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Abstract

A QUAD lift is a new lifting method in which dual crane vessels combine their vessel ca-
pability to increase their offshore lift performance. The use of the Jumbo J-Class vessels
in a QUAD lift creates the opportunity to increase the offshore lift capacity and to install
structures with larger dimensions. When floating vessels are close to each other in an offshore
environment, their motion will be different than in the freely-floating situation because of
hydrodynamic coupling and wave diffraction forces. The main objective of this thesis is to
create a model of the QUAD Lift method which predicts the vessel and load motions and
evaluate the workability such a lift.

Both potential solvers AQWA and OrcaWave are used to assess the hydrodynamic parameters
of the interacting vessels. The gap between the vessels is 40 m and the vessel configuration
is such that the cranes are parallel to each other. In between the vessels, transversal wave
resonance induces peaks in the frequency dependent radiation forces of the vessels. An addi-
tional damping lid in between the vessels effectively reduces the resonance behaviour, which
is overestimated by potential solvers. The damping lid has an negligible effect on the final
workability of the QUAD lift.
A 18-DoF linear Matlab model is created which includes the mechanical connection between
the vessels and the load. The cranes and the cables are modelled as linear springs. The natu-
ral frequencies and eigenvectors show large coupling between the vessel roll and the load sway
motion. Tugger lines between the vessel and load are added to shift the natural frequencies
of the system and to decrease the large horizontal responses of the load.

A parametric study is done on the effect of the load mass, cable lengths and wave direc-
tions on the system motion in the most probable wave condition in the Central North Sea.
An increase of the mass of the load leads to larger vessel and load motions. The shorter the
cable length, the larger the vessel and load motions. The motions are most severe in beam
and quarter waves. Depending on the stiffness of the tugger lines the workability can be
improved up to 85, 55 and 24 % in respectively head, quarter and beam waves. The limiting
factor for the workability is the off-lead angle of the cranes. Broadening of the off-lead angle
limit of the crane shows great potential to further increase the workability.
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Chapter 1

Introduction

The offshore heavy lift market is always looking for innovative solutions to face the challenges
in their discipline. Immense structures need to be (de-)installed in a harsh offshore environ-
ment. Examples of these structures are jackets, topsides and sub-sea equipment. The weight
of these structures can vary up to 110,000 tons. To perform a safe installation all kind of
installation methods are developed. A example of installation vessels are semi-submersible
heavy-lift ships. These vessels use their draft to install the structure at its right position.
Examples of these semi-submersibles are the BOKA Vanguard and the Pioneering Spirit.
The Vanguard can float from under a floating structure to install it at an offshore location.
The Pioneering Spirit has a catamaran shape to be able to install or decommission topsides
attached to a jacket structure. A very different kind of installation method is to use crane
vessels. Crane vessels have the advantage to be able to install a large range of structures
at different heights or water depths. The heavy lift crane vessels vary in dimensions and
positioning systems depending on which main speciality they are build for. Semi-submersible
crane vessels like the Sleipnir and Thialf are capable to install large topsides up to 20,000
tons. Next to these semi-subs, there are jack-up crane vessels which maintain their position
during installation by fixing the legs to the sea-bed. These jack-up crane vessels are nowa-
days frequently used in the build up of an offshore wind park. Another method to maintain
the position of the installation vessels is the use of a Dynamic Positioning (DP) system.
This system uses thrusters to control the vessel position and to execute a safe installation.
This allows all kind of vessels to perform a heavy lift without being connected to the sea floor.

An increase in the lifting capacity of the vessels opens new possibilities in the offshore market.
Therefore, companies are always trying to improve and find new ways to improve their offshore
capabilities. On October 22, 2018 Heerema Marine Contractors successfully tested the QUAD
lifting method. The test involved two dynamically positioned semi-submersible vessels, the
Thialf and the Balder. In a QUAD Lift two vessels use both their cranes to perform a lift.
This method of lifting creates several advantages and opportunities compared to a single
vessel lift[12]:

• Fully-integrated topside installation for lower overall project costs
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• Onshore commissioning for all hookup items for predictable offshore delivery

• Design freedom in all lifted structure dimensions, weights and Center of Gravity (CoG)
positions

• Compatibility with any type of foundation

• Fabrication flexibility to optimize procurement strategy

• Transportation possibilities aligned with fabrication scope

1-1 About Jumbo Maritime

Jumbo Maritime is a company specialized in shipping and installation of heavy lift equipment.
The company owns and operates a versatile fleet of in-house designed heavy lift vessels with
lifting capacities ranging from 650 to 3,000 tons. Since 2003, Jumbo rapidly established a
sound track record in the offshore sub-sea and mooring system installation market.

1-1-1 Jumbo J-Class vessels

The J-class vessels dedicated for offshore operations are the Construction Support Vessels
(CSVs) Jumbo Fairplayer and Jumbo Javelin. The vessels are both equipped with two mast
cranes, manufactured by Huisman, with a safe working load of 900 tons each. The dual
cranes provide tandem heavy lift capacity, dual crane upending capability as well as deep-
water lowering capability. The vessels are specialized in a high transit speed and a large cargo
capacity. Both vessels are equipped with a Dynamic Positioning (DP) class 2 station keeping
system to perform reliable offshore transportation and installation.

Figure 1-1: Fairplayer Rotterdam.

Jumbo J-Class QUAD Lift

The execution of a QUAD lift by the vessels of Jumbo Maritime will give the company
the possible opportunity to increase their offshore lift capacity. Next to this increase in lift
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capacity, the QUAD lift enables the vessels to install pieces of larger dimensions. The crane
range will not be a limited factor for the structure dimensions any more.

1-2 Simple example of a possible QUAD Lift installation

The QUAD Lift method could be used in both installation and decommissioning projects.
In this section, a simple example of the different phases of a possible offshore QUAD Lift
installation are given.
The first phase is the transport of the installation piece to the decided offshore location. This
transport could be done by one of the Heavy Lift Crane Vessels (HLCV’s) or by the use of
a barge. The advantage of the transport by an external transport vessel is that the HLCV’s
can directly perform the QUAD Lift at the correct location. When the barge floats to the
correct location, the cranes can be attached to the to be lifted structure, in this example a
sub-sea installation piece.

(a) Installation phase 1. (b) Installation phase 2.

Figure 1-2: First 2 phases of installation. The barge and HLCV’s are floated to the correct
location.(phase 1) The crane cables are attached to the installation piece.(phase 2)

(a) Installation phase 3. (b) Installation phase 4.

Figure 1-3: Phase 3 and 4 installation. The structure is lifted in the air (phase 3) and the barge
is moved from underneath. (phase 4)

After the attachment of the cables to the transition piece, the sub-sea structure can be de-
tached from the barge and be lifted up by the cranes. Possible tugger lines can be attached
to prevent large motions of the structure to perform a safe installation. When the sub-sea
structure is in the air, the vessels or barge could float such that the barge is moved from
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underneath the lifted structure. Then, the installation piece can be lowered into the sea and
be placed at the correct location on the sea-bottom.

1-3 Problem Statement

The analysis of an offshore QUAD lift is associated with the following three research problems:

1. In an offshore environment, waves will influence the motions of the vessels. In case of
the presence of a vessel close to another one, the vessel motion will be different in case
of a freely floating vessel. Not only the waves could be captured by the front laying
vessel, also the motions of both vessel have an influence on each other. In other words,
the vessel motions are hydro-dynamically coupled to each other.

2. When two structures are close together in open waves, waves in between these structure
could have a resonance behaviour which could lead to the increase of the wave height.
This will have an influence on the motion of the vessel as well.

3. The moment when the vessels start to lift a structure, the vessel motions will not only be
hydro-dynamically coupled but also coupled via the cranes and the load. This coupling
will influence the motion behaviour of the vessels and load.

4. The coupling leads to new and change of natural frequencies in the system. Natural
frequencies are also influenced by the addition of tugger lines. The natural frequencies
will influence the motion behaviour in the waves of both the vessels and the load.

1-3-1 Thesis Objectives

These problem statements lead to a different set of research objectives. The motion behaviour
of a single vessel executing a lift is already a topic of research in the company. The interaction
of vessels is however not, therefore this thesis contains the following objectives:

• Perform a study on the effects of interacting vessels based on the Jumbo J-type vessels.
Analyse different interaction phenomenons and compare the data with the literature.

• Create a model which analyses the dynamic behaviour of the J-type vessels performing
a QUAD Lift.

• Analyse the effects of motion control of the load by the addition of tugger lines. Analyse
the effects of different type of tugger lines in terms of material and stiffness’s.

• Perform a study on the motion effects of different lift parameters. Examples are cable
length, the weight of the load and crane configurations.

• Perform a workability analysis of the QUAD lift at an offshore location. This will give
an indication for the company potential of the execution of the QUAD Lift.
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1-4 Scope

Since the QUAD Lift is a new possible lifting method to use in the company and to use
with the Jumbo J-Class vessels, this thesis is just a simple starting point in the engineering
development. This thesis will give an idea of possible problems regarding structure interaction
and a combined vessel lift. A workability study is executed to indicate the possible utility of
such a lift. This workability analysis is calculated for installation phase 4, shown in Figure 1-
3. Effects on the vessel behavior like the moment of take up of the cargo, the interaction
of the barge and the lift down through the splash zone are not a subject of analysis in this
thesis.
This thesis will just focus on the linear behaviour of the vessels and load. The calculations
are executed in the frequency domain. The effects of non-linear behaviour and time-control
are neglected in this study.

1-5 Approach

Figure 1-4: Overview of thesis approach.

The first step in the achievement of the thesis objectives is the analysis of effects on the
motion behaviour of side-by-side laying vessels. The software packages ANSYS AQWA and
OrcaWave are used to obtain the hydrodynamic parameters based on the geometry hull of the
Fairplayer. Additionally several vessel interaction phenomena are analysed and the diffraction
analysis is adjusted such that it shows identical output compared to the literature.

The next step is the addition of the coupling model of the vessels and the QUAD lift load
system. A 18 Degrees of Freedom model (12 DoF of the two vessels and 6 DoF of the load)
of the Quad Lift is modelled in MATLAB. The equations of motion with the new mass and
stiffness matrix are obtained by use of the software program Maple.
To control the load motions, tugger lines are added to the Quad Lift model. These tugger
lines are represented by linear springs.
The final step is a parametric study on the different QUAD lift scenarios including different
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crane outreaches, sea conditions and loads. The limiting sea state will be evaluated for the
each scenario. Based on the maximum allowable limiting responses during an offshore lift of
the vessels and the cranes, the workability is calculated. The limiting responses (Significant
Double Amplitude (SDA)) for the QUAD Lift are defined as follows:

• Vessel Roll angle: 1.5 deg

• Vessel Pitch angle: 1.5 deg

• Vessel Roll+ Pitch angles: 2.5 deg

• Crane Off-lead angle 1 deg

• Crane Side-Lead angle 2 deg

1-6 Report overview

This thesis has the following layout:

1. Chapter 1: Introduction
In this chapter, the QUAD lift method is explained as well as the interest of the company
for the thesis subject. The problem statements, objectives and the approach are given.

2. Chapter 2: Waves
A short information section about wave theory and statistics are explained which are
applied in the diffraction calculations explained in chapter 3 and the final workability
calculation in chapter 4.

3. Chapter 3: Motion of the vessels
This chapter elaborates on the method used to gather the hydrodynamic vessel data
and to create the equation of motion of the two vessels. Different kind of vessel-vessel
interaction phenomenons are discussed.

4. Chapter 4: QUAD Lift Model
This chapter explains the method to connect the vessels to the load and to create the
final QUAD lift model. The effects of the addition of tugger lines are analysed.

5. Chapter 5: Results: Parametric study and Workability
This chapter shows the effects on the system motion of the change of different parameters
in the QUAD lift model. Also the workability is calculated for different sea directions
and QUAD lift configurations.

6. Chapter 6: Conclusion and Recommendations
The results of the thesis are presented and discussed. Recommendations for further
work are given.
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Chapter 2

Waves

2-1 Introduction

This chapter will introduce all the theory about ocean waves. The waves that are normally
of interest during offshore operation are the waves generated by the vessel motions and the
waves generated by wind. Wind generated waves can be classified into two categories: sea
and swell. Sea is a train of waves driven by a local wind field. The waves have a very irregular
behaviour, high waves are followed by low waves and the crests propagate in different direc-
tions. A swell is is a series of waves that have propagated out of the local wind area at which
they were generated. The waves have a long length and the wave height is more predictable.

Figure 2-1: Superposition of wave trains with equal height, frequency, direction and length.
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8 Waves

Figure 2-2: Different wave theories.

2-2 Airy Wave Theory

The irregular sea can be seen as a superposition of many regular harmonic waves, each with
its own amplitude, frequency, length and direction. This allows to predict very complex ir-
regular behaviour in terms of much simpler theory of regular waves. The superposition of the
waves is shown in Figure 2-1.

There are different models to describe the waves. An overview of the different models are
shown in Figure 2-2. The legitimation of using a theory depends on the steepness of the
wave and the relative water depth. Most offshore operations are executed in calm water with
a small periods of waves, compared to the water depth. Therefore, linear wave theory is
applicable.
The water profile of a linear regular wave moving in x-direction can be described by:

ζ = ζa cos (kx− ωt) (2-1)

In which k is the wave number and ω is the frequency of the wave. The frequency is related
to the wave number and water depth h via the dispersion relation:

ω2 = kg tanh (kh) (2-2)

Based on the superposition principle the irregular wave elevation over time is described as:

ζ (t) =
N∑
n=1

ζan cos (knx− ωnt+ εn) (2-3)
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Figure 2-3: Wave record analysis

In which N is the number of different regular wave trains and ε is the random phase angle of
the each wave train.

2-2-1 Energy Density Spectra

The wave energy of a regular wave per surface area is given by:

E = 1
2ρgζ

2
a (2-4)

All the regular waves contain their own energy. Each regular wave with its own frequency
and amplitude covers a certain region on a energy density spectrum. In a mathematical way
the wave spectrum of the regular waves can be expressed as:

Sζ (ωn) ·∆ω =
ωn+∆ω∑
ωn

1
2ζ

2
an (ω) (2-5)

if the frequency step ∆ω tends to zero, the definition of the wave energy spectrum becomes:

Sζ (ωn) · dω = 1
2ζ

2
an (2-6)

A graphical interpretation of the wave energy spectrum is shown in Figure 2-3. The phases
of the waves are not incorporated in the energy density spectrum and are thrown away.
The spectra can be created by measurement at a certain location at the worlds oceans.
Two very popular wave density spectra are the Brentschneider and Joint North Sea Wave
Project (JONSWAP) spectra. The Brentschneier or Pearson-Moskowitz spectra contains the
information of the wave energy of fully developed seas. The JONSWAP spectrum, which is a
adjusted variant of the Pearson-Moskowitz spectrum, contains the information about fetch-
limited wind generated seas and is based on measurements in the North-Sea. Both spectra
are shown in Figure 2-4. The formulation for the JONSWAP spectrum is given as:

Sζ(ω) =
320 ·H2

1/3
T 4
p

· ω−5 · exp
{
−1950
T 4
p

· ω−4
}
· γA (2-7)

in which:
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• H1/3 is the significant wave height. The average of the highest one-third of the wave
heights in a wave-record.

• Tp is the peak period. The period with the highest spectral energy.

• γA is the peak enhancement factor. In this study γ is equal to 3.3.

