to addressing the differences between simulating the deployment operations with response amplitude
operators for upright/even keel position and a certain angle of trimming or heeling, the thesis discusses the differences

between running the template deployment simulations as a coupled and uncoupled model.

The results indicate that waves arriving parallel to the axis that the vessel is rotated around generates larger responses
for both vessels after being trimmed/heeled. Since the ROV deployment case has a criterion related to horizontal
motion the larger responses cause lower allowable sea states for the trimmed case. The allowable sea states for the
ITS deployment increases for the case with an initial heeling angle. The uncoupled case highlights the importance of

the vessels ability to adjust to the motions of the lifted object, as the allowable sea state decreases.
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Abbreviations

AHC Active Heave Compensation
BBC Bottom Boundary Condition
COG Center of Gravity
CFD Cumulative Distribution Function
DFSBC Dynamic Free Surface Boundary Condition
DHL Dynamic Hook Load
DNV Det Norske Veritas
GEVD Generalized Extreme Value Distribution
GL Germanischer Lloyd
ITS Integrated Template Structure
JONSWAP Joint North Sea Wave Project
KFSBC Kinematic Free Surface Boundary Condition
LARS Launch and Recovery System
PDF Probability Density Function
PLET Pipeline End Termination
RAO Response Amplitude Operator
ROV Remotely Operated Vehicle
SPS Subsea Production System
SwL! Still Water Level
SwWL! Safe Working Load
TMS Tether Management System
WBC Wall Boundary Condition

1 Commonly used for both Still Water Level and Safe Working Load.
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Chapter 1

Introduction

1.1 Background and Motivation

As oil and gas fields move further offshore and to deeper waters than earlier, new methods for recovery of petroleum
develop. A method to compensate for the increasing water depth is to move the production system down to the seabed
[2]. This is often referred to as a subsea production system (SPS). Such a system may consist of [2]:

e  Xmas trees and wellhead systems.
e Tie-in and flowline systems.

e  Control systems.

o Umbilical and riser systems.

e Manifold and jumper systems.

The subsea control system is the control system that operates the subsea production system during production
operations [3]. It operates the chokes and valves on the manifold/templates, xmas trees and pipelines. Data is being
received and transmitted between surface and subsea to enable the operator to monitor the status of the production [2].

Subsea manifolds are used in development of subsea fields to simplify the subsea part of the system. This reduces the
number of pipelines and risers which either connects the subsea system to the surface system or serves as infield
connections between the various subsea equipment [2]. To contain the pressure from the well at the seabed a wellhead
is mounted at the end of the production casings (simplified explanation). This wellhead also serves as an interface for
well completion activities, testing of all subsea operation phases and drilling of the well [2]. On top of the well head
is the xmas tree. It contains several pipes, fittings, sensors and valves to control the production flow, control injection
to the well or to monitor the system. The xmas trees can be controlled by the subsea control system or manually by a

diver or an ROV [2]. The control fluid or electrical signals from the surface, if the xmas tree is controlled from surface,
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are transported through an Umbilical. The umbilical is a bundled arrangement of tubing, piping, and/or electrical

conductors.

Jumpers are typically used to connect subsea components, such as freestanding wells to manifolds, between manifolds
or from manifold to a pipeline end termination [2]. This is a short pipe connector which transports fluid between the
two components. Other components with larger distance between them are connected using flowlines. The flowlines
can either be flexible pipes or rigid pipes. The subsea production system is connected to the surface system using

risers [2].

A typical subsea production system with its components, and the relationship among them, is presented in Figure 1-1.

Figure 1-1: Typical subsea production system [2].

The wells in a subsea production system can either be arranged separately, like the wet trees in Figure 1-1, or gathered
together with a manifold in an integrated template structure (ITS). An ITS during deployment, just prior to crossing
the splash zone, is shown in Figure 1-2. This template has the capability to be the foundation for a manifold and four
wellheads with each their xmas tree. A typical ITS consists of a several components. The steel framework serves as a
support for the other components. The purpose of the ITS is to provide a stable foundation on seabed for the wellheads
and ancillaries connected to it. Tailpipes are located in the center of where the wellheads are installed to protect against
soil layer collapse for drilling activities [2]. Covers or hatches are mounted on top of the structure to protect against
impact from falling objects and to guide fishing gear safely over the structure. One suction anchor is normally fitted

in each corner of the template to restrain the template both horizontally and vertically after it has been installed [2].
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They are designed to penetrate the soil on the seabed by utilizing both the weight of the template itself and pumps
which create a vacuum inside the suction anchor [4].