• A = exp


−

ω

ωp
− 1

σ
√

2


2

Equation (2-7) covers only the information for uni-directional waves, the waves are coming
from one direction. A frequency spectrum alone is not sufficient for describing natural ocean
waves since the individual components propagate in various directions. To include wave
directionality in a spectrum, directional wave components are superimposed to show the
wave energy distribution with respect to both frequency and direction [33]. The equation of
a two-dimensional spectrum can be expressed by a spreading function:

Sζ (θ, µ) = D (θ)Sζ (ω) (2-8)

in which D (θ) is the directional spread function. A cosine-fourth rule is often used to intro-
duce directional spreading µ to the wave energy spectrum. [31] The total energy density in
the two-directional spectrum must be the same as the corresponding one dimensional spec-
trum, so the integral of the spread functions over all the directions has to equal one. This
requirement can be accomplished by use of the gamma function:

D (θ) =
(

22s−1

π

)(
Γ2 (s+ 1)
Γ (2s+ 1)

)
cos2s

(
θ − θ̄

)
(2-9)

The gamma function is defined as:
Γ(s+ 1) = s! (2-10)

s is chosen to be four. The dominant wave direction is indicated as θ̄. A multi-directional
JONSWAP for a dominant wave direction θ̄ of 0 degrees is shown in Figure 2-5.

2-3 Response spectra

The response spectrum of a vessel motion can be found by the transfer function of the motion
and the wave spectrum:

Sr(ω, θ) = |Hr|2 · Sζ(ω, θ) (2-11)

The significant double amplitude (SDA) of the response, the mean value of the highest one-
third part of the highest response amplitudes are given by:

Hr,1/3 = 4
√
m0r (2-12)

in which the moments of the response spectrum mnr can be calculated by:

mnr =
∫ 2π

0

∫ ∞
0

ωnSr(ω, θ)dωdθ (2-13)
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Figure 2-4: JONSWAP and Pearson-Moskowitz spectra for different peak periods. The signifi-
cant wave height is 4 m.

Figure 2-5: Multi-directional JONSWAP for a peak period of 8 s. The significant wave height
is 4 m. The dominant wave direction is 0 degrees.
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2-3-1 Statistics

The probability density function with the maximum and minimum values of the response
follows a Rayleigh distribution:

f (Hr) = Hr

m0r
· exp

{
−H2

r

2m0r

}
(2-14)

The probability that the response exceeds a certain threshold value a is given by:

P (Hr > a) = exp
{
−a2

2m0r

}
(2-15)

The average number of times per hour that this will happen is given by:

Nhr = 3600
T2r

· P (Hr > a) (2-16)

in which T2r is the mean zero crossing period. The mean zero crossing period is given by:

T2r = 2π
√
m0r
m2r

(2-17)

Given that the wave amplitudes are Rayleigh distributed the Most Probable Maximum
(MPM) can be calculated by:

ζmpm =
√

2m0r ln (N) (2-18)

in which N is the number of oscillations in a given timespan. The duration is usually taken
as three hours, the approximate timespan in which a sea state is assumed to be constant. N
can be calculated by dividing the timespan by the mean zero crossing period of the motion.
The most probable maximum can be calculated to give an indication of the performance of
the concept.
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Chapter 3

Motion of the vessels

3-1 Introduction

This chapter explains the method used to model the response of two vessel at an offshore
location. The hydrodynamic data is obtained by a diffraction calculation of two software
programs AQWA and OrcaWave. Multiple numerical and potential theory aspects, such as
irregular frequencies and standing waves are explained.

3-2 QUAD lift vessel lay-out

The position of the vessels is for importance to perform a sufficient QUAD Lift. The cranes
of both vessels need to be at the lifting side. Since two identical vessels are used, the vessels
have a 180 degrees different surge direction. A second requirement is that the lifted object
need to be in the range of the four vessel cranes. The QUAD lift analysis will be done, such
that the cranes do not have a rotation. Given the fact that the crane position of the vessels
are not in an amidships symmetry position, it means that the vessels are shifted in the surge
direction relative to each other. The vessel lay-out can be seen in Figure 3-1.

3-3 Diffraction calculation

To obtain the vessel hydrodynamic coefficients and interaction forces the numerical program
ANSYS AQWA and OrcaWave are used. ANSYS AQWA is a three dimensional panel method
software to perform radiation and diffraction analysis of floating bodies. AQWA uses a graph-
ical user interface in which bodies geometries can be imported and meshed so that a diffraction
analysis can be executed.
OrcaWave is a diffraction analysis program in the environment of Orcina. This software pack-
age is used in-house at Jumbo Maritime and is used afters problems with the interpretation

Master of Science Thesis Niels van Duijn



14 Motion of the vessels

Figure 3-1: Quad lift vessel lay-out. The position of the vessels is such that the cranes are
parallel to each other.

of the hydrodynamic data of AQWA. It was not possible to recreate the responses of the
vessels based on the hydrodynamic coupled data. For an uncoupled single vessel diffraction
calculation, this was not a problem. An advantage of the use of both programs is that the
hydrodynamic results can be compared and validated. Since hydrodynamic interaction and
potential diffraction programs is still a subject of research, both programs can be used to
create a valid analysis of the calculation.

The radiation and diffraction analysis meets the following limitations of potential theory and
assumptions:

• The bodies have zero forward speed.

• The fluid is inviscid and incompressible. The fluid flow is irrotational.

• The incident regular wave train is of small amplitude compared to its length: 2ζ < 1
7λ

• The motions are to the first order and hence must be of small amplitude. All body
motions are harmonic.

3-3-1 Vessel Geometry

The hull geometry of the Fairplayer Rotterdam is delivered by Jumbo Maritime. However,
the hull model was only suited to create 3D views, not to use in a panel method software. In
between the different faces of the vessel hull there were small gaps. The vessel hull is therefore
adjusted by both software programs Rhineceros and Spaiceclaim. Next to the stitching of the
hull, the rudder and thrusters of the vessel were deleted cause they were not suited to include
in the analysis in AQWA. Both vessel hulls are shown in Figure 3-4.
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Figure 3-2: Fairplayer hull geometry. The left figure shows the original Fairplayer hull, including
rudder and thrusters. The figure on the right shows the adjusted hull geometry suited for the
AQWA diffraction analysis.

3-3-2 Mesh

To perform the diffraction analysis the 3D model can be meshed in AQWA. Onto each meshed
panel the potential theory and boundary conditions are applied. A large mesh size increases
calculation time. The mesh size has an influence on the accuracy of the hydrodynamic data
generated by AQWA. In Figure 3-3 the added mass and damping coefficients for different
meshes of the Fairplayer are shown. The effect of the given meshes on the hydrodynamic
data are small. Next to the influence on the potential theory data the mesh is also linked to

(a) Non-dimensional added mass for heave of Fair-
player for different meshes vs frequency.

(b) Non-dimensional damping for heave of Fair-
player for different meshes vs frequency.

Figure 3-3: Comparison hydrodynamic data for different meshes Fairplayer.

the range of frequencies in AQWA. A requirement in AQWA for the maximum panel length
is:

Lmax ≤
1
7λ (3-1)

In the dispersion relation, the wavelength λ is linked to the wave frequency. Therefore, a
large mesh size decreases the maximum applicable frequency in the diffraction analysis. The
maximum number of frequencies for which in AQWA a diffraction analysis can be performed
is restricted to 100. The frequency bounds are 0.1 rad/s (lower limit) and 2 rad/s.(upper
limit)
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Figure 3-4: Meshed vessels side-by-side in ANSYS AQWA with a gap distane of 30m

3-3-3 Irregular Frequencies

By the use of a boundary integral formulation as it is done in the diffraction analysis can
cause numerical errors in the solution of the hydrodynamic coefficients due to the occurrence
of irregular frequencies. These irregular frequencies relate to the eigenvalue problem of the
imaginary interior fluid motion inside the body with the same free surface condition as the
external fluid surrounding the body [17]. Especially in the case of multi-hull structures or
hydrodynamic interaction between structures irregular frequencies can occur [3]. To prevent
the errors AQWA the internal lid method is employed for the source distribution approach.
In this method, it is assumed that a fluid field exists interior to the mean wetted body surface,
satisfying the same free-surface boundary condition experienced by the floating body. The
vertical component of this interior fluid velocity is forced to be zero.
The effect of the damping lid on the hydrodynamic data of the Fairplayer can be seen in
Figure 3-5. The irregular frequencies become visible at the higher values of the frequency.
Small peaks in the data occur and are for certain frequencies removed by the internal lid.
However, the calculation with an internal lid also increases the values of some peaks.
In OrcaWave, also an interior surface can be added to remove the numerical errors. However,
the small peaks in the hydrodynamic data could not be removed by the application of the
interior lid. Therefore, AQWA seems to have a more effective method to remove the irregular
frequencies.

3-4 Vessel motions

In a three dimensional system the body motion has six degrees of freedom. These six degrees
of freedom contain three translations and three rotations:
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3-4 Vessel motions 17

Figure 3-5: Effect of internal lid on added mass for heave of side-by-side laying Fairplayer with
gap distance of 30m.

• x - surge - translation along X axis

• y - sway - translation along Y axis

• z - heave - translation along Z axis

• φ - roll - rotation around X axis

• θ - pitch - rotation along Y axis

• ψ - yaw - rotation along Z axis

Degrees of freedom of a vessel.
The definition of different headings of the vessels are shown in Figure 3-6. Waves travelling
in surge directions are typically known as head waves. Waves travelling in sway direction of
the vessel are known as beam waves. The waves in between these directions are indicated as
quarter waves.(45 and 135 deg) Since the body lay-out is symmetric, the diffraction calcula-
tion needs only be done for the five wave directions shown in Figure 3-6 to create a full 360
degree result. E.g. the response of the second body in beam waves (90 degrees) is the same
as to motion of the first body when the waves are from the opposite side. (-90 degrees) This
symmetry reduces the calculation time to obtain the hydrodynamic data.
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18 Motion of the vessels

Figure 3-6: Vessel heading conventions

3-4-1 Superposition of motion

If we assume a linear motion model it is allowed to make use of the superposition principle.
In the superposition principle the loads of the waves on a fixed body and the loads on the
body by the oscillation of the body are calculated separately and added up to define the whole
motion system. The equation of motion of two interacting bodies is given by:

M~̈x+ B~̇x+ C~x = ~F (3-2)

in which M is the system mass matrix, containing the vessel mass and inertia terms as well
as the hydrodynamic added mass of the vessels. B is the radiation damping matrix and
C is the hydrostatic stiffness matrix. The vector ~F is the force vector which contains the
Froude-Krylov force due to the pressure on the hull of the incoming waves and the diffraction
force due to the disturbing of the wave by the body. For a model of two bodies the number
of degrees of freedom is equal to 12. In matrix form the equation of motion is written as:

M1,1 M1,2 · · · M1,12
M2,1 M2,2 · · · M2,12
...

... . . . ...
M12,1 M12,2 · · · M12,12



Ẍ1
Ẍ2
...

Ẍ12

+


B1,1 B1,2 · · · B1,12
B2,1 B2,2 · · · B2,12
...

... . . . ...
B12,1 B12,2 · · · B12,12



Ẋ1
Ẋ2
...

Ẋ12



+


C1,1 C1,2 · · · C1,12
C2,1 C2,2 · · · C2,12
...

... . . . ...
C12,1 C12,2 · · · C12,12



X1
X2
...

X12

 =


F1
F2
...
F12

 (3-3)

The added mass and damping terms vary over the frequency of the waves. The force coeffi-
cients are complex because of the fact that the force depends on the phase with respect to
the incoming wave. The complex force terms vary over the frequency and the direction of the
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3-5 Response Amplitude Operator (RAO) 19

incoming regular wave. Therefore, also the responses of the body vary over the frequency and
the angle of the incoming wave. The different coefficients given in eq. (3-3) for a two body
system (i, j = 1..12) and their dependencies are given below:

• Mi,j = mi,j + ai,j(ω) The mass and inertia terms mi,j and the frequency dependent
added mass ai,j(ω).

• Bi,j = bi,j(ω) The frequency dependent damping of the radiation of the waves.

• Ci,j = ci,j The hydrostatic stiffness of the vessel.

• Fi = fi(ω, θ) The excitation forces on the vessel as a function of the frequency and the
incoming wave angle θ.

• Xi = xi(ω, θ) The responses of the vessels as a function of the frequency and the
incoming wave angle θ.

Given that the hydrodynamic coefficients depend on the frequency and the hydrodynamic
forces on frequency and incoming wave angle, it means that the equation of motion has a
unique solution for every single frequency and angle.

3-4-2 Matrices and Coupling Terms

The matrices can be divided into four quadrants. Each quadrant contains a six by six matrix,
the number of degrees of freedom of a single body. The four quadrants of the matix are
shown in eq. (3-4). The first quadrant contains the coefficients of the first vessel. The second
quadrant contains the coupling terms of the second vessel acting on the first vessel. The third
quadrant contains the coupling terms of the first vessel acting on the second vessel. When
the vessels are floating close to each other there is only coupling between the vessels in the
added mass and damping terms. The mass and stiffness matrix have no coupling so their
second and third quadrant contain only zeros. The fourth quadrant contains the coefficients
of the second vessel.

(
1 2

3 4

)
→




a1,1 a1,2 · · · a1,6
a2,1 a2,2 · · · a2,6
...

... . . . ...
a6,1 a6,2 · · · a6,6



a1,7 a1,8 · · · a1,12
a2,7 a2,8 · · · a2,12
...

... . . . ...
a6,7 a6,8 · · · a6,12



a7,1 a7,2 · · · a7,6
a8,1 a8,2 · · · a8,6
...

... . . . ...
a12,1 a12,2 · · · a12,6



a7,7 a7,8 · · · a7,12
a8,7 a8,8 · · · a8,12
...

... . . . ...
a12,7 a12,8 · · · a12,12




(3-4)

3-5 Response Amplitude Operator (RAO)

The RAO is the linear transfer function between the vessel motion and the wave amplitude.
The equation of motion for a vessel is:

(M + A) ~̈x+ B~̇x+ C~x = ~F (3-5)
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20 Motion of the vessels

The motion vector ~x can be further defined, given that all the body motions are harmonic:

~x = ~Xe−iωt

~̇x = −iω ~Xe−iωt

~̈x = −ω2 ~Xe−iωt

(3-6)

The forces are also harmonic over time including a phase difference between the wave and the
body motion εζ .

~F = ~fae
−i(ωt+εζ) = ~Fae

−iωt (3-7)

The time dependent motion and force terms, eqs. (3-6) to (3-7), can be implemented into the
equation of motion eq. (3-2). The time dependent terms can be wiped out of the equation.
This will give an equation for the RAO of the 12 DoF(i = 1...12):

RAOi(ω, θ) =
~X(ω, θ)
ζ

=
~Fa(ω, θ)

−ω2 (M + A(ω))− iωB(ω) + C (3-8)

in which:

• M is the [12x12] mass and inertia matrix.

• A(ω) is the [12x12xNω] frequency dependent added mass matrix.

• B(ω) is the [12x12xNω] frequency dependent damping matrix.

• C is the [12x12] hydrostatic stiffness matrix.

• ~Fa is the [12xNωxNθ] frequency and wave angle dependent complex force vector.

• ~X is the [12xNωxNθ] frequency and wave angle dependent complex response vector.

Note: Nω and Nθ relate to the number of frequencies and the different incoming wave angles
respectively.

3-5-1 Resonance waves

In the gap in between the vessels laying side by side, hydrodynamic resonance behaviour of
the waves may occur. According to Molin (2001) the resonance behaviour can categorized in
different type of sloshing modes [23]. The first mode is known as the piston mode, in which
the water inside the gap heaves up and down more or less like a rigid body. The higher modes
are categorized into the transversal sloshing mode and the longitudinal sloshing mode. For
small gap widths the eigenfrequencies of the transverse sloshing are high. Transverse sloshing
becomes only relevant if the gap widths are relative large [8]. The eigenfrequencies of the
hydrodynamic resonances in the gap are approximated by:

ω2
n = gλn

1 + Jn0 tanhλnh
Jn0 + tanhλnh

(3-9)

For the piston and longitudinal mode Jn0 is given by:
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3-5 Response Amplitude Operator (RAO) 21

Jn0 (r) = 2
nπ2r

(∫ 1

0

r2

u2
√
u2 + r2

[
1 + 2u+ (u− 1) cos (nπu)− 3

nπ
sin(nπu)

]
du

− 1
sinθ0

+ 1 + 2r ln 1 + cosθ0
1− cosθ0

) (3-10)

in which:

• d is the width of the gap in [m]

• l is the length of the gap in [m]

• h is the draft of vessel in [m]

• g is the acceleration of gravity [ms−2]

• r = d/l [-]

• λn = nπ/l [m−1]

• θ0 = tan−1 (1/r) [rad]

The natural frequencies for different transversal sloshing modes can be calculated by a sim-
plified equation given by Lewandowski (2008) [22]:

ωn =
√
πgn

d
(3-11)

The frequencies of the sloshing modes correspond to the associated standing waves in the
gap. The effects of the transversal sloshing modes can be seen in the radiation data of the
vessels. At different standing wave modes, peaks occur in the radiation data. Figure 3-7
shows the vessel sway damping with respect to the gap distance divided by the wave length.
The characteristic behaviour of the data is equal to gap size to wavelength ratios close to
0.5,1,..,2.5.

The wave resonance frequencies for different modes are shown in Table 3-1. Only the reso-
nance frequencies inside the frequency spectrum bound are shown. The transversal resonance
frequencies match the data peaks shown in Figure 3-7. The large set of longitudinal sloshing
frequencies are not directly visible in the hydrodynamic data. Since very crude assumptions
have been made in the approximation of the sloshing frequencies, the overview of the natural
frequencies gives an idea on the variety of possible modes in the gap and on the complexity
of the wave pattern [27]. Different wave patterns are shown in Figure 3-8. The figures indi-
cate the longitudinal sloshing modes and the possibility of transverse sloshing for larger gap
widths.

3-5-2 Overestimation resonance waves

A common problem in multi-structure diffraction analyses is the overestimation of the wave
amplitude in between structures in waves. This overestimation is caused by the resonance
behaviour of the waves in the gap described in the previous section. Pauw (2007) gave two
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22 Motion of the vessels

(a) Sway damping with respect to gap width/wave
length ratio. (b) Sway damping with respect to frequency.

Figure 3-7: Fairplayer sway radiation damping with characteristic resonance peaks.

(a) Relative wave heigth for a gap width of 20 m for a
frequency of 0.953 [rad/s].

(b) Relative wave heigth for a gap width of 50 m for a
frequency of 0.953 [rad/s].

Figure 3-8: Wave patterns of side laying vessels for incident head waves.

reasons for the overestimation of the resonance waves: Non-linear effects in the physics of the
waves, like breaking tend to reduce the extreme wave elevations [27]. In diffraction theory
these effects are not incorporated. Secondly, viscous effects, also neglected in diffraction
theory, may be more dominantly present at the bilges of the keel due to the resonant flow
between the two floating bodies. A occurence of a standing wave in between the vessels are
shown in Figure 3-9. The relative wave amplitude for a incoming wave of 1 m increases
in between the vessel up to almost ten times this amplitude. Since this is a unrealistic
representation of reality and it will have a large effect on the outcome of the hydrodynamic
data. Therefore adjustments in the diffraction analyse need to be made.

3-5-3 Viscous Roll Damping

An important assumption of potential theory is the neglection of viscous effects. Especially
the roll motion is influenced by (non-linear) viscous forces [15]. Additional viscous damping
is added to incorporate this non-linear behaviour. The viscous damping is estimated based
on the empirical method of Ikeda [19]. This method is recommended by the ITTC Specialist
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Modes Longitudinal Frequency [rad/s] Transversal Frequency [rad/s]
Piston 0.555
Mode 1 0.733 0.878
Mode 2 0.883 1.241
Mode 3 1.014 1.520
Mode 4 1.132 1.756
Mode 5 1.240 1.962
Mode 6 1.340
Mode 7 1.433
Mode 8 1.520
Mode 9 1.602
Mode 10 1.680
Mode 11 1.755
Mode 12 1.827
Mode 13 1.896
Mode 14 1.962

Table 3-1: Approximated natural frequencies of sloshing modes for different gap distances in
[rad/s]

Figure 3-9: Side view of relative wave elevation in between the vessels at frequency of 1.30
rad/s. The gap distance is 40m.
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24 Motion of the vessels

Figure 3-10: Dimensionless roll damping contributions vs the dimensionless frequency.

Committee on Stability in Waves. The roll damping moment of the vessel can be summed up
by a number of different contributions: The wave, lift, frictional, eddy and the appendages
contributions (bilge keel, skeg, rudder etc.). The total damping coefficient of the vessel can
therefore be written as:

B44 = BW +BL +BF +BE +BA (3-12)

The wave and lift components are linear, proportional to the roll angular velocity. The lift
component is non-zero in case of a forward speed, which is not the situation in this work, so
BL = 0. The damping contribution of the appendages is represented by the damping of the
bilge keels BA = BBK . The friction, eddy and appendages components are non-linear and
assumed to be proportional to the square of roll angular velocity. To calculate the different
damping contribution terms use is made of the prediction fit formulas given by Kawahara
2011 [19]. Van Heijst (2015) has already checked the validity of this method onto the J-class
vessel on the basis of different vessel parameters [32]. The second order damping term depends
on the roll response which is an unknown. It could be determined by means of an iteration
process but it is a time consuming process to create such an iterator for the complete matrix
system. To gain further simplification of the system, the maximum acceptable Significant
Double Amplitude (SDA) of roll of the Fairplayer is used:

φa = SDAroll (3-13)

The contribution of the dimensionless different damping terms to the total roll damping as a
function of the dimensionless frequency is shown in Figure 3-10. The dimensionless damping
coefficient is given by:

B̂44 = B44
ρ∇B

√
B

2g (3-14)

The potential wave damping BW is generated by AQWA. From the figure it is shown that
the bilge keels of the vessel play an important role in the addition of the viscous damping.
Especially in the low frequency zone where the potential wave damping is zero viscous damping
is dominant.
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3-5 Response Amplitude Operator (RAO) 25

3-5-4 Damping Lid

A method to prevent the unrealistic wave elevation in between the vessels is the addition of
an external lid on the surface. The lid adds a certain damping on the wave elevation. This
lid method was originally formulated by Chen(2005) [7]. This lid has an adjusted boundary
condition to suppress non-realistic high wave elevations between the two floating objects. The
boundary conditions for the potential theory are explained in appendix D-4. Equation (D-23)
gives the expression for the boundary condition for the water surface:

− ω2φ+ g
∂φ

∂z
= 0 for z = 0 (3-15)

The adjusted damped water surface boundary condition is expressed as:

ω2

g
(αdf1 − 1)φ− 2iω

2

g
αdf1φ+ ∂φ

∂z
for z = 0 (3-16)

in which αd is the damping factor and φ is the velocity potential. The function f1 relates to
the gap size in between the vessels dgap:

f1 =


sin2

(
π

2
ω

ω0

)
if ω < ω0 = max

(
0.1,

√ πg

dgap

)
(
ω

ω0

)2
if ω ≥ ω0

(3-17)

The damping factor αd determines the rate of damping of the waves. A value of 0 gives no
additional effect to the damping. The correct value of the damping factor can be obtained by
the execution of model experiments and can be different for different gap sizes of the vessel.
A common method is the measurement of the wave height in between the vessels based on
a model experiment. This wave height is then compared to the wave height given by the
diffraction analysis. Since the damping factor reduces the wave height, the matching wave
height with respect to the model experiment is indicated as the correct damping factor. As
model experiments for the Fairplayer laying side-by-side are not available, literature is used
to analyse the effects of the damping lid on vessel interaction. Damped diffraction runs are
executed in AQWA to analyse the effects on the Fairplayer.

3-5-5 Analysis of lid damping factor

Pauw et al. (2007) analysed the emergence of the standing waves as well as the influence
on the hydrodynamic data for side-by-side moored vessels [27]. Unfortunately, only small
gap distances were considered, so the outcomes can not compared to the distances that are
common in a QUAD lift lay-out. Pauw et al. noticed that the damping lid has a greater effect
on the outcomes of the second order wave forces than on the first order quantities. Therefore,
the damping factor should ideally be tuned based on the second order forces. However, since
second order terms are not included in this study, the damping factor will nevertheless be
determined based on the first order terms. Regarding larger gap distances, Peña et al.(2016)
investigated the effect of the damping lid between a vessel and a fixed structure [28]. Results
are presented for the sway motion for a wave heading of 90 degrees(beam waves). The results
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(a) Sway reponse (b) Heave response

Figure 3-11: RAO’s vs freqency in rad/s of FSRU in heave and sway motion for head waves
calculated by HYDROSTAR and results of model test executed by Fournier et al.(2006) [10]. The
gap distance between vessels is 20 m.

(a) Sway RAO (b) Heave RAO

Figure 3-12: RAO’s vs freqency in rad/s of LNG carrier in heave and sway motion for head waves
obtained by Chen et al. (2007) [6]. The gap distance between vessels is 20 m.

showed the large influence of the damping lid on the hydrodynamic data of the vessel. It was
demonstrated that a damping factor of 1 over-damped the system. The addition of lids is
necessary when the gap reaches significant dimensions, in their case particular for distances
of 18 m or more. Figure 3-13 shows the hydrodynamic data for the vessel in close distance
from a fixed wall.

Monochromatic model test to determine the damping coefficient for a LNG carrier and a
FSRU moored together side-by-side were executed by Fournier et al.(2006) [10]. They com-
pared model results with the diffraction analysis in the software WAMIT and HYDROSTAR
for vessel gaps of 20 and 30 m. Their comparison results for the sway and heave RAO are
shown in Figure 3-11. Based on their results it was shown that a damping coefficient of the
lid in between the vessels between 0.1 and 0.2 gave a fair agreement with their test results.

Chen et al. (2007) analysed the effect of the damping factor between a LNG carrier and a
FSRU [6]. The results were compared to model test. The gap distance between both vessels
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Figure 3-13: Hydrodynamic data and RAO’s for sway motion of vessel relative to fixed wall for
different gap distances by Peña et al.(2016) [28].
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(a) RAO sway (b) RAO heave

Figure 3-14: Responses of Fairplayer in head waves with a gap distance of 20 m.

was 20m. The RAO’s are shown in Figure 3-12. Based on the comparative study it was found
that a damping factor of 0.053 showed a good agreement with the experimental data.

3-5-6 Behaviour of Fairplayer vs Literature

If we look at the responses of the Fairplayer for different damping coefficients, similar phe-
nomena are found. Figure 3-14 shows the same peaks in the sway and heave response as
were found by Fournier and Chen showed in Figure 3-11 and Figure 3-12. It should be said
that the location and the responses at the peaks differ with respect to the Fairplayer. Dif-
ferent hull layouts and different vessel interaction lay-out could be the reason for this. The
hydrodynamic data shows similar behaviour as was found in the study of Peña et al. The
dimensionless hydrodynamic coefficients for the side-to-side configurated Fairplayers for a gap
distance of 40 m are shown in Figure 3-15. If the damping factor is equal to zero, repetitive
resonance peaks in the sway added mass and damping appear. Also, strong negative added
masses can be seen in Figure 3-16a. The increase of the damping coefficient is an effective
method to remove the peaks from the hydrodynamic data.
The complete responses for the Fairplayer laying side-by-side are shown in Figure 3-16. The
increase of the damping factor has a large effect on the sway and heave RAO. The effect on
the roll RAO is small. Since it is hard to predict a correct damping factor for the lid, the
full model analysis of the QUAD lift is based on the data without addition of the damping
lid. The final workability calculation of the QUAD lift is executed for an intensive damped
diffraction run with a damping factor of 0.1. The results were hardly different compared to
the workability results based on the diffraction calculation without damping lid.

3-6 Natural Frequencies

The free floating Fairplayer has a hydrostatic stiffness in heave, roll and pitch motions. There-
fore, it has only natural frequencies in those directions, since the natural frequencies can be
calculated by: (

C− ω2
n (M + A (ωn))

)
~v = 0 (3-18)

in which ωn represent the natural frequencies and ~v is the eigenvector. A problem is however,
that the eigenvalues depend on the added mass of the system which depends on the frequency.
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(a) Dimensionless sway added mass vs frequency

(b) Dimensionless sway damping vs frequency

(c) Dimensionless sway excitation forces for beam waves vs frequency

Figure 3-15: Dimensionless hydrodynamic data for different damping factors for Fairplayer with
a gap distance of 40 m.
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(a) RAO of sway

(b) RAO of heave

Figure 3-16: RAO’s for different damping factors of the side-to-side laying Fairplayer in beam
waves coming from the non-vessel side. The gap distance is 40 m.
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Gap Distances [m]
Mode 20 30 40 50

Heave [rad/s] 0.86 0.82 0.80 0.80
Roll [rad/s] 0.45 0.45 0.45 0.45
Pitch [rad/s] 0.91 0.88 0.86 0.90

Table 3-2: Natural Frequencies Fairplayer for different gap distances

This means the natural frequency value is only valid if it is determined by a corresponding
added mass which depends on the same frequency. The different natural frequencies of the
J-type Fairplayer with different vessel gaps are shown in table 3-2.

3-6-1 DP system

The DP system of the vessels is added to the motion model by the addition of different springs.
The DP system causes low-frequent reactive response motions which normally are far out of
the range of the frequency of the ocean waves. The stiffness of the springs are based on an
estimated value of the natural periods of the different motion directions of the DP system
which are:

• The natural period for surge motion is 100 s.

• The natural period for sway motion is 100 s.

• The natural period for yaw motion is 100 s.

The natural surge period of the DP-system is related to the stiffness by:

Tn,x = 2π
√
m1,1 + a1,1,ωi=1

c1,1
(3-19)

So the surge stiffness of the DP-system is:

c1,1 =
m1,1 + a1,1,ω[i=1](

Tn,x
2π

)2 (3-20)

For the calculation of the stiffness terms, the added mass value for the lowest frequency
(ωi=1 = 0.1 rad/s) is taken. The same equations holds in the sway and yaw direction.

3-7 Analysis of J-type responses for different gap widths

The different gap sizes have an influence on the responses of the vessels. The reason of
the different responses can be attributed to the differences in the coupling terms of the
hydrodynamic matrices. The responses of the vessel for different gap widths are shown in
Figure 3-18. It can be seen that the sway and heave responses are influenced due to the
presence of the side laying vessel. The roll response barely changes due to the second vessel.
Table 3-2 already showed that the natural frequency of the roll response remained constant
for different vessel gaps. So the position of the response peaks should also be at the same
location which is the case in Figure 3-18c.
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Figure 3-17: Roll RAO for beam waves compared to experimental data Marin

3-7-1 Validation of Roll Response Marin

Since the location of the natural frequency peak for roll response does not change for different
gap widths, it can be used to validate the data to sea-keeping tests of the J-class vessel, exe-
cuted by Maritime Research Institute Netherlands (MARIN). MARIN executed model tests
on the implementation of an Anti Roll Tank (ART) for the J-Class vessels. The experimental
results of an empty ART can be used in this thesis to compare the roll response curve. The
comparison of the roll response and the experimental data is shown in Figure 3-17. The data
of Marin shows a peak response at about the same frequency. The response value of the peak
response is different. Since this value is strongly dependent on the estimated roll damping, a
reason for the difference could be an inaccurate damping estimation by the Ikeda method.

3-8 AQWA vs OrcaWave

From Figure 3-15 it is shown that the hydrodynamic data has a very irregular behaviour.
Vessel interaction effects including resonance waves, have a major effect on the data. Espe-
cially in case of zero lid damping, repeating peaks in the data are visible. The question could
be asked if the data is reliable for an analysis of a coupled motion study. To prevent possible
errors in the set up of the diffraction calculations, the data of two diffraction programs is
compared.