Figure 1-2: ITS deployment at Snorre field [Source: DeepOcean]

Installation of the subsea production system involves hazards and high risks because of the harsh nature and
uncertainty around the marine environment [5]. This study focuses on the installation of the subsea template. Handling
the uncertainties and risk related to the installation phase offshore equipment such as templates requires engineering
analytical work [6]. Numerical models are often implemented in the analysis of various phases of the offshore
operation to determine operational limitations which maintain a desired level of confidence that an accident is avoided.
Allowable sea state limits for the offshore operations are determined through detailed numerical analysis of the
different phases before comparing the critical responses and the respective allowable limits [6]. Normally a
combination of significant wave heights and spectral peak periods where the probability of success for the operation

is estimated to be above a certain limit are defined [6].

Deployment of a subsea template, or any similar offshore lifting operation, can be divided into multiple phases. DNV

describes the following phases as the main phases of a deployment operation [1] & [7]:

o  Pre-lift.

o  Lift-off.

e Over-boarding.

e  Splash zone crossing
e Lowering

e Vessel positioning

e Landing
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The pre-lift phase is when the vessel has reached is designated location and the operation is ready to start. The object
is then lifted off either the vessel’s own deck or a separate vessel used for transportation of the object. The over-
boarding phase is related to lifting the object off the vessel’s own deck. At this phase the object is translated
horizontally from its position on deck to the lowering position. The object is then lowered through the splash zone
where it is directly exposed to wave kinematics. After being lowered through the splash zone the crane pays out until
the object is just above the seabed. Prior to the object being landed on seabed the vessel repositions to make sure the

object is landed on its deployment point.

Each of the seven above-mentioned phases are subject to engineering prior to offshore execution to make sure an
acceptable probability for a successful operation is achieved. This thesis focuses on analyzing the splash zone crossing.
This phase is considered one of the most critical [8]. It is essential that the hydrodynamic loads acting on the object
during lowering is estimated as accurately as possible to achieve a realistic numerical model. Achieving a realistic
numerical model, and accurately predicting the induced motions and slamming loads acting on the object during splash
zone crossing is challenging because of the transient effects that occurs as the object reaches the free surface [8]. An
accurate numerical model is essential to minimize the chance that the crane wire will become overloaded or slack [9].
DNVGL-RP-N201 presents the following potential consequences of lowering an object through the splash zone,

which must be addressed during planning of the offshore operation [7]:

e Damage to the object itself due to slamming loads.
e  Snap forces acting on the lifting wire after the wire has become slack.

o  Shift of object due to change in position of centre of buoyancy.

Subsea operations are primarily performed by Remotely Operated Vehicles (ROVs). They can either assist during
deployment operations such as deployment of the template mentioned above, or perform maintenance inspection or
repair to an existing subsea asset [2]. ROVs are often deployed from a surface vessel, making the operation weather
dependent. The ROVs can be deployed over the side of the vessel, down a moonpool or even at the stern of the vessel.
A typical Launch and Recovery System (LARS) is presented in Figure 1-3. A system for launch and recovery over
the side of a vessel normally consists of a ROV connected to a tether management system (TMS) which is connected
to a lifting wire (umbilical). The lifting wire is running through a sheave on the LARS frame and spooled onto a winch.
The winch usually has some sort of heave compensating system to counteract some of the heave motion at the tip of
the LARS frame. The LARS frame transports the ROV from the vessel deck to the deployment/recovery position. The
LARS in this study is located at the stern of the vessel.

Lifting through the splash zone is considered the most critical phase during launching and recovery of ROVs [10]. At
this stage the lifting wire can become slack and experience large snap loads. The capacity of the wire sets limitations
for when the launch and recovery can happen. From an economic perspective it is beneficial to have the range of
allowable sea conditions as wide as possible and reduce the amount of waiting on weather. DNV’s recommended
practice for modeling and analysis of marine operations [1] allows for alternative methods, such as time domain

simulations, to determine operational limitations.
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<—ROV

Figure 1-3: Typical ROV Launch and Recovery System [11].