The first problem in this comparison is that the data of both diffraction codes is given for a
different origin. AQWA gives the data with respect to the position of the CoG. OrcaWave
gives the data with respect to the body origin. This body origin is defined in the mesh
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(a) RAO of sway

(b) RAO of heave

(c) RAO of roll

Figure 3-18: RAO’s of fairplayer for beam waves for different gap widths d in between side to
side laying vessels.Master of Science Thesis Niels van Duijn
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(a) RAO of sway

(b) RAO of heave

Figure 3-19: Comparison RAO’s of both vessels in beam waves between AQWA and OrcaWave.
The vessels are in beam waves, V1 indicates the front laying vessel and V2 is not directly exposed
to the incident waves. The relative distance between both vessels is 40 m.

file. To compare the data, a transformation of one of the data sets is required. Figure 3-
19 shows the responses of the vessel sway and heave calculated by both diffraction codes,
expressed with respect to the CoG of both vessels. Both programs deliver quite the same
vessel responses. Only at the resonance frequencies, different peak values can be seen. The
resonance frequencies occur in both programs at the same frequencies.
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Chapter 4

QUAD Lift Model

4-1 Introduction

This chapter will explain the method used to create the dynamic QUAD lift model. Now the
hydrodynamic wave forces and vessel data is known, the model is extended by the coupling
of the load. The load introduces 6 new DoF to the equations of motion, which creates a 18
DoF matrix system. Since the equations of motions of the vessels are coupled to the load,
the dynamic behaviour of the vessels will change. This dynamic behaviour will be analysed
by means of responses, natural frequencies and eigenvectors. To control the load and vessel
responses, tugger lines will be introduced.

4-2 Metacentric height

The geometric center height is a value which determines the stability of a floating object in
water. In case of a body rotation around the CoG, the Center of Buoyancy (CoB) will shift
towards the side at which the displaced water increases by this rotation. Since the CoB is
the location at which the buoyancy force is applied, a reaction moment will counteract the
rotation. The resulting stability force of a floating object is shown in Figure 4-1. In case of
small rotations, the metacentric height is defined as:

GM = KB +BM −KG (4-1)

in which KB is the distance from the keel to the center of buoyancy, BM is the distance from
the center of buoyancy to the initial metacentre and KG is the distance from the keel to the
center of gravity. The distance BM can be calculated by:

BM = ∇
IT

(4-2)

in which ∇ is the displaced water volume of the object and IT is the second moment of area
of the water plane.
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36 QUAD Lift Model

Figure 4-1: Stability floating object

The metacentric height is a indication of the range of stability of the vessel. As long as the
distance GM is positive, a counteracting moment against the rotation will occur, since the
moment lever arm is defined as:

GZ = GM · sinφ (4-3)

4-2-1 Minimal GM during lift

Jumbo uses a rule of thumb to subscribe to minimum required GM for the Fairplayer during
an offshore lift: [11]

GM = 1 +
(1.5 ·HL

1800

)
(4-4)

in which HL is the total hook load of the forward and aft crane in tons.

4-3 Position of the CoG

The horizontal position of the CoG is calculated by AQWA and is equal to the centroid of
the submerged body. The vertical position of the CoG is given by Jumbo and is 2.1 m above
the waterline for a vessel with a draft of 7.5 m. This draft and CoG represents a loaded vessel
condition which could be used during offshore activities.

4-3-1 Change of CoG

When a load is applied to the cranes the CoG of the vessel will shift. The displacement of the
CoG in the horizontal direction is small and can be counteracted by the use of water tanks.
So the horizontal position of the CoG of the vessels does not change in the analysis. There
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Figure 4-2: Vertical distance from CoG to load

will be however, a vertical change of the CoG. The point of engagement of the load is the
crane tip, shown in Figure 4-2. The vertical displacement of the CoG is calculated by:

∆z =
∑
iML,i · Lz,i

M +
∑
iML,i

(4-5)

in which i indicates the effect of each individual crane, ML,i is the mass of the load on the
crane, Lz,i is the vertical distance of the crane tip to the CoG andM is the mass of the vessel.
The applied load on each indivual crane to calculate the change of CoG is based on the static
condition: in a QUAD Lift each crane takes one fourth of the total load.

4-3-2 Hydrostatic coefficients

As shown in eq. (4-1) the distance GM depends on the vertical position of the CoG. So a
vertical change of the position of the CoG has an effect on the metacentric height GM . The
diagonal hydrostatic stiffness terms of the rotation about the horizontal axis depend on the
metacentric height values, since they are given by:

c44 = ρg
(
∇GMx + (yF − yG)2Awl

)
c55 = ρg

(
∇GMy + (xF − xG)2Awl

) (4-6)

in which (xF , yF ) and (xG, yG) represent the position of the center of floatation and the
center of gravity in the horizontal plane, respectively. The center of floatation is located at
the centroid of the cut water plane area. The other hydrostatic coefficients do not depend on
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the vertical change of the CoG. These coefficients are given by:

c34 = c43 = ρg (yF − yG)Awl
c35 = c53 = −ρg (xF − xG)Awl
c45 = c54 = −ρg (xF − xG) (yF − yG)Awl

(4-7)

The change in the position of the CoG of the vessel leads to the symmetric vessel specific
stiffness matrix:

Cv =



0 0 0 0 0 0
0 0 0 0 0 0
0 0 c33 c34 c35 0
0 0 c43 c44 c45 0
0 0 c53 c54 c55 0
0 0 0 0 0 0


(4-8)

4-3-3 Hydrodynamic coefficients and change of CoG

The change of the position of the CoG has also an effect on the hydrodynamic data. In
OrcaWave the hydrodynamic coefficients are given with respect to the body origin. The body
origin is written in the mesh file and is vertically located at the SWL. Horizontally it matches
the position of the CoG. The translational responses at a certain position of the vessel can be
calculated by the use of a transformation matrix. Besides the indirect transformation of the
RAO’s, also the hydrodynamic data can be directly tranformed for the new CoG position. The
RAO’s of the vessels for a shifted CoG can be calculated by application of a transformation
matrix L:

RAO = LT ~Fa(ω, θ)
LT (−ω2 (M + A(ω))− iωB(ω) + C) L (4-9)

The vessel transformation matrix to calculate the data for a new position, located at (∆x,∆y,∆z)
with respect to the initial origin, is given by:

Lv =



1 0 0 0 −∆z ∆y
0 1 0 ∆z 0 −∆x
0 0 1 −∆y ∆x 0
0 0 0 1 0 0
0 0 0 0 1 0
0 0 0 0 0 1


(4-10)

In the 12 DoF matrix system for the two vessels the transformation matrix is given by eq. (3-
8), the system transformation matrix is given by:

L =
[
Lv 0
0 Lv

]
(4-11)

Since all OrcaWave data is given with respect to the body origin, the simplest method to
transform the data for a change of CoG is to write all the data with respect to the body
origin. In this case, only the stiffness matrix and the mass matrix need to be adjusted. The
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Figure 4-3: Single pendulum mechanics

mass matrix is diagonal when it is expressed in the CoG, therefore the mass matrix with
respect to the body origin can be calculated by:

M = LTML (4-12)

If all the data is known with respect to the body origin, the responses can be calculated. The
responses at an arbitrary point p can be simply calculated by application of the transformation
matrix to the response vector:

RAOp = L ·RAO (4-13)

4-4 QUAD Lift Model

The QUAD lift model is created by the addition of a single load to the four cranes of the
two vessels. Now, the system consists of three bodies with each 6 DoF, which makes the
QUAD Lift a 18 DoF system. The connection between the load and the vessel is modelled as
a linear spring, representing both the vertical cable and crane stiffness. The vertical spring
has its attachment point on the vessel at the crane tip and at the corner positions of the
load, indicated by the black and red dots in Figure 4-5. The coupling between the load and
the vessel is based on the principals of a single pendulum, shown in Figure 4-3. If the load
moves horizontally, the tension in the cable has a horizontal component which is related to
horizontal displacement and the weight of the load. Based on linear pendulum mechanics a
horizontal stiffness value Kr can be obtained:

Frest = mg tan θ
∆x = l sin θ

Frest = mg

l
∆x = Kr∆x

Kr = mg

l

(4-14)
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Figure 4-4: Overview QUAD Lift Model

Parameter Symbol Value
Vertical position CoG ZCoG 2.1 [m]
Pos. crane A and C (LxCr2, LyCr, LzCr) (20,23.5,40) [m]
Pos. crane B and D (LxCr1, LyCr, LzCr) (28,23.5,40) [m]

Crane stiffness kcrane 76604 [kN/m]
Cable stiffness kcable 52622 [kN/m]
Cable length l 40 [m]
Jib radius JR 10 [m]

Number of falls n 16

Table 4-1: Vessel and crane parameters

In case of the QUAD Lift, the load is not lifted by a single but by four cranes. Therefore,
the static load on each crane is one fourth of total load. Such that the horizontal stiffness is
equal to:

Kr = mg

4l (4-15)

Quad Lift vessels parameters

The model described in this chapter depends on a large set of parameters. Since this chapter
has the purpose to explain the model, a fixed set of vessel parameters is chosen, unless stated
otherwise. The distances are given with respect to the body origin axis’, horizontally located
at the position of the CoG’s and vertically at the SWL. The set of parameters is given in
Table 4-1.
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Figure 4-5: Top view QUAD Lift with dimensions

Parameter Symbol Value
Length of load Lx 48 [m]
Width of load Ly 20 [m]
Height of load Lx 5 [m]
Weight of load mL 1000 [t]
Change of CoG ∆ZCoG 0.97 [m]

New GM (GMx, GMy) (2.12,198.42) [m]

Table 4-2: Load parameters

Shape of Load

The shape of the load has a influence on the inertia values of the load. Since there is a wide
variety in offshore lifted load objects and shapes, a simple rectangular barge is chosen in this
study. The height of the barge is 5 m. The barge length and width is such that the attachment
points are horizontally equal to the crane tip positions. In case there is no rotation of the
cranes, the barge length is equal to the distance between the forward and aft crane which
is equal to 48 m. It is assumed that the CoG of the barge is located at the centroid of the
object.

4-4-1 Crane stiffness

The total restoring coefficient of one of the vertical springs as shown in Figure 4-5 depends
on the crane stiffness and the cable stiffness. The total restoring coefficient is calculated as
two springs in series:

K = 1
1

kcrane
+ 1
kcable

(4-16)
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mass cable (open air) per fall 12.14 [kg/m]
submerged mass per fall 10.4 [kg/m]

Table 4-3: Mass of cables

in which the crane stiffness kcrane is supplied by the manufacturer of the crane Huisman. The
crane stiffness depends on the number of falls and the jib radius. The cable stiffness kcable
depends also on the number of falls as well on the cable length in between the load and the
crane tip l, the cross sectional area of the cable A and modulus of elasticity E:

kcable = EA

l
· nfalls (4-17)

It is assumed that each crane uses 16 falls during the QUAD lift. It is assumed that there
is only stiffness in the connection between the vessels an the load. Dissipation of energy
via damping in the cables is neglected. The mass of the crane cables per meter is given by
Huisman and shown in Table 4-3. If 16 falls are used and the cable length is 40 m, the total
mass of the cables in the quad lift is equal to 31.08 t. Compared to the load which has a mass
of 1000 t, the cable mass is relative small.(3,1%) To keep the model simple, the effect of the
mass of the cables is neglected.

4-4-2 Derivation Equations of Motion

To create the coupled stiffness matrix of the QUAD Lift use is made of the Lagrange method.
The coupling is caused by the horizontal and vertical springs, with stiffness Kr and Kz,
respectively. The elongation of this springs occurs is the change of distance between the
crane tips and the attachment points of the loads. Therefore, the linearised horizontal and
vertical displacements of the crane tips (A, ..,D) with respect to the vessel origin, are written
in terms of generalized coordinates:

∆xA = x2 + LzCr · θ2 + LyCr · ψ2

∆xB = x2 + LzCr · θ2 + LyCr · ψ2

∆xC = x1 + LzCr · θ1 + LyCr · ψ1

∆xD = x1 + LzCr · θ1 + LyCr · ψ1

∆yA = y2 − LzCr · φ2 − LxCr,2 · ψ2

∆yB = y2 − LzCr · φ2 + LxCr,1 · ψ2

∆yC = y1 − LzCr · φ1 − LxCr,1 · ψ1

∆yD = y1 − LzCr · φ1 + LxCr,2 · ψ1

∆zA = z2 − LyCr · φ2 + LxCr,2 · θ2

∆zB = z2 − LyCB · φ2 − LxCr,1 · θ2

∆zC = z1 − LyCr · φ1 + LxCr,1 · θ1

∆zD = z1 − LyCr · φ1 − LxCr,2 · θ1

(4-18)
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Just like the crane tip positions, the relative motion of the attachment points of the cable onto
the load with respect to the load origin are written in terms of the generalized coordinates:

∆xL,A = xL + 0.5Lz · θL + 0.5Ly · ψL
∆xL,B = xL + 0.5Lz · θL + 0.5Ly · ψL
∆xL,C = xL + 0.5Lz · θL − 0.5Ly · ψL
∆xL,D = xL + 0.5Lz · θL − 0.5Ly · ψL

∆yL,A = yL − 0.5Lz · φL + 0.5Lx · ψL
∆yL,B = yL − 0.5Lz · φL − 0.5Lx · ψL
∆yL,C = yL − 0.5Lz · φL − 0.5Lx · ψL
∆yL,D = yL − 0.5Lz · φL + 0.5Lx · ψL

∆zL,A = zL − 0.5Ly · φL − 0.5Lx · θL
∆zL,B = zL − 0.5Ly · φL + 0.5Lx · θL
∆zL,C = zL + 0.5Ly · φL + 0.5Lx · θL
∆zL,D = zL + 0.5Ly · φL − 0.5Lx · θL

(4-19)

The elongation of the springs (A, ..,D) in each translational direction can be written as:
∆XA,B = ∆xA,B + ∆xL,A,B
∆YA,B = ∆yA,B + ∆yL,A,B
∆XC,D = ∆xC,D −∆xL,C,D
∆YC,D = ∆yC,D −∆yL,D,C

∆ZA,..,D = ∆zA,..,D −∆zL,A,..,D

(4-20)

For cranes A and B the horizontal elongation is the sum of both the crane tip and load
displacements since the horizontal vessel axis have a different direction with respect to the
load.

Euler-Lagrange’s equations

To calculate the new equations of motions use is made of the Euler-Lagrange’s equations.
The Lagrangian is defined as:

L = T − V (4-21)
in whichT and V are the kinetic and potential energy, respectively. The matrices of the vessels
are already defined so there is no need to define the equations of motions again. Only the
influence of the load need to be added by the defenition of the kinetic and potential energy:

T = 0.5mL(ẍ2
L + ÿ2

L + z̈2
L) + 0.5Ixx,Lφ̈2

L + 0.5Iyy,Lθ̈2
L + 0.5Izz,Lψ̈2

L

V = 0.5KrX
2
A,..,D + 0.5KrY

2
A,..,D + 0.5KZ2

A,..,D +mLgzL
(4-22)

Now the equations of motion can be calculated by the application of the Euler-Lagrange
equations for the generalized coordinates qj :

d

dt

(
∂L

∂q̇j

)
= ∂L

∂qj
(4-23)
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The Euler-Lagrange equations give the equations of motion of the load which can be expressed
in the load mass and stiffness matrices, ML and CL, which are are shown in ??. Since the
equations of motion are really large for a 18 DoF system, both matrices are generated by the
use of numeric environment Maple.

The coupled equation of motion containing the vessels and load motion is described as follows:(
−ω2 (M + A(ω) + ML) + iωB(ω) + C + CL

)
~X = ~F (ω) (4-24)

4-5 Coupled Responses

4-5-1 Vessel Responses

With eq. (4-35) the responses of the vessels and load in a QUAD Lift can be calculated. The
QUAD Lift stiffness matrix induces coupling between the load and the vessel motions. The
vessel motions for head waves are shown in Figure 4-6. The load is 1000 t and the vessels have
a distance of 40 m. The figures show increased response in especially the roll motion during
the lift compared to the free floating vessel. Also, in surge, pitch and yaw motion a peak can
be seen around a frequency of 0.5 rad/s. Similar coupled response peaks were shown by [13]
and [11] for a single crane lift.

4-5-2 Load Responses

Next to the vessel responses, also the load responses during the QUAD Lift are calculated. The
horizontal load responses are shown in Figure 4-7. The figures show large resonance behaviour
at certain frequencies. The load surge peak at a frequency of 0.5 rad/s is also visible in the
vessel surge, pitch and yaw motion. Similar is the load sway peak at a frequency of 0.6 rad/s
visible in the roll motion of the vessel.

Off-lead angle and side-lead angle

The horizontal load responses are related to the side-lead (load surge) and off-lead(load sway)
angles. These angles need to be limited because large angles could lead to collisions between
the load and the vessel. The off-lead φOL and side-lead θSL angles can be calculated by the
relative displacement of the cable attachment point on the load and the crane tip divided by
the length of the cable. The relative displacements for each crane are given by eq. (4-33). So,
the off-lead and side-lead angles can be calculated by:

φOLA,..,D = ∆XA,..,D

l

θSLA,..,D = ∆YA,..,D
l

(4-25)

The off-lead and side-lead angles are shown in Figure 4-8. The off-lead angle is only shown
for head waves and the side-lead angle for beam waves since these wave directions give the
largest offset as shown in Figure 4-7. Each crane shows similar off-lead and side-lead angles
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(a) Surge (b) Sway

(c) Heave (d) Roll

(e) Pitch (f) Yaw

Figure 4-6: Comparison RAO’s of free floating vessel and vessel in QUAD Lift for head waves.
The mass of the load is 1000 t and the vessel to vessel distance is 40 m.
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(a) Load surge (b) Load sway

Figure 4-7: Horizontal responses of load during QUAD Lift for head and beam waves.

(a) Side-lead angles crane head waves (b) Off-lead angles cranes beam waves

Figure 4-8: Off-lead and side-lead angles for each of the four cranes of the vessels in head and
beam waves, respectively.

responses. A difference between the load response and the crane lead angles is that the
response is zero in the low frequency range. At these frequencies the load has about the same
response as the vessels so the relative displacement is almost zero. At certain frequencies,
resonance behaviour at the natural frequencies can be seen. A simple formula to calculate
the natural frequency for a single pendulum is given by:

ωn =
√
Kr

mL
= g

l
(4-26)

This gives for a cable length of 40 m, a natural frequency of 0.5 rad/s, which matches the
natural frequency of the side-lead angle but not exactly the off-lead angle. The QUAD lift
system is a coupled system, so other terms have an influence on the natural frequency as well.
Since there are large off-lead and side-lead angles for certain frequencies, the application of
tugger lines could be an improvement to prevent these angles. The method to apply tugger
lines and the results on the motions will be discussed further on in section 4-7.
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(a) Free floating (b) Coupled: 500 t

(c) Coupled:1000 t (d) Coupled:1500 t

Figure 4-9: Roll Responses for vessels in beam waves for different load conditions. The vessel
to vessel distance is 40 m.

4-5-3 Vessel Roll Response

The lift has a large effect of the vessel roll motion. For the free floating vessels in beam waves,
the roll motion is small except around the natural frequency at which a peak occur, shown
in Figure 4-9a. When the motion is coupled, new peaks occur at different frequencies. The
stiffness matrix of the QUAD Lift couples the roll motion to other degrees of freedom which
leads to responses shown in Figure 4-9b, Figure 4-9c and Figure 4-9d. The mass of the load
has an effect on the location of the CoG, which is directly linked to the vessel roll stiffness.
Change of this term leads to a shift in the location of the peaks. The occurrence of new peaks
in the roll response of the vessel is important for the analysis of the workability, which will
be further elaborated in the next chapter.

4-5-4 Dynamic crane forces

The dynamic forces on each crane during the QUAD Lift are expressed as the total crane
stiffness K times the relative displacement of each crane tip and the load attachment points.
This vertical displacement can be calculated by the application of the transformation matrix
on the RAO’s on the vessels and load. The equation to calculate the dynamic crane force is
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(a) Vertical response of crane tips (b) Vertical response of load attachment points

Figure 4-10: Vertical response of crane tips and load attachment points in QUAD Lift. The
vessels are in head waves.

(a) Vertical elongation of the crane and crane cable (b) Vertical crane forces

Figure 4-11: Elongation and elongation forces of cranes and cables in QUAD Lift. The vessels
are in head waves.

expressed as:

FdynA,..,D = K · (∆zA,..,D −∆zL,A,..,D) = K ·∆ZA,..,D (4-27)

The vertical response of each of the crane tips and attachment points A, ..,D are shown
in Figure 4-10. From the figures it can be seen that there is a large influence of the roll
response of the vessels. The vessel roll RAO is shown in Figure 4-6d. When the vessels roll,
of course the crane tip will have a large vertical offset, since the crane tips are at a large
vertical distance from the vessel origin.
The vertical responses of the cranes and corresponding attachment point are pretty similar.
The difference in response is equal to the elongation of the cable shown in Figure 4-11. This
elongation leads to large crane forces since the stiffness of the cranes is large. These vertical
force RAO’s of the cranes can be used to calculate the final dynamic force in the cranes by
application of the sea-spectrum.
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(a) Translational RAO’s vessel (b) Rotational RAO’s vessel

Figure 4-12: RAO’s vessel during QUAD Lift including natural frequencies(vertical lines). The
vessels are subjected to quarter waves.

4-6 Coupled Natural Frequencies

The natural frequencies of the system indicate at which frequencies resonance resonance peaks
could occur. As written in section 3-6 the natural frequencies for the coupled QUAD Lift
system can be calculated by: (

C− ω2
n (M + A (ωn))

)
~v = 0 (4-28)

This equation will give the natural frequencies ωn and eigenvectors ~v of the coupled equation.
The eigenvectors indicate the ratio of response between different degrees of freedom at the
different natural frequencies in the system. However, the translations and rotations have
different units. The rotations are given in radians which is quite a large unit compared to the
translational unit which is given in meters. Therefore, the rotational values of the eigenvectors
are expressed in degrees such that it gives a better comparison between the translational
motions. The natural frequencies of the QUAD lift system are given in table 4-4. Based on
the number of degrees of freedom 18 natural frequencies could be expected. However, all the
natural frequencies are calculated with a corresponding added mass term which depends also
on the frequency. Therefore, only the natural frequencies which have a matching added mass
term are taking into account. The other natural frequencies of the system lay outside the
region of the frequencies considered in this analysis. (0.1 till 2 rad/s)
Figure 4-12 gives an indication of the effect of the natural frequencies on the responses the
vessel and load. The effect of the natural frequencies are visible in the different responses
since the hydrodynamic as the hydrostatic matrices are coupled.
The normalized eigenvectors of the system are shown in Figure 4-13. The horizontal axis
indicates the corresponding DoF. To create a better overview, the natural frequencies are
divided in two sets of 5 and plotted in different figures. The subscripts 1,2 and L indicate the
two vessels and load respectively. The 1st natural frequency is strongly linked to the surge and
yaw motions of the vessels.(DoF: 1,6,7 and 12) Both the DP-system and QUAD Lift coupling
create this low frequent natural frequency. The 2nd and 3rd natural frequencies are linked to
the roll motions of both the vessels and the load. The 3rd natural frequency is also linked to
the heave of the load. This could be explained by the direct connection between the roll and
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Natural Frequency Frequency [rad/s]
1 0.10
2 0.30
3 0.42
4 0.50
5 0.60
6 0.76
7 0.84
8 0.86
9 0.88
10 1.26

Table 4-4: Natural Frequencies QUAD Lift

the vertical displacement of the load. If the vessel rolls, the crane tip will have a large vertical
displacement (since it is positioned at a large distance from the CoG), which creates a vertical
displacement of the load. The 4th and 5th natural frequencies have large eigenvectors in the
surge and sway motions of the load.(DoF: 13 and 14) Large peaks at these natural frequencies
are clearly visible in the horizontal response plots in Figure 4-8. For the 4th and 5th natural
frequencies, there is a small coupling between the the surge and sway motions of the vessels
and the load. (DoF: 1,2,7,8,13 and 14) Since the horizontal load displacements are relative
large, the effect of these natural frequencies are still visible in the horizontal response plots
of the vessel in Figure 4-12b. The fifth natural frequency shows also large coupling between
the sway of the load and roll of both the vessels.
The 7th and 8th natural frequencies have coupling between the heave and pitch motions of
both the vessels and the load. (DoF: 3,5,9,11,15,17) The higher frequencies have a small effect
on the motions and are not clearly visible in the response plots.
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(a) Eigenvectors for each DoF of first set of 5 natural frequencies.

(b) Eigenvectors for each DoF of second set of 5 natural frequencies.

Figure 4-13: Eigenvectors for the 10 natural frequencies. The subscripts added to DoF on the
x-axis indicate the DoF for the different bodies, 1: vessel 1, 2: vessel 2 and L: the load.
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4-7 Tugger lines

As shown in Figure 4-8, the horizontal load responses are quite large for certain frequencies.
Large displacements of the load is something which needs to be prevented during a lift for
certain reasons: Large motions of the load could directly lead to unsafe situations and in
collisions between the load and the vessel. The horizontal motions of the load are also coupled
to the vessel motions, as shown by the eigenvalues in the previous section. Therefore, the
load motions could create large vessel motions which makes it unsafe to perform an offshore
lift.
A solution to prevent the horizontal load motions is the application of tugger lines. The
tugger lines connect the load to the vessel. These lines could be attached to the load by
padeyes. At the vessel the lines can be connected to tugger winches. These tugger winches
care for the tension in the wires which prevents the lines from falling slack. In case of slack
lines, slap loads (shock loads) could occur which could lead to really large forces and unsafe
situations.

4-7-1 Tug method

The tugger lines are modelled as springs with a constant stiffness. It is assumed that there is
no dissipation of energy via damping and that non-linearities in the lines are neglected. Just
like the crane cables, the effect of mass of the lines is neglected as well. The axial stiffness
of the lines depend on the type of material, the diameter of the lines and if the lines have
a core. The axial stiffnesses of different ropes are formulated by Orcina based on the HER
Group Marine Equipment & Wire Rope Handbook: [14]

axial stiffness (AE) =


1.09e6 · d2 kN for polyester ropes
1.06e6 · d2 kN for polypropylene ropes
3.67e7 · d2 kN for wire rope with fibre core
4.04e7 · d2 kN for wire rope with wire core

(4-29)

in which d is the nominal wire diameter. The wires with the core will give a considerable
higher stiffness value than the fibre ropes. Since the diameter of the lines are bounded by the
winches, different materials can be used to create another tugger line stiffness. The diameters
of common used tugger lines can vary between 0.032 and 0.055 m. [13, 21] Therefore, the
stiffness of the tugger line can vary in the range of 10 and 10000 kN/m, depending on the
material properties and the line length of the tuggers. This large spread in stiffness values
means that there is the freedom and possibility to look into the effects of different stiffness
values.
The tugger lines are pre-tensioned by the use of winches. There are basically two types of
controlling the winches. The first is a fixed tugger winch. The fixed tugger winch behaves as
a passive system which pre-tension the line and will be put on a brake. A problem with fixed
tugger winches is that the forces in the lines can become really large. If the load moves, it
will directly lead to an elongation of the tugger line which requisites a large capacity of the
line.
The second method to control the winch is by the constant tension method. The winch is
set such that it delivers a constant tension in the line. This means that in case of motion
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Figure 4-14: Top view of QUAD lift including green tugger lines.

of the load or vessel, the winch will be activated and will react such that the tension in the
line is constant. A problem however is that the reaction of the winch is often delayed with
respect to the motion of the load system. Therefore, the tension will fluctuate around the
rated value.
In this analysis the working principal of a fixed winch is imitated since the line stiffness is a
constant value, independent of the load motion.

4-7-2 Tugger line lay-out

The attachment points of the tugger lines on the vessel and load will have an influence on the
effectiveness of the tuggers. The stiffness of the tugger line in a certain translational direction
x, y, z depends on the length of the tugger line in this direction:

Ktugx,y,z = Ktug ·
Ltugx,y,z
Ltug

(4-30)

in which Ktug is the stiffness of the tugger line, Ltugx,y,z is the length of the line in each
translational direction, respectively. Ltug is the total tugger line length. This length can be
calculated by:

Ltug =
√
L2
tugx + L2

tugy + L2
tugz (4-31)

Since the tugger lines have only a stiffness in a certain direction if it bridges this direction, the
tugger line lay-out shown in Figure 4-14 is chosen. The green diagonal tugger lines connect the
vessel and the load such that it can prevent motion of the load in both horizontal directions.
As shown in Figure 4-15, the tugger lines are attached to the deck of the vessel and the top
of the load. Depending on the crane cable length, the tugger lines will also give a stiffness in
the vertical direction.
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Figure 4-15: Front view of QUAD lift including green tugger lines.

4-7-3 Tugger line model

Just like the derivation of the QUAD Lifting model, use is made of the Lagrange method.
Only stiffness terms are added to the system, so the Lagrange equation will result in a
equivalent stiffness tugger matrix. The derivation starts by the definition of the motion of the
attachment points A, ..,D of the tugger lines at the vessels written in the generalized values.
The y and z position of each tugger winch at the vessel is at a distance LTy and LTz from the
origin. The x position of the front and aft winch are located at LTx1 and LTx2, respectively.

∆xtug,A = x2 + LTz · θ2 + LTy · ψ2

∆xtug,B = x2 + LTz · θ2 + LTy · ψ2

∆xtug,C = x1 + LTz · θ1 + LTy · ψ1

∆xtug,D = x1 + LTz · θ1 + LTy · ψ1

∆ytug,A = y2 − LTz · φ2 − LTx2 · ψ2

∆ytug,B = y2 − LTz · φ2 + LTx1 · ψ2

∆ytug,C = y1 − LTz · φ1 − LTx2 · ψ1

∆ytug,D = y1 − LTz · φ1 + LTx1 · ψ1

∆ztug,A = z2 − LTy · φ2 + LTx2 · θ2

∆ztug,B = z2 − LTy · φ2 − LTx1 · θ2

∆ztug,C = z1 − LTy · φ1 + LTx2 · θ1

∆ztug,D = z1 − LTy · φ1 − LTx1 · θ1

(4-32)

Also the attachment points of the load are described in the generalized coordinates. The
padeyes of the load are located at about the same positions as the attachment points of the
crane cable. Therefore, the positions are already given by eq. (4-19). The elongation of the
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tugger lines (A, ..,D) in each translational direction can be written as:

∆Xtug,A,B = ∆xtug,A,B + ∆xL,A,B
∆Ytug,A,B = ∆ytug,A,B + ∆yL,A,B
∆Xtug,C,D = ∆xtug,C,D −∆xL,C,D
∆Ytug,C,D = ∆ytug,C,D −∆yL,D,C

∆Ztug,A,..,D = ∆ztug,A,..,D −∆zL,A,..,D

(4-33)

Since there is no addition of kinetic energy but only potential energy, the Lagrangian can be
written as:

L = −V = 0.5KtugxX
2
A,..,D + 0.5KtugyY

2
A,..,D + 0.5KtugzZ

2
A,..,D (4-34)

The equations of motion are obtained by application of eq. (4-23). Again, Maple is used to
determine the resulting tugger stiffness matix, Ctug. The addition of the tugger lines to the
QUAD lift system will result in the following new equation of motion:(

−ω2 (M + A(ω) + ML) + iωB(ω) + C + CL + Ctug
)
~X = ~F (ω) (4-35)

4-7-4 Tugger line stiffness analysis

The stiffness of the tugger lines can have a large effect on the behavior of the system. The
stiffness values will influence the position of the natural frequencies. A increased stiffness
value will normally shift the natural frequencies to a larger values. In terms of workabil-
ity this is normally an unfavourable condition since the JONSWAP spectrum has a larger
probability in the higher frequency region. On the other hand, increased stiffness terms can
decrease the amplitude of the motion which could increase the workability. To perform a
optimal and safe lift, it is necessary to look into the effect of different tugger lines stiffness.
To give a clear overview of the effects of the tugger lines, different low stiffness terms are
analysed first. Thereafter, the effects of larger stiffness terms of tugger lines are analysed.