1.2 State of the Art

Lifting operations are described in many regulations and standards. The main source of information for Norwegian
based offshore companies is the DNVGL standards [11]. DNVGL is a company consisting of the former Det Norske
Veritas (DNV) and Germanischer Lloyd (GL). They have produced a standard which “[...] is intended to ensure
marine operations are designed and performed in accordance with recognized safety levels and to describe “current
industry good practice”. [5]. This standard replaces the legacy DNV-OS-H-series and refers to other standards and
recommended practices such as “Modeling and Analysis of Marine Operations [1]. This recommended practice gives
guidance for lifting operations through the splash zone and lowering of objects down to the seabed. The objective of
the “lifting through wave zone” part of the document is to improve modelling and analysis methods to obtain more
accurate prediction of design loads. The document also provides a simplified method for estimation of the

hydrodynamic forces.

Time domain simulation software can be used to predict loads and motions. There are several different software
capable of running time domain simulations for marine applications. Orcaflex, SIMO and Ansys are examples of
software which can be used for marine operations. The hydrodynamic properties of the vessels in those time domain
simulation software can be obtained from frequency domain analysis software. Some examples which uses potential

flow theory are Orcawave, Wadam, and Ansys AQWA. This study uses Orcawave and Orcaflex.

Splash zone crossing has been addressed in several other studies. Min Wu conducted a dynamic analysis of a subsea
module during splash zone transit [12] and discovered that the tension in the lifting wire under dynamic analysis could
increase to more than twice the static tension. The results also show that, in general, the template will experience a

significant drift in the same direction as the induced wave direction.
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The effect of shielding during splash zone crossing has been investigated by Li et al. for lowering of an offshore wind
turbine monopile from a floating installation vessel [13]. The conclusion from the study was that responses can be
greatly overestimated if the shielding effect is not accounted for in the numerical analysis of offshore operations. As
a result of this the weather window can be conservatively estimated, which may lead to unnecessary economic
consequences. The day rate of the installation vessel and its crew and the standby cost for a production system not in
production are typical examples of large expenses when waiting on weather. A study on lowering of a large spool
piece through the splash zone conducted by Li et al. [8], on the other hand, concludes that excluding the shielding
effect may also overly estimate the operability. Overly estimating the operability could potentially lead to an accident.
This conclusion is drawn because the shielding effect creates a variation in wave kinematics along the large spool

piece.

Like the ITS deployment in this study, Amer presents a study on an ITS deployment covering both over-boarding and
lowering through the splash zone [14]. The lowering through the splash zone with and without including the shielding
effect is compared and the conclusion is that including the shielding effect will result in higher allowable sea states.
This study addresses a similar type of object to be lowered and a similar vessel which lowers the object, but different
parameters are investigated. Amer’s thesis does not account for the altered response amplitude operators when the
vessel has a heeling angle during deployment. Few studies on the difference between modeling the numerical model

as uncoupled and coupled are available.

Operational limits for lifting operations has been addressed in multiple papers. A general method for assessment of
the operational limitations demonstrated in a case study for installation of an offshore wind turbine monopile is
presented in a journal paper by Guachamin-Acero et al [15]. Li et al. [16] performed a case study on lifting operation
to study the uncertainties in allowable sea states associated with the sea state description used in the numerical analysis.
Guachamin-Acero and Li [17] have presented a general methodology to assess the uncertainty in significant wave
height limits due to variability in wave spectral energy distribution. The case that the study used to assess the
uncertainties is installation of an offshore wind turbine transition piece. All the three papers on allowable sea sate and

operational limitations are relevant for this thesis, as the majority of the discussion is based on the allowable sea states.

Lifting ROVs through the splash zone has been addressed before in other published work. Bjerkholt [10] presents a
study of lifting an ROV through the splash zone with the construction vessel Edda Flora. The simplified method in
DNV’s recommended practice is compared to time domain simulations conducted in Orcaflex and SIMO. The results
show that time domain simulations are a good alternative to the simplified method for the ROV lift operation. The lift
in that study falls within the light lift operation category in DNV’s recommended practice [1], and the external load’s

influence on the vessel motion is therefore neglected.