Small stiffness values: Polypropylene wires

The relative low stiffness values of the tugger lines are: 30, 50, 100 and 200 kN/m. These
stiffness values could be achieved by the application of polypropylene wires. The analysis is
executed for the QUAD Lift configuration, given in Table 4-1 and Table 4-2. The QUAD
Lift is analysed in quarter waves, since quarter waves responses tell something about the
behaviour of the vessel in both horizontal directions. The tugger line parameters are given in
Table 4-5.
Figure 4-16 shows the horizontal response(surge and sway) of the load for different tugger

stiffnesses. The vertical black lines indicate the natural frequencies with the large eigenvector
value for the horizontal motions of the load. In case of surge of the load, there is only one
natural frequency for each tugger stiffness related to the large response of the horizontal
motion of the load. With respect to the load sway motions, large responses occur at two
natural frequencies. For both the surge and sway response of the load, a larger tugger stiffness
shifts the natural frequency peaks to the higher frequencies. The natural frequencies related
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Parameter Symbol Value
Pos. Winch A (LTx2, LTy, LTz) (38,13.25,10) [m]
Pos. Winch B (LTx1, LTy, LTz) (30,13.25,10) [m]

Dimensions tugger lines (Ltugx , Ltugy , Ltugz) (10,10,10) [m]
Length tugger lines Ltug 17.32 [m]

Table 4-5: Tugger line parameters

Tugger Stiffness [kN/m] Surge Load Sway Load
ωn [rad/s] Crit. damping [kg/s] ωn [rad/s] Crit. damping [kg/s]

0 0.5 1.38e7 0.3 & 0.6 1.11e7 & 1.27e7
30 0.58 1.46e7 0.32 & 0.66 1.28e7 & 1.05e7
50 0.62 1.51e7 0.34 & 0.7 1.09e7 & 1.02e7
100 0.72 1.64e7 0.36 & 0.78 1.01e7 & 1.14e7
200 0.9 1.73e7 0.38 & 0.94 9.8e6 & 1.37e7

Table 4-6: Natural frequencies and critical damping related to the horizontal load motions for
different tugger stiffnesses.

to the surge and sway motions are given in Table 4-6. On average, a decrease of the peak
values can be seen. Possible explanations for this trend are the increase of added mass or
radiation damping at these frequencies. Also, the wave forces (diffraction and Froude Krylov)
at the different natural frequencies influence the peak values.
The critical damping values of the horizontal load motion are calculated by:

Cc = 2
√

KiMi (4-36)

in which Ki and Mi are the diagonal generalized stiffness and mass matrices calculated by
the frequency dependent eigenvector matrix Q:

Ki = QTKQ for which K = C + CL + CT

Ki = QTMsQ for which Ms = M + A(ω) + ML
(4-37)

Since both Q and A(ω) depend on the frequency of the system, there are different critical
damping values for each natural frequency in the system. Increasing the tugger stiffness will
normally increase the critical damping of the system since stiffness is added to the system.
However, since the critical damping for the QUAD lift depends on the frequency dependent
added mass, the critical damping can also decrease if stiffness is added to the system. This
is shown in the critical damping for the load sway motion in Table 4-6

If we now look into the vessel roll response an interesting trend can be seen. Figure 4-17
shows the vessel roll response for different tugger line stiffness values. The natural frequency
peak of the roll response without tugger lines(blue line) at 0.6 rad/s shifts to the higher
frequencies when higher tugger stiffness are applied but the value of this peak will almost
distinguish. The first peak of the vessel roll response shifts also the the right. In contrast to
the third peak, the response increases for this peak. However, since this peak is still at rela-
tive low frequencies, the influence on the significant motions and workability could be limited.
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(a) Load surge RAO (b) Load sway RAO

Figure 4-16: Load RAO’s for different low stiffness values of tugger lines. The vessels are in
quarter waves.

Figure 4-17: Vessel Roll RAO for different small stiffness values of tugger lines. The vessels are
in quarter waves.
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(a) Surge RAO (b) Sway RAO

Figure 4-18: Vessel RAO’s for different small stiffness values of tugger lines. The vessels are in
quarter waves.

The tugger lines have an effect on the horizontal motions of the vessel as well. Since the
horizontal motions are directly coupled via the tugger lines, the shift of the natural frequency
peaks should also be visbile in the vessel response. The horizontal vessel response plots are
shown in Figure 4-18. The peak of the surge of the load(Figure 4-16a) is clearly coupled to
the surge response of the vessel. A shift of this peak by the application of the tugger lines
can be seen. Also for the first peak of the sway motion of the load this principal applies. The
small shift of this peak can be seen in the sway motion of the load. However, the second peak
of the load sway response(Figure 4-16b) is almost not visible in the vessel sway response.
An explanation for the absence of this peak in the vessel sway response is that this peak
is coupled to the roll response of the vessel. The vessel roll response results of course in a
horizontal motion of the load but not directly in a horizontal motion of the vessel. A more
elobarated analysis of this phenomenon will be given in the section 4-7-5. If stiffer tugger
lines are applied two things could happen: the horizontal motions of the load will decrease or
in case there is still a horizontal motion of the load there will be a coupling to the vessel.

Large stiffness values: Steel wires

Now the low stiffness values of the tugger lines are analysed, the principals of the effects
are known. Since the loads during the QUAD lift could have large weights, the application
of steel tugger lines with large stiffness values could be considered. For these large stiffness
values, the connection between the load and the vessels will be more or less a rigid connec-
tion. Small relative motions between the vessels and load will give large resulting forces in
the tugger lines. When an active control tugger winch is applied, continuous adaptation of
the line lenght will happen to prevent to large tensions in the line. Since this study does not
imply tugger control, the line length will be a constant. Only the direct effects of the fixed
line length and stiffness on the motion are analysed.
The values of stiffness in this large stiffness analysis are respectively 1000, 2000 and 4000
kN/m. The resulting effects of this stiffness values on the horizontal motion of the load
are shown in Figure 4-19. The figures show the effect of the stiff tugger lines: the natural
frequency peaks are almost complete distinguished from the response plots. In case of load
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(a) Load surge RAO (b) Load sway RAO

Figure 4-19: Load RAO’s for different large stiffness values of tugger lines. The vessels are in
quarter waves.

Figure 4-20: Vessel Roll RAO for different large stiffness values of tugger lines. The vessels are
in quarter waves.

surge, the tugger lines dissapear the effect of the natural frequency of the surge motion. For
load sway, the first peak of the response without tugger lines is still visible, although it is
shifted to a larger frequency. The second peak is not visible in the response plot any more.
The roll response of the vessel shows a different behaviour than was shown in fig. 4-17 for the
low stiffness. Figure 4-20 shows the roll response plots for the large stiffness values. Because
of the large tugger line stiffness values, the lower natural frequencies peaks are shifted to the
larger frequencies. For example, the roll response of the vessel with a tugger stiffness of 4000
kN/m (purple line in the figure) is relative large between 0.4 and 0.8 rad/s compared to the
roll response of the vessel without tugger lines.
Another important observation in the analysis of the large stiffness values, is that the natural
frequency of the horizontal motions of the vessel moves into the frequency analysis domain.
Figure 3-19a already showed the influence of the DP-system on the response. The sway
response increases when the frequency decreases. Since the DP system is modelled by hori-
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(a) Surge RAO (b) Sway RAO

Figure 4-21: Vessel RAO’s for different large stiffness values of tugger lines. The vessels are in
quarter waves.

zontal springs it adds stiffness terms to the equation of motion. These stiffness terms create
a natural frequency for this motion which, since the DP system has a relative low stiffness, is
at the low frequency region. However, if stiff tugger lines are applied, the natural frequencies
of the horizontal motions of the vessels can shift into larger frequencies. In Figure 4-18 the
natural frequencies of the vessel surge and sway motion are already visible and a shift of this
natural frequency for larger stiffness values is shown. The effects of larger stiffness values on
the horizontal motion of the vessels are shown in Figure 4-21. The tugger lines have a large
effect on especially the surge motion of the vessel. The natural frequency of this motion shifts
into the frequency bound of this analysis which creates really large peak values. The vessel
sway response has a more limited character.
Since large horizontal motion of the vessel is something which should be prevented during
the execution of the lift, the application of the stiff tugger lines is doubtable. Although it
removes the large load motions, the vessel displacement responses are increased in both the
surge and roll direction.

4-7-5 Natural Frequencies and Eigenvectors

Each different tugger line stiffness has its own set of natural frequencies and eigenvectors.
Therefore, one small stiffness value and one large stiffness value is chosen for a elaborated
analysis. These stiffness values are 200 kN/m and 1000 kN/m since, based on the response
figures, these stiffness values produce the most preferable system responses. The natural fre-
quencies of the different stiffness values are given in Table 4-7.

The first notable phenomenon is that some natural frequencies disappeared in the analysis
with a larger tugger stiffness. Some of the natural frequencies are out of the spectrum bounds
because of the increased stiffness. Also, the low natural frequencies for a tugger stiffness of
200 kN/m (0.12 and 0.16 rad/s) are shifted to larger values (0.18,0.2 and 0.3 rad/s, respec-
tively).
Just for indication, the responses of the vessel and the natural frequencies are shown in Fig-
ure 4-22. To give a more clear view of all the responses, the roll RAO is given in [rad/m].
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Figure 4-22: Vessel RAO’s in a QUAD lift with tugger lines with a stiffness of 200 kN/m. The
vertical black lines indicate the natural frequencies. The vessel is in quarter waves.

Natural Frequency Freq. [rad/s] for ktug = 200 [kN/m] Freq. [rad/s] for ktug = 1000 [kN/m]
1 0.12 0.18
2 0.16 0.2
3 0.38 0.3
4 0.44 0.42
5 0.74 0.48
6 0.76 0.76
7 0.84 0.84
8 0.88 0.88
9 0.90 1
10 0.94 1.74
11 1.26 1.76
12 1.54 -

Table 4-7: Natural Frequencies QUAD Lift with tugger lines with different stiffness values.
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The other rotations are given in [deg/m]. The figure shows the coupling between the different
vessel motions. Surge has coupled peaks matching with yaw (0.16 rad/s) and heave and pitch
(0.88 rad/s). The sway motion has a clear coupling with the roll motion (0.38 and 0.44 rad/s).

In Figure 4-23 the eigenvectors for the different tugger line stiffnesses are shown. The first four
natural frequencies for a stiffness of 200 kN/m (ω1 : ω4) have almost the same eigenvectors for
the natural frequencies (ω2 : ω5) for a stiffness of 1000 kN/m. So only the natural frequencies
have increased for the larger tugger stiffness. This confirms that the tugger line stiffness
increases the natural frequencies and that the system shows the same behaviour at these
larger frequencies.
The first natural frequency for a tugger stiffness of 1000 kN/m (ω1 = 0.18rad/s) has large
eigenvectors in the sway and roll motion of the vessels and the vertical motion of the load.
This natural frequency is absent in the analysis with lower tugger stiffness. This was already
discussed in the previous section 4-7-4. The large stiffness values shift the natural frequencies
of the surge and sway motion of the vessel toward larger frequencies and into the frequency
domain of this study. Therefore, a new natural frequency is visible in the analysis, since the
lower limit starts at a frequency of 0.1 rad/s.
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(a) Eigenvectors for each DoF of first set of 6 natural frequencies for a tugger stiffness of 200 kN/m.

(b) Eigenvectors for each DoF of first set of 5 natural frequencies for a tugger stiffness of 1000 kN/m.

Figure 4-23: Eigenvectors for the first set of natural frequencies. The subscripts added to DoF
on the x-axis indicate the DoF for the different bodies, 1: vessel 1, 2: vessel 2 and L: the load.
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Chapter 5

Results: Parametric study and
Workability

5-1 Introduction

Now the model is explained and analysed by the natural frequencies and eigenvectors, the
results of the workability can be calculated. The workability is however, just a result for a
certain parameter configuration. To create a good overview of the different stages of the Quad
Lift, a parametric study will be executed in this chapter. Different examples of parameters
are: cable length, tugger stiffness or load mass. For these parameters, the limiting SDA’s are
calculated for the different wave directions. These results will give an indication of the effects
of these parameters on the system and the critical configurations in terms of workability.

5-2 Response Spectra

The RAO’s of the system give the behaviour of the system for different set of wave frequencies
and directions. The energy present at in different sea locations is given by a sea-spectrum.
The response spectra is a energy spectrum of a certain body motion at a certain location.
It is therefore formulated as the multiplication of a system response and the sea spectrum.
For the determination of the workability a two-dimensional JONSWAP spectrum is used.
This spectrum is not only a function of the wave frequencies but also a function of the wave
directions. The formulation of this spectrum is explained in 2-2-1. The two-dimensional
spectrum depends on the number of 100 frequencies and 8 different directions. Since the
QUAD Lift analysis is symmetric, the behaviour of the vessels can be based on the behaviour
of the second vessel. Therefore a 360 degree wave direction analysis can be done, based on
180 degree data.
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(a) Two-dimensional JONSWAP with a dominant direction of 90 degrees

(b) Coupled Roll Response Fairplayer (c) Coupled Pitch Response Fairplayer

(d) Response spectra Roll Fairplayer (e) Response spectra Pitch Fairplayer

Figure 5-1: Two dimensional response spectra for Fairplayer during QUAD Lift calculated by use
of the JONSWAP spectrum with Hs = 2 m and Tp = 9 s and a dominant wave direction of 90
degrees
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Figure 5-2: Probability of sea conditions at the Central North Sea as a function of specific
significant wave height Hs and peak period Tp.

5-3 Parametric Study

When the response spectra of the different DoF are known, the SDA’s of the motions of the
vessel and load can be obtained. This section will shown the effect of different varying QUAD
Lift parameters on the SDA of the motions and loads. The parametric study is performed
for a sea condition with a significant wave height of 1.75 m and a peak period of 7 s. Similar
conditions have a large probability of occurrence in the Central North Sea, based on the
in-house scatter data from Jumbo Maritime as is shown in Figure 5-2. The complete scatter
data table is shown in appendix C.

The SDA results are shown for different wave directions. This will give a indication of the
influence of the direction of the waves. The parameters that change in this analysis are the
load mass, the cable length and the tugger line stiffness. The calculations are executed for a
load mass of 500, 1000 and 1500 ton. The crane cable length is set for 30 with steps of 5 m up
to 45 m. Tugger line stiffness varies between 0 and 300 kN/m with steps of 100 kN/m. Linear
interpolation is used to get analyse the effects of intermediate load masses and cable lengths.
Since only 8 wave directions are considered, also linear interpolation is used to create a full
360 degrees result. The vessel to vessel distance is kept constant in this analysis and is equal
to 40 m. Another gap distance requires a new diffraction calculation, since the hydrodynamic
parameters will be different for another vessel configuration.
The vessel and load parameters for which the parametric study is performed are shown in
Table 5-1. All four the cranes are in the same configuration, the same jib radius and the same
vertical length between the crane tip and CoG. The different SDA results analysed in this
section are the roll and pitch of the vessel, the side-lead and off-lead angles of the cranes and
the force in the crane cables.
Since the parametric study is only executed for a single sea condition, the parametric results
will only give a indication of the dependency of the SDA values on the different parameters
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Free Floating QUAD Lift
Vessel mass [kg] 20048139 20048139

Draft [m] 7.5 7.5
VCOG [m] 9.6 9.6 - 11.04
GM [m] 3.09 3.09 - 1.65

Vessel Distances [m] 40 40
Crane tip z [m] - 40
Jib Radius [m] - 10
Cable length [m] - 30 - 45
Load mass [kg] - 500e3 - 1500e3
Load length [m] - 48
Load width [m] - 20
Load height [m] - 10

Tugger line stiffness [kN/m] - 0 - 4000e3

Table 5-1: Vessel and crane configurations for parametric and workability analysis. The cable
length of the cranes and load masses change in the parametric analysis.

and the effect of the wave directions. The SDA results give however not a clear answer to the
workability of the QUAD Lift. For some parametric configurations, the SDA values are far
larger than the applicable limits, given in section 1-4. The next section, will give an answer
to the workability of the QUAD lift.

5-3-1 Variation of Load mass

Vessel Roll and Pitch

In the first analysis, the load lifted during the QUAD lift is varied between 500 and 1500 tons.
The cable length has a constant value of 40 m. The results show the vessel response without
the addition of tugger lines. The SDA’s of the vessel roll and pitch rotations are shown in
Figure 5-3. The roll SDA is most dominant in the beam waves region, the pitch SDA has a
dominant head direction. The vessel roll SDA increases for a larger load mass, the load mass
does not have a big influence on the pitch SDA. For head waves, the roll SDA is very small
with values of about 0.2 deg. In beam waves, the pitch SDA is small with values of about 0.4
deg.
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(a) Roll (b) Pitch

Figure 5-3: Polar plot of SDA of rotational motions of Fairplayer during QUAD Lift configuration
for different loads. Tugger lines are not applied.

Crane side and off-lead angles and cable force

Figure 5-4 shows the side and off-lead angles of the crane. Both the side-lead angles and
off-lead angles are too large. To decrease these angles, tugger lines need to be applied. The
parametric change of the tugger line stiffness is shown given in section 5-3-2. Both these
angles have the largest SDA’s if the waves are coming from beam or quarter wave direction.
Head waves causes smaller off-lead and side-lead angles.

(a) Side-Lead angle (b) Off-lead angle

Figure 5-4: Polar plot of SDA of lead angles of Fairplayer during QUAD Lift configuration for
different loads. Tugger lines are not applied.

The dynamic crane cable forces are shown in Figure 5-5. The crane cable forces are calculated
by the elongation of the crane cables times the total stiffness of the cables. The forces are
relative large in all wave directions. What can be seen is that the cable force does not depend
largely on the applied load. The cable elongation is therefore, not directly caused by the mass
of the load but the elongation is caused by the motion of the both vessels. Since these motion
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create a different vertical response at the crane tips, the crane cables will be elongated, which
creates the large cable forces.

Figure 5-5: Polar plot of SDA of crane parameters during QUAD Lift for different loads. Tugger
lines are not applied.

5-3-2 Variation of tugger stiffness values

The effect of tugger line stiffness is analysed to create a sufficient low SDA’s for the lead
angles. The lead angles as a function of the tugger line stiffness are shown in Figure 5-6. The
mass of the load is 1000 ton and the cable length is 40 m. For larger tugger line stiffnesses
(larger than 200 kN/m), the lead angles become small. This shows the effectiveness of the
tugger lines. The tugger lines remove the large responses at higher frequencies of the load.

(a) Side-Lead angle (b) Off-lead angle

Figure 5-6: Polar plot of SDA of lead angles during QUAD Lift for different tugger lines stiff-
nesses.
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5-3-3 Variation of cable length

During a lift, the cable length of the four cranes will change. The cable length has a large
effect on the motion on the system. Not only the stiffness value of the cable line depends on
this length, also the natural frequencies of the lead angles are related to the cable length. The
cable length varies between 30 and 50 m. In Figure 5-7 the SDA values for the lead angles
as a function of the cable length are shown. The load mass is again equal to 1000 ton. The
tugger line stiffness is equal to 300 kN/m, since this showed a large decrease SDA value of the
lead angles. The lead angles SDA increase if the cable length becomes shorter. The maximum
lead angles SDA will happen if the QUAD lift is executed in quarter or beam waves.

(a) Side-Lead angle (b) Off-lead angle

Figure 5-7: Polar plot of SDA of lead angles during QUAD Lift for different crane cable lengths.

Since the QUAD Lift system is a coupled system, the motions of the vessels will be, just as
the lead angles, influenced by the crane cable length. In Figure 5-8 the vessel roll and pitch
SDA’s are shown. The roll of the vessels becomes larger if the cable length decreases. The
pitch SDA has not a large dependency on the cable length.

(a) Roll (b) Pitch

Figure 5-8: Polar plot of SDA of vessel rotations during QUAD Lift for different crane cable
lengths.
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5-4 Workability

The workability results indicate the percentage of the time at which a certain QUAD Lift
configuration could be executed. If one of the QUAD lift motion SDA’s in a certain sea-state
exceeds one of the SDA limits, the QUAD lift is defined as not workable for this sea-state.
The final percentage of the workability is based on the probability of occurrence of this sea-
state in the Central North-Sea. Each workability calculation depends on a dominant wave
direction. The workability of the QUAD lift is based on the following limiting SDA values of
the vessel and load motions:

• Vessel Roll angle: 1.5 deg

• Vessel Pitch angle: 1.5 deg

• Vessel Roll + Pitch angle: 2.5 deg

• Crane Off-lead angle: 1 deg

• Crane Side-Lead angle: 2 deg

5-4-1 Free Floating Vessels

To compare the QUAD Lift workability, first the workability of the free-floating vessels is
calculated. The vessel configuration is as given in Table 5-1. In this case only the motion of
the vessels are considered, resulting in three different limiting SDA’s: the vessel roll, the vessel
pitch and the combined values of the roll and pitch. The workability of the Free-Floating
vessels in both head and beam waves is shown in Figure 5-9. The left figure indicates the
workability per sea-state, a certain peak period and a significant wave height. A green cell
indicates that the SDA’s are less than the limiting SDA’s, so the situation is workable. A red
cell indicates that one SDA is larger than the limiting SDA, so not workable. In head waves,
the workability is equal to 84.24%. The bar graphs in Figure 5-10b and Figure 5-9d show the
workability per SDA angle. For head waves, the workability is limited by the pitch response
of the vessels. In beam waves, the workability decreases to 70.35%. Now, the roll response of
the vessels is the limiting factor for the final workability.
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(a) Head Waves: Workability per sea state (b) Head Waves: Workability per SDA angle

(c) Beam Waves: Workability per sea state (d) Beam Waves: Workability per SDA angle

Figure 5-9: Workability results for free-floating vessels in beam waves. The green and red cells
indicate a workable or not workable sea state, respectively.

5-4-2 QUAD Lift without tugger lines

To define the QUAD Lift as workable, also the off and side lead angles of the crane need to
be below the limiting values. To give an indication of the importance of the tugger lines, the
workability is calculated for a QUAD lift without tugger lines. The load mass is equal to
1000 ton, the cable length is 40 m.
Figure 5-10 shows the workability for the QUAD lift without the application of tugger lines.
The workability is 21.38% and 9.08% in head and beam waves, respectively. This low work-
ability is mainly caused by the off-lead angles as the bar plot show. The vessel rotations are
not that large, therefore tugger lines need to be applied to decrease the large lead angles.
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(a) Head Waves: Workability per sea state (b) Head Waves: Workability per SDA angle

(c) Beam Waves: Workability per sea state (d) Beam Waves: Workability per SDA angle

Figure 5-10: Workability results for QUAD Lift configuration without tugger lines in head and
beam waves. The green and red cells indicate a workable or not workable sea state, respectively.

5-4-3 QUAD lift with tugger lines

In this section, the workability is analysed for different stiffness values of the tugger lines.
In the previous chapter the effect of the tugger lines was explained. Tugger lines introduce
stiffness values which result in the shift of the natural frequencies. Especially the horizontal
motions of the load are effected which are related to the lead angles. The workability results
are given for a load of 1000 ton and a cable length of 40 m.
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(a) Head Waves

(b) Quarter Waves

(c) Beam Waves

Figure 5-11: Workability results of QUAD Lift with different tugger stiffness values in head,
quarter and beam waves.

Figure 5-11 show the workability for each SDA in head, beam and quarter waves for different
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stiffness values. The application of stiffer tugger lines is quite effective for the workability in
head and quarter waves. In head waves, a resulting workability of 83 % can be achieved by
the application of tugger lines with a stiffness of 600 kN/m. This is much larger than the 21
% the workability when no tugger lines are applied.
Another remarkable result is that the application of tugger lines can decrease the workability.
Tugger lines with a relative low stiffness of 100 kN/m create a total workability of less than
10%. The reason is that the tugger lines shift the peaks of the off-lead and side-lead angles
into the the frequency spectrum with a large probability in the Central-North Sea. Then the
resulting lead-angles will become unworkable in sea conditions with a frequent occurrence.
In quarter waves, the tugger lines have also a large positive effect. Tugger lines with a stiffness
of 600 kN/m increase the total workability up to larger than 50%.

Figure 5-12: Off-lead angle response during QUAD Lift in beam waves for different tugger
stiffness values.

In beam waves, the QUAD lift is practically not workable. The reason is that the off-lead
angle stays large, even for large stiffness values. Figure 4-8b showed the large off-lead angles
without the application of tugger stiffness. The application of tugger lines will lead to a
shift of the frequency peaks but the peaks will still be present in both the lower and higher
frequencies. The off-lead angle response in beam waves is shown in Figure 5-12. The left
peak at a frequency of 0.4 rad/s does hardly not change positions for different stiffness values.
Peaks at higher frequencies shift to larger frequencies for larger stiffness values. A problem for
the workability however is that the off-lead angle is still non-zero between 0.2 and 0.8 rad/s.
The calculation of the off-lead SDA angle by multiplication of the JONSWAP spectrum leads
to large SDA values in frequent occuring seas and thus a low workability.
Really large stiffness values lead to the disappearance of the peaks at the larger frequencies.
Figure 5-13 shows the workability with the application of tugger lines with a stiffness of 1000,
2000 and 4000 kN/m. These stiffness values can be achieved by the application of steel lines
as was explained in the previous chapter. The workability in beam waves will eventually be
23.75% with a tugger stiffness of 1000 kN/m. Larger values of tugger stiffness do not only
decrease the workability with respect to the off-lead angle but also the roll motion of the

Niels van Duijn Master of Science Thesis



5-4 Workability 77

vessels.

Figure 5-13: Off-lead angle response during QUAD Lift in beam waves for different tugger
stiffness values.

Now it is known that in beam waves the workability is limited by the off-lead angle, the limit-
ing off-lead SDA value can be adjusted to investigate the rate of the effect on the workability.
When the limiting off-lead SDA is set to 2 degrees instead of 1 degree, the workability is
increased to 44.2% when tugger lines are applied with a stiffness of 1000 kN/m. Figure 5-14
shows the workability of the QUAD lift in beam waves for the new limiting SDA off-lead
angles.

Figure 5-14: Off-lead angle response during QUAD Lift in beam waves for different tugger
stiffness values. The limiting SDA off-lead angle is set to 2 degrees instead of 1 degree.
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Chapter 6

Conclusions and Recommendations

6-1 Conclusions and Discussion

6-1-1 Vessel motions and interaction

A multi-vessel diffraction calculation for Jumbo’s dual crane vessel Fairplayer Rotterdam is
executed in both programs AQWA and OrcaWave. The vessel configuration is such that the
cranes are perpendicular to each other. For a gap distance of 40 m, the data for the vessels in
OrcaWave is validated to the output of diffraction program AQWA. The diffraction data of
both programs is similar, only at gap resonance frequencies there are small differences. The
linear equation of motion for the vessels has 12 degrees of freedom and are hydro-dynamically
coupled, since the radiation forces of the vessels have an effect on each other. The DP systems
of the vessels are modelled as a translational springs in both surge and sway direction and
a rotational spring for the yaw direction. The natural period of the DP system for both the
surge, sway and yaw direction is equal to 100 s. Viscous roll damping is added by application
of the Ikeda method. The roll response of the diffraction calculation matches the response
given by the model test of the Fairplayer executed by MARIN, with the exception of the
natural frequency response value.
The transversal sloshing frequencies for different modes match the frequencies at which peaks
occur in the frequency dependent hydrodynamic data. Potential theory, used in the diffraction
calculations, overestimates the wave resonance effects. A damping lid on the wave surface
in between the vessels successfully decreases the peak value effect, depending on the chosen
damping factor. The operation effect of the damping lid was compared to literature since no
model test were available. The damping lid had a negligible effect on the final workability
of the QUAD lift. Therefore, the workability calculations are executed with the undamped
diffraction data.
The natural frequencies of the vessels roll motion do not change for different vessel gap
distances. The natural frequency for heave motion decreases if the gap distance increases,
with a natural frequency of 0.86 rad/s for a gap distance of 20 m and a natural frequency of
0.80 rad/s for a gap distance of 40 m.
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6-1-2 QUAD Lift

When four cranes of the vessels pick up the load, 6 DoF of the load motions are added,
resulting in a 18 DoF system. A linear model of the QUAD lift is written in MATLAB.
The load is modelled as a rectangular block with dimensions (48x20x5m). The jib radius
of the cranes is 10 m. The stiffness of cables and cranes are modelled as linear springs in
series, which stiffness is given by the manufacturer Huisman. Mass of the cables is neglected.
When the vessels are attached to the load, the vertical position of the CoG of the vessels
shifts vertically upward by attribution of one half of the static load mass to each vessel. The
QUAD lift analysis is executed for a vessel gap width of 40 m.
For a load mass of 1000 ton and a cable length of 40 m, the roll response of the vessel is
affected by three natural frequencies values 0.3, 0.4 and 0.62 rad/s. The load surge response
has a large peak response at 0.50 rad/s. The load sway response has has a large peak response
at 0.3 and 0.62 rad/s. The eigenvectors of the system show the large coupling between the
roll of the vessel and the load sway motion for a frequency of 0.3 and 0.62 rad/s.
The dynamic cable elongation and therefore the dynamic crane forces are the same for each
of the four cranes of both vessels. They only depend on the wave direction.
Tugger lines are added to prevent large horizontal motions of the load. Four tugger lines are
added to the system in a cross configuration. The tugger lines are modelled as linear springs.
The stiffness of the tugger lines can be changed by choice of the material or diameter of the
cable.
For the horizontal load motions, increase of tugger stiffness results in a shift of the natural
frequencies to higher frequency values. The natural frequency of the surge of the load shifts
from 0.5 rad/s to a frequency of 0.9 rad/ for tuggers with a stiffness of 200 kN/m. For the
load sway motion the natural frequency values 0.3 rad/s and 0.62 rad/s shift to values of
0.38 rad/s and 0.94 rad/s, respectively. Further increase of tugger line stiffness leads to the
reduction of the responses for the natural frequencies. In quarter waves, the highest value of
the load surge response peak for a stiffness of 1000 kN/m is equal to 2 m instead of of 33 m
without tugger lines. For the load sway motion the maximum response reduces from 28 to 6
m.

6-1-3 Parametric study and Workability

A parametric study is executed for the QUAD Lift configuration. The effect of the load mass
and the cable length on the system motions are analysed. The SDA values of the vessel
motions and lead angles are calculated with the three dimensional response and JONSWAP
spectra for the most probable sea condition in the Central North Sea. To identify the worst
wave direction in terms of large motions, results are shown by use of polar plots.
An increase of the load mass leads to an increase in the roll and lead angles SDA of the
Fairplayer. The SDA values are at its the largest in quarter and beam waves.
An increase of the cable length reduces the lead angle SDA’s. The vessel roll and pitch mo-
tions of the vessel are not significantly influenced by the cable lengths. The SDA values are
at its the largest in quarter and beam waves.