Other studies involving motion analysis have been conducted before. Wu and Moan [18] have investigated the
dynamic behavior of an anchor handling vessel during anchor deployment. Their motivation for carrying out the study
was previous incidents where the anchor handling vessel capsized. Their study resembles this study since the anchor
chain enters the sea from the stern of the vessel when being deployed/retrieved. A coupled SIMO-RIFLEX numerical

model was established to capture the interaction between the body(vessel) and the slender structures(chain). One of
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their proposals for future work was to investigate the initial heel and trim angle’s effect on the hydrodynamic

properties of the vessel. This thesis focuses on the initial trimming angles effect on the ROV deployment.

A lot of published work is available for modeling and analysis of marine operations, covering different aspects of the
operation. Sound knowledge is important to be able to simulate real-life events as accurately as needed. Knowledge
is also the key to determine system boundaries and to make reasonable assumptions and simplifications. This thesis
aims to increase knowledge around the influence of the vessel inclination during splash zone crossing.

1.3 Aim and Scope

The general scope of this thesis is to evaluate the allowable sea states for a number of different cases by analyzing
different numerical models in the time domain simulation software Orcaflex. The numerical model in Orcaflex will
be based on hydrodynamic properties acquired through a frequency domain analysis in Orcawave. An overview of the
different steps and the link between them is provided in Figure 1-4. The thesis focuses on two different vessels doing
each their lifting operation. First the hydrodynamic properties of the vessel must be generated using diffraction
analysis. The hydrodynamic properties shall then be included in the numerical model in the time domain simulation
along with the hydrodynamic properties for the lifted object which are found by simplified calculations from a
recognized standard. The dynamic responses from the time domain simulation shall be used as a basis for the statistical
modeling before comparing with the predefined limiting criteria. The aim for the thesis is to draw a conclusion based
on comparison of the allowable sea states for the cases mentioned below. The scope for the ROV deployment is to
investigate how an initial trimming angle affects the allowable sea states and the scope for the ITS deployment is to

investigate how an initial heeling angle affects the allowable sea states.
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ITS deployment vessel
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= Generate sea state RAO for consideration of shielding effects.

«» Time domain simulation

» ROV Deployment

= Determine allowable sea state for deployment through splash zone at even keel.

=  Determine allowable sea state for deployment through splash zone with 3,66 degrees trimming angle.
» TS Deployment (Load RAO)

= Determine allowable sea state for deployment through splash zone at upright position.

= Determine allowable sea state for deployment through splash zone with 3 degrees heeling angle.

= Analyse dynamic responses for deployment through splash zone at upright position with increased roll

response.

» TS Deployment (Displacement RAO)

= Determine allowable sea state for deployment through splash zone at upright position.
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Figure 1-4: General scope of thesis.
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1.4 Outline

The report is divided into 9 chapters with each their subchapters. The aim is to create a seamless transition from the

introduction to the conclusion.

Chapter 1 presents an introduction of the study, where the background and motivation for conducting this study is
briefly presented. An introduction to the two objects being lowered through the splash zone and the challenges related
to this operation is covered in this chapter. A literature review of previous work and relevant standards is also

conducted and presented in this chapter.

Chapter 2 provides an overview of the theory behind the analysis method and the time domain simulation method. It
explains ocean waves, their influence on structures, motions for bodies free-floating in fluid and an introduction to

statistical modeling.

In Chapter 3 the numerical models in Orcawave are discussed. The assumptions and simplifications in the models, as

well as the setup and the parameters used are stated in this chapter.

Chapter 4 discusses the results obtained from the diffraction analysis in Orcawave. The shielding effect present on the

leeward side of the ITS deployment vessel is also presented in this chapter.

Chapter 5 presents the numerical models used to run time domain simulations. Extra attention is paid to the modeling

of the hydrodynamic properties of the lifted objects.

Chapter 6 and Chapter 7 presents and discusses the results from the time domain simulations of the respectively the
ROV deployment and the ITS deployment. These two chapters compare the difference between the results from the

cases within each their deployment
Chapter 8 discusses the similarities and differences between the results from the two deployment analyses.

The conclusion of this study and recommendations for future work is given in Chapter 9.
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Theory

This study uses frequency domain analysis and time domain simulations to obtain results. The frequency domain
analysis software Orcawave is based on potential flow theory. Potential flow theory is described in this chapter, both
in relation to the description of ocean waves and in relation to the motion of free-floating bodies in fluid. The chapter
starts with the theory behind ocean waves before explaining their influence on structures. The basis for estimating the
wave force on the slender elements in the time domain simulation is given in this chapter. A brief explanation of how
time domain simulating software solves the equation of motion and the statistical modeling of the results from the
time domain simulations is presented in the end of the chapter.

2.1 Waves

Waves can be created in various ways [19]:

e Generated by a floating structure, either by forward movement or an oscillating movement
e  Generated by the tides
e  Generated by wind interactions with the sea surface

e  Generated by landslides or earthquakes

There is no simple mathematical way to describe ocean surface waves and their interaction with structures. A realistic
image of the sea surface contains non-repeating, time-changing wave lengths and crests/troughs. Superpositioning of
linear waves can be used to describe irregular waves. Linear wave theory lays the foundation for calculation of surface
wave profiles used in ocean and coastal engineering and naval architecture. Despite ocean waves being categorized as

irregular waves, long period swells can be described accurately with linear wave theory [19].

10
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2.1.1 Potential Flow Theory

Potential (non-rotational) flow theory assumes the water to be an ideal, incompressible, fluid with no shear forces

between particles. This is a valid assumption for water not being in proximity to the seabed or any structure [19]. No

rotation, or no curl, means that the cross product between the gradient, V, and the velocity, U, is zero.

U= (uv,w) @)
T ]k
vxij=[8 8 & @
ox &y 6z
u v w

The partial derivatives of the potential function, ¢, gives the flow velocity in their respective directions. The velocity

can be written as Equation (3).

. <6<p Y0} &p)

= 55y oz 3

The fluids identification as incompressible can be used to derive the Laplace differential equation of second order for

the potential function (Equation (6)).
v-U= )

85 8o\ & 89\ S (Bp\ % %0 bS%¢
i I — ([t =—" 4 T 4 " _ 5
5% <6x)+6y(6y)+6z(6z) oyt 0 ®)

VZp =0 (6)

To solve the Laplace equation boundary conditions must be set. Four types of boundary conditions are particularly

useful for potential flow theory [19]:

e Bottom boundary condition
e Wall boundary condition
e Kinematic free surface boundary condition (KFSBC)

e Dynamic free surface boundary condition (DFSBC)

11
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Figure 2-1: Boundary conditions

The Bottom boundary condition and Wall boundary condition resemble each other. They restrict the flow from passing
through the seabed and walls, respectively. Walls can typically be the hull of a vessel or a structure located in the
water, either standing still or moving. The surface boundary conditions define that no water can flow through the

surface. The ever-adjusting surface profile, £, makes sure that the surface boundary condition is always satisfied.

According to the KFSBC water particles at the free surface always remains at the free surface. The vertical velocity

at the free surface can be expressed using a two-dimensional description of the surface [19].

z=¢§¢(x,t) )
_Sp _dz_(6z 6z\_ (8 &
W_E_dt_(6t+u6x>_(é‘t+u6x> ®)

The DFSBC states that “the pressure at the free surface is constant and equal to the atmospheric pressure” [19]. The

Bernoulli equation describes the pressure variations in a fluid.

P+ +&p+1(2+ H=c() 9
p gET s Ty W= ©
By utilizing that the constant C(t) can be any convenient constant, the Bernoulli equation can be rewritten for the

surface pressure [19].

=0 (10
z=¢

bp 1 .
<g2+ﬁ+z(u +w ))

The boundary conditions in the potential flow theory can be used to express surface elevation for waves. Removing
the terms in the equations with orders of magnitude higher than 1 gives linearized surface conditions and hence
linear/regular waves. Solving the Laplace equation without removing the higher order terms obtains higher order wave

theories. Higher order wave theories are in general more representative of real ocean waves, with higher peaks than

12
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in linear wave theory [19]. Sinusoidal waves obtained from the linear wave theory are easier to calculate by hand, but

only valid under the assumption of small wave amplitude compared to wave length [19].

2.1.2 Regular Waves

Function (11) defines the surface profile for harmonic (regular) waves. The surface profile is derived from the potential
function, using the DFSBC and the KFSBC. By removing the higher order term u(5¢/5x) from Equation (8), and
assuming that the velocity at the surface is approximately the same as the velocity at the still water level, the linearized
KFSBC is formed. Applying the same two linearizing measures to the DFSBC gives the linearized boundary condition

version, as seen in Equation (13).

E(x, t) = &ysin(wt — kx) (11)
S _ 8¢
5zl = 5t 12)
169
&= ~55tl (13)

Combining the two surface conditions gives the basis for the derivation from the Laplace equation to the velocity

potential.
5% L (14)
stz 9%z
&og coshk(z + d)
TS — - 15
@(x,2,t) o cosh(kd) cos(wt — kx) (15)

w = Angular frequency
d = Water depth
k = Wave number

&, = Wave amplitude

The relation between the velocity profile at SWL, where z = 0, and the linearized DFSBC yields the equation for the

sinusoidal wave (Equation (17)).

16 [(&,9 cosh(kd)
<Tmcos(wt - kx)) (16)

E(x, t) = &ysin(wt — kx) 7
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2.1.3  Irregular Waves

As mentioned, irregular waves give a more realistic description of the actual ocean waves. There is a continuous
variation in length and wave height [20]. Important parameters in the description of irregular waves are the average
zero up-crossing period and the significant wave height. Zero up-crossings are when the time history graph of a wave
train crosses the SWL on its way upwards [21]. The significant wave height is the average of the 1/3 highest waves in
a record [20].

Recording a series of waves with a large number of samples and statistically analyzing the surface elevation indicates
that the surface elevation fits the Gaussian distribution quite well [20]. The standard deviation of the surface elevation

is directly related to the significant wave height and follows the form given in Equation (18).

(18)

o=— (19)

The wave amplitude or global maxima statistics will follow a Rayleigh distribution if the surface elevation process is
narrow banded [21]. The surface elevation can be considered narrow banded if the range of frequencies in the wave

field is not too large.
_l(L)Z
Feo(©)=1—e 2oz (20)

Equation (20) is the cumulative distribution function for the global maxima. For at a time interval that contains N
global maxima the distribution of the largest global maxima will also follow the Rayleigh distribution. This is true
under the assumptions that the global maxima are identically Rayleigh distributed and that they are statistically
independent [21].

FCN(C) = FCG]_(C) * FCaz(C) * FCG3(C) ¥ FCGN(C) = [FCN(C)]N (21)

Feg(c) = [1 ~ o) ] (22)

The distribution of the largest crest height can for example be used to determine the expected largest value for a given

number of waves, N. It can also be used to calculate the probability of exceedance.

The wave periods play an important part in the description of waves. Fourier series analysis can be used to study a

recorded superposition of a series of sinusoidal waves [20]. This can be used to create a spectrum showing the density

14
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of each wave frequency. The Fourier series for the sea surface elevation can be written as Equation (23), and rewritten

to Equation (24) [21]. The following relations are used:

&) = Z; [ancoszgt + bnsinzgt (23)
$() = $ncos(wpt — 6y) (24)

$n = ag + b

6,, = arctan (a—")
bn

By letting the phase angle, 8,,, be a uniformly distributed random variable the wave elevation can be considered a
stochastic process [21]. As previously mentioned, the surface elevation fits the Gaussian distribution quite well. This
means that the variance is the standard deviation squared. Calculating the variance of one regular wave component
proves the existence of Equation (19). The wave spectrum is defined as Equation (27), utilizing that a stationary
Gaussian process is characterized by the auto-correlation function Rzz(t), and the relation between the auto-

correlation function and the spectral density, Sz (w) [21].

En(t) = §ncos(wpt — 0) (25)
1

Var[E,] = of = Efﬁ (26)
wnpt+Aw 1

Sez(@n) *dw = ) (W) @

Aw is the difference between two successive frequencies. By letting the frequency step approach zero, the definition

of the wave spectrum can be written as Equation (28) [20].

1
Sgz(wy) * dw = Efr% (28)
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Figure 2-2: Typical wave spectrum [20]

The wave frequency spectrum is based on statistics just like wave height statistics. Several projects have been
conducted in an attempt to describe the spectrum in a standard form [21]. This has resulted in several mathematical
formulations for normalized uni-directional waves. The mathematical formulations are based on two parameters;
significant wave height, H, and the peak period, T, [21]. Two wave spectrums are presented here: the Pierson-

Moskowitz spectrum and the JONSWAP spectrum.

Pierson-Moskowitz

The Pierson-Moskowitz spectrum assumes that the considered sea state is fully developed. The original Pierson-
Moskowitz spectrum was a one-parameter spectrum based on the average wind speed measured at a 19,5 m height
above sea level [21]. Later the spectral shape has been re-parameterized to include both the significant wave height

and the peak period. The spectrum given in hertz is defined as Equation (29).
Szz(f) = 0.3125H2 + T;* x 5 x e(-125T5 /™) (29)

JONSWAP

The Joint North Sea Wave Project, a wave measurement program carried out along a line extended over 100 miles
into the North Sea from Sylt Island, took place in 1968 and 1969 [21]. This resulted in a mathematical formulation for

a growing wind sea (fetch-limited/coastal). The spectrum given in angular frequency is defined as Equation (30)
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320 * H? (‘1950* -4)
Szz(w) = % cwSeel B )y y4 (30)
p

w 2
——1
oV2
A=e
y = Peak shape parameter

w, = Angular frequency at spectral peak, ZT—"
P

0.07, ifa)<a)p
"_{0.09, if 0> aw,

According to the simplified analysis method in DNV’s recommended practice for modeling and analysis of marine
operations [1], the range of mean zero up-crossing periods can be defined as Equation (31). An increment of 1 second
is in most cases sufficient according to the simplified method.

H;
8,9 - j; <T,<13 [s] (31)

The peak shape parameter can be calculated according to section 2.2.6.9 in DNV-RP-H103 [1]. The parameter is
related to the spectral peak period and the significant wave height and can be written as Equation (32). The spectral

peak period is related to the zero-up-crossing period as described in Equation (33). Thisisonly validfor1 <y < 7.

5 i—— <36
Hy
1,15T,
5,75———P T.
y=A{e VHs :36<——<5 (32)
H;
T
1 ;5 <2
H;
T,
= = 0,06673 + 0,05037y — 0,006230y2 + 0,0003341y3 (33)
14

A directional short-crested wave spectrum can be described as the product of a unidirectional wave spectrum and a
spreading function. This function is often simplified such that the directional function only depends on the angle

between the elementary wave trains and the direction of the short-crested waves [1].

S(w,0) = S(w)D(w,0) = S(w)D(H) (34)

The directional function for wind seas is commonly described as Equation (35), where 6,, is the primary direction, 6

is the direction of the short-crested waves and n is a spreading coefficient. The expression shows that when the
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spreading coefficient increases the spreading decreases. Typical spreading coefficient values for wind waves are

between 2 and 4. For swell, a spreading coefficient above 6 is more appropriate [1].

n
b = r(1+%)

var (3 +3)

T
|6 —6,]| <5 (36)

cos™(6 — 6,) (35)

Both wave spectrums can be converted between frequency and angular frequency using relation (37).
w
f=5= (37

Reversing the information given in this subchapter results is a method for creating a deterministic time record of
water surface elevation. The time series is needed to solve non-linear problems (the software Orcaflex has, in this
study, been used for these non-linear problems) [22]. The wave record generated based on the measured wave record
is statistically identical and contains the same amount of energy [20]. The wave history does, however, differ due to
different phase angles. The surface elevation can be written as Equation (38)

N
£(t) = Z £,c05(JnX — wnt + €,) (38)
n=1
The amplitude, &, is determined from the wave spectrum using Equation (28). The wave number, k,,, can be found
using the dispersion relation from linear wave theory [19]. The phase angle is a uniformly distributed, random

variable, which is the reason for the mentioned difference in wave history [20].

Se(w)

A DA
A

Time Domain
Measured Wave Record Generated Wave Record

Figure 2-3: Wave record analysis and regeneration [20].

18



Chapter 2

2.2 Rigid Body Motions in Waves

This chapter describes the motion of rigid bodies exposed to sea surface elevations. Irregular motion is described as a
series of different regular motions [20]. Potential flow theory gives the basis for determination of motions in different

sea states.

2.2.1 Rigid Body Dynamics

The motion of a structure floating in fluid has irregular characteristics. Just like the irregular waves, the irregular
motions of a floating structure can be described as a superposition of linear motions [20]. Motion components can be
obtained for a range of frequencies. The linear property means that for each motion component (at one frequency) the
ratio between the wave amplitude and the motion amplitude remains constant. The phase angle will also remain
constant. The amplitudes of the motions in the frequency domain relative to the wave amplitudes gathered together is
called RAO data. RAO, or Response Amplitude Operator, is an operator which multiplied by the wave amplitude

gives the motion amplitude [20]. Each frequency has its own operator and phase angle.
Za
= (w) (39)

z, = Heave motion amplitude

&, = Wave amplitude

The RAO can be used to determine the response spectrum by utilizing the transfer function between the wave spectrum
and the motion [20].

Zg 2
— ()| Sz (w) (40)

S, (w) = Z,

This gives the heave response in irregular waves. The RAO, ;—“(w), represents the relation between the wave
a

amplitude and the heave amplitude for each frequency. The wave spectrum, S;(w), contains several regular wave

components with each their amplitude, phase shift and frequency. Figure 2-4 shows the principle of how the time

history for irregular waves is turned into a time history for the irregular response.
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Figure 2-4: Principle of transfer of waves into responses. [20]

The motion of rigid bodies floating in fluids can be described using the equation of motion. The equation of motion
can be written both for translations and rotations [23]. Equation (41) applies to a damped mass-spring translating

system not exposed to external loads (single-degree-of-freedom). Equation (42) applies to a rotational system.

(m+a)¥+cx+kx=0 (41)

(m+a)p+chp+kp=0 (42)

m = Object mass

a = Added mass

x = Displacement

¢ = Angular displacement
¢ = Damping coefficient

k = Restoring spring coefficient
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Figure 2-5: Single-degree-of-freedom system with damping (translational). [23]

A superposition of the wave loads acting on a fixed body and the oscillating motion of a body in still water results in

the motion response. This assumes two conditions; The hydromechanical forces and moments induced by the

oscillations of the body are undisturbed by the waves, and the wave loads are only produced by incoming waves

[20]. The wave exciting forces and moments acting on the restrained body are discussed in Section 2.2.2.

Iz(t) I 2(t)

= ~1—— =
motion oscillation
In waves in still water

V i

restrained
1n waves

Figure 2-6: Superposition of hydromechanical and wave loads. [20]

Considering a vertical translating motion in still water. The mass and the hydromechanical loads exerted on the body

determines the motions. Both the mass and the added mass needs to be accelerated, which explains term “(m + a)z”

in the equation of motion (Equation (41)). “kx” is the spring restoring term, which is a proportional relation between

the spring stiffness and the displacement. For a free-floating body, the spring coefficient in heave direction is

Equation (43). The acceleration part and the spring restoring part of the equation of motion are neither dissipating
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energy. The heaving motion will die out in the end, due to energy dissipation [20]. The frequency-dependent
damping transfers energy to radiated waves moving away from the body and is therefore the component that
dissipates energy. The damping coefficient (per unit length), in still water, is derived from the relation between the
energy provided by the hydrodynamic damping and the energy dissipated to the radiated waves [20]. &, is the

amplitude of the radiated waves.

k., = pgAw. (43)
c_rg’ (f_a)z @)
L w3 \z,

Systems which require two or more coordinates to describe their motion is called multiple-degree-of-freedom
systems [23]. The regular equation of motion is then replaced with a coupled equation of motion derived from

Newton’s second law of motion. The mass, damping and stiffness terms are expressed with matrices rather than

simple terms.
[m]X + [c]X + [k]X = f (45)
My My * Mgy €11 Ci2 * Cip ki ki * ki
My Mpy * Myp| s Ca1 Cp2 * Oyl k k * k > _ 7
* * * * ‘x-l_l* * * * X+ :1 iz * inx_f (46)
Mpy Mpz * Mpy Cn1 Cnz * Cpn knl knz * knn

An example of a two-degree-of-freedom system, with coupled motion, is a vessel conducting a lifting operation, at
mid-ship, while rolling. This is, for simplicity, only considering the roll motion of the vessel and heaving of the
load. The coupled equation of motion will then consist of 2x2-matrices and yield two natural frequencies. Similarly,

a vessel deploying an ROV with a launch and recovery system will require a coupled equation of motion.

2.2.2 Hydrodynamic Loads on Floating Structures

The velocity potential (Equation (15)) can be split into three parts; the radiation potential, @,., the undisturbed wave

potential, ®,,, and the diffraction potential, ®, [20].
=0, +D,+D, (47)

These velocity potentials shall fulfill the same boundary conditions as in section 2.1.1, emphasizing the wall
boundary condition. The velocity of the water particles at the surface of a body must be the same as the body

velocity in the same point [20].

The sum of the hydromechanical loads acting on a body in water is written as Equation (48). The radiation force