The workability is calculated by the SDA values and the wave scatter data for the Cen-
tral North sea, representing the probability of each sea condition. For a safe installation
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performance, the vessel motions SDA’s are limited in the roll and pitch angles. During the
QUAD lift, the crane angles need also be less than the SDA limit.
The workability of the free floating vessels in head waves, with a gap distance of 40 m, is
84 % and in beam waves 70 %. Limiting motions are the vessel pitch and roll, for head and
beam waves respectively. In a QUAD lift with a load of 1000 ton and a cable length of 40 m,
the workability in head and beam waves decreases to 21 and 9 %, respectively. The limiting
factor for both wave directions is the crane off-lead angle.
With the addition of tugger lines, the workability can be increased. For a tugger stiffness of
600 kN/m, the workability in head waves is larger than 70 %. In quarter waves, the workabil-
ity with these tugger lines increases from 10 to more than 50%. In beam waves however, this
tugger stiffness does not increase the workability. The off-lead angle is still too large. Further
increase of the tugger stiffness up to 1000 kN/m increases the workability of the QUAD lift
in beam waves up to a maximum of 24 %. If the SDA limit for the off-lead angle is set from
1 to 2 degrees, the workability in beam waves increases to 44 %. Further increase of tugger
stiffness has a negative effect on the workability in terms of off-lead angle and vessel roll
response.

6-2 Recommendations

The thesis subject QUAD Lift started the research of a new possible method to improve the
offshore capability of the Jumbo dual crane vessels. In this thesis, a workability study was per-
formed. The workability indicates the extent of possibility to execute the QUAD lift with the
J-Class vessels. Workability values of more than 80, 50 and 20 % in respectively head, quarter
and beam waves show great perspective for the execution of the QUAD Lift. The workability
calculations are only calculated for a fixed vessel gap distance of 40 m. In a further extended
study, more vessel distances could be analysed. In this thesis, the application of a damped lid
in between the vessels had negligible effects on the final workability values. Smaller or larger
gap distances could have a different effect on the gap wave behaviour. Therefore, it would be
interesting to perform a study on the hydrodynamic interaction between the J-Class vessels.
Multi-vessel model testing could give the answer on the correct value of the damping factor.

The workability of the QUAD lift is only based on the following limiting motions: The roll
and pitch angles of the vessels and the side and off-lead angles of the cranes. For a complete
research on a safe execution of a QUAD lift also other limits should be required. For example,
the horizontal motions of vessels and load during an installation, the dynamic crane or tugger
line forces or the maximum heading rotation of the vessels during a lift. The different limits
depend on the project conditions for which the QUAD lift is executed and need to be analysed
for each different application.
The workability calculation of the QUAD lift is calculated for installation phase 4, shown in
Figure 1-3. The load is hanging in the cranes and the hydrodynamic interaction is only caused
by the vessels. The effects of external structures like barges or platforms are neglected. The
effects of the moment of picking up or loosening the load should be further investigated.

The sea spectrum used in this thesis is the JONSWAP spectrum. This spectrum matches the
spectral density for wind driven seas, like the North Sea. In seas with a lot of swell waves,
this spectrum is not a good estimation. For the application of the QUAD lift in seas with

Master of Science Thesis Niels van Duijn



82 Conclusions and Recommendations

severe swell waves, another wave spectrum should be used.

The QUAD lift model equation of motion is just as the vessel equation of motions calcu-
lated in the frequency domain. This means only linear equations are used. Non-linear wave
effects like drift forces and slamming are neglected in this study.
In the execution of the QUAD lift different types of control play a role. The DP-system of the
vessels controls the horizontal position and the heading. Active winches of the tugger lines
enable the adjustment of the line length to secure the maximum tension in the tuggers. Since
these control systems will affect the motions of the system, it should be a topic of research in
the further work.

Niels van Duijn Master of Science Thesis



Appendix A

Responses

This appendix contains the responses (RAO’s) of the vessels and the load in quarter waves.
All the translations of the system have the unit [m/m]. The rotations have the unit [deg/m].
The QUAD lift responses are given for a load mass of 1000 ton and a cable length of 40 m.

A-1 Free floating vessels

The labels FF1 and FF2 in the legend indicate each of the two vessels.
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(a) Surge (b) Sway

(c) Heave (d) Roll

(e) Pitch (f) Yaw

Figure A-1: Comparison RAO’s of free floating Fairplayers in quarter waves. The red line
indicates the foremost vessel in the sense of that the wave first reaches this vessel.

A-2 QUAD Lift

The labels QUAD and Tug in the legend indicate the responses of the system without tugger
lines and with a tugger stiffness of 600 kN/m.
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A-2-1 Vessel Response

(a) Surge (b) Sway

(c) Heave (d) Roll

(e) Pitch (f) Yaw

Figure A-2: RAO’s of Fairplayer during QUAD lift in quarter waves.
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A-2-2 Load Response

(a) Surge (b) Sway

(c) Heave (d) Roll

(e) Pitch (f) Yaw

Figure A-3: RAO’s of load during QUAD lift in quarter waves.
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Appendix B

QUAD Lift Matrices

This appendix shows the diagonal 18x18 QUAD lift and tugger line stiffness matrices gener-
ated by MAPLE.
Both the QUAD Lift and tugger line stiffness matrix have the same layout, which is shown
on the next page.

The Maple output of the QUAD lift stiffness matrix CL and tugger line stiffness matrix CT
are shown in Figure B-1 and Figure B-2, respectively.
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CL = CT =

C1,1 0 0 0 C1,5 C1,6 0 0 0 0 0 0 C1,13 0 0 0 C1,17 C1,18
0 C2,2 0 C2,4 0 C2,6 0 0 0 0 0 0 0 C2,14 0 C2,16 0 0
0 0 C3,3 C3,4 C3,5 0 0 0 0 0 0 0 0 0 C3,15 C3,16 0 0
0 C4,2 C4,3 C4,4 C4,5 C4,6 0 0 0 0 0 0 0 C4,14 C4,15 C4,16 0 0
C5,1 0 C5,3 C5,4 C5,5 C5,6 0 0 0 0 0 0 C5,13 0 C5,15 C5,16 C5,17 C5,18
C6,1 C6,2 0 C6,4 C6,5 C6,6 0 0 0 0 0 0 C6,13 C6,14 0 C6,16 C6,17 C6,18

0 0 0 0 0 0 C7,7 0 0 0 C7,11 C7,12 C7,13 0 0 0 C7,17 C7,18
0 0 0 0 0 0 0 C8,8 0 C8,10 0 C8,12 0 C8,14 0 C8,16 0 C8,18
0 0 0 0 0 0 0 0 C9,9 C9,10 C9,11 0 0 0 C9,15 C9,16 0 0
0 0 0 0 0 0 0 C10,8 C10,9 C10,10 C10,11 C10,12 0 C10,14 C10,15 C10,16 0 0
0 0 0 0 0 0 C11,7 0 C11,9 C11,10 C11,11 C11,12 C11,13 0 C11,15 C11,16 C11,17 C11,18
0 0 0 0 0 0 C12,7 C12,8 0 C12,10 C12,11 C12,12 C12,13 C12,14 0 C12,16 C12,17 C12,18

C13,1 0 0 0 C13,5 C13,6 C13,7 0 0 0 C13,11 C13,12 C13,13 0 0 0 C13,17 0
0 C14,2 0 C14,4 0 C14,6 0 C14,8 0 C14,10 0 C14,12 0 C14,14 0 C14,16 0 0
0 0 C15,3 C15,4 C15,5 0 0 0 C15,9 C15,10 C15,11 0 0 0 C15,15 0 0 0
0 C16,2 C16,3 C16,4 C16,5 C16,6 0 C16,8 C16,9 C16,10 C16,11 C16,12 0 C16,14 0 C16,16 0 0

C17,1 0 0 0 C17,5 C17,6 C17,7 0 0 0 C17,11 C17,12 C17,13 0 0 0 C17,17 0
C18,1 0 0 0 C18,5 C18,6 C18,7 0 0 0 C18,11 C18,12 0 0 0 0 0 C18,18



N
iels

van
D
uijn

M
asterofScience

Thesis



89

Figure B-1: QUAD Lift stiffness matrix generated by Maple
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Figure B-2: Tugger line stiffness matrix generated by Maple

N
iels

van
D
uijn

M
asterofScience

Thesis



Appendix C

Scatter Diagram

The scatter data of the Central North Sea, generated by Jumbo Maritime.

Figure C-1: Wave Scatter diagram of Central North sea, numbers in the diagram are given in
percentages.
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Appendix D

Literature Review

D-1 Introduction

The research on floating interaction bodies goes back to a long time since it is a relevant topic
in the offshore working field. A lot of researchers use potential theory to investigate the motion
of the fluid and body. Potential theory neglects viscous effects of the fluid. Mainly potential
theory fits its purpose under these assumptions for the flow: the flow is incompressible,
non-viscous, homogeneous, continuous and irrotational. Next to the flow assumptions it is
assumed that the body motion is small compared to its size.
Based on potential theory there are different numerical methods to calculate the body motions.
Widely known are the strip-theory, the panel method, also known as the boundary element
method, and the finite element method [34].

D-2 Literature review hydrodynamic body interaction

D-2-1 Strip theory

The strip theory is applicable for slender bodies which have the length dimension substantially
greater than the others. It is assumed that the force at one section of the body is not affected
by the shape of the other parts of the body. I.e. each cross section of the body is considered to
be part of a horizontal cylinder with constant cross section and infinite length, which is shown
in Figure D-1. The three-dimensional coefficients for the body are found by an integration of
the 2-D values over the ships length [18].
For multi-body systems, strip theory implies that there is only interaction between corre-
sponding sections of structures. Regarding multi-body systems, Ohkusu (1970) used strip
theory to analyse the interaction between multiple cylinders in heave, sway and roll motion
[25]. In 1971, Ohkusu and Takaki extended this approach to create a theoretical calculation
for the seakeeping qualities of twin hull ships in head and beam seas [26]. Kodan (1984)
used Ohkusu’s theory to describe the hydrodynamic interaction between two parallel slender
structures in oblique waves and compared it to model experiments[20].
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Figure D-1: Strip theory, the cross section is treated hydrodynamically as a infinite long cilinder.

D-2-2 Panel method

The panel method is a numerical method to calculate the potential flow around a body,
based on the principle of Green’s integral theorem. Compared to strip theory arbitrary body
geometries can be used. The body surface is divided into multiple panels onto each the
sources and doubled strengths as well as the fluid pressure can be calculated. By the use of
Green’s integral theorem, a three dimensional linear homogeneous differential equation can
be transformed into a two dimensional integral equation. With the integral equation and its
boundaries it is possible to determine the velocities on the body surface.

Faltinsen and Michelsen (1975) used this method to a floating object in regular waves [9].
Chakrabarti (2000) used the multiple-scattering method in combination with the panel method,
to represent the interactions between different bodies [4]. In 2001, Fang and Chen analysed
the hydrodynamic problems between two moving ships [5]. They solved the Green functions
and derivatives by the use of the Telste and Noblesse’s algorithm. In 2005, Ali and Khalil and
Ali and Inoue, respectively, computed the hydrodynamic interaction coefficients for multiple
freely floating cylinders and barges [2],[1].

D-2-3 Finite element method

The boundary integral method can create difficulties when the higher frequencies in the
application of the Fourier Transform are needed. At higher frequencies, the phenomenon of
irregular frequencies may occur. This problem can be tackled by the use of the finite element
method which does not rely on boundary integral equations.

D-3 Potential Theory

D-3-1 Conservation Principles

Given a continuous and homogeneous flow, the increase of mass m per unit of time t of the
fluid with density ρ through a fluid element with dimensions dx, dy, and dz is given by:

∂m

∂t
= −∂ρ

∂t
· dx · dy · dz =

{
∂(ρu)
∂x

+ ∂(ρv)
∂y

+ ∂(ρw)
∂z

}
(D-1)

In which u, v and w are the velocities in x, y and z direction, respectively. Equation (D-1) is
known as the continuity equation which describes the conservation of mass. If we assume that
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the fluid is incompressible, the density is considered to be constant, the continuity equation
can be simplified to:

∂u

∂x
+ ∂v

∂y
+ ∂w

∂z
= 0 (D-2)

Next to the conservation of mass, there is conservation of momentum. According to Newtons
second law, the force times acceleration for a non-viscous, incompressible fluid element as in
eq. (D-1) in x-direction yields:

dm · Du
Dt

= ρ · dxdydz · Du
Dt

= −∂p
∂x
· dxdydz (D-3)

In which:

Du

Dt
= ∂u

∂t
+ u · ∇u = ∂u

∂t
+ ∂u

∂x

dx

dt
+ ∂u

∂y

dy

dt
+ ∂u

∂z

dz

dt
= ∂u

∂t
+ u

∂u

∂x
+ v

∂u

∂y
+ w

∂u

∂z
(D-4)

Combining eq. (D-4) and eq. (D-3) gives the Euler equation in x-direction for a non-viscous
and incompressible flow:

Du

Dt
= ∂u

∂t
+ u

∂u

∂x
+ v

∂u

∂y
+ w

∂u

∂z
= −1

ρ

∂p

∂x
(D-5)

The same method can be used to obtain both the equations of Euler for the flow in the y and
z direction.

D-3-2 Velocity Potential

Now a velocity potential function is introduced. A velocity potential is defined by the property
that the derivative of the velocity potential to a certain direction is equal to the velocity in
that direction. The velocity potentials in each Cartesian direction are shown in eq. (D-6).

u = ∂Φ
∂x

, v = ∂Φ
∂y

, w = ∂Φ
∂z

(D-6)

It is also possible to define the potential functions in other dimensions. For example in polar
coordinates:

vr = ∂Φ
∂r

, vθ = 1
r

∂Φ
∂θ

(D-7)

Combining eq. (D-2) and eq. (D-6) gives the Laplace equation for an incompressible fluid:

∂2Φ
∂x2 + ∂2Φ

∂y2 + ∂2Φ
∂z2 = 0 or ∇2Φ = 0 (D-8)

Next to the Laplace condition potential theory satisfies the rotation free condition:

∂2Φ
∂y∂x

= ∂2Φ
∂x∂y

so ∂v

∂x
− ∂u

∂y
= 0 (D-9)
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The velocity terms in eq. (D-5) can be rewritten in terms of the velocity potential:

u
∂u

∂x
= ∂Φ
∂x
· ∂

2Φ
∂x2 = 1

2 ·
∂

∂x

(
∂Φ
∂x

)2

v
∂u

∂y
= ∂Φ
∂y
· ∂

2Φ
∂x∂y

= 1
2 ·

∂

∂x

(
∂Φ
∂y

)2

w
∂u

∂z
= ∂Φ
∂z
· ∂

2Φ
∂x∂z

= 1
2 ·

∂

∂x

(
∂Φ
∂z

)2

(D-10)

Substituting eq. (D-6) and eq. (D-10) in the Euler equation for flow in x-direction eq. (D-10)
gives:

∂

∂x

{
∂Φ
∂t

+ 1
2

[(
∂Φ
∂x

)2
+
(
∂Φ
∂y

)2
+
(
∂Φ
∂z

)2]
+ p

ρ

}
= 0 (D-11)

The same can be done in the y and z direction, in this case only the partial derivative with
respect to x at the beginning will change in y and z, respectively. So, the partial derivative
with respect to x, y and z equals 0, which means the expressions are a function of time only.
This provides the Bernoulli equation for an in-stationary flow:

∂Φ
∂t

+ 1
2V

2 + p

ρ
+ gz = f(t) (D-12)

For a stationary flow, the Bernoulli equation can be written as:

p+ 1
2ρV

2 + ρgz = Constant (D-13)

D-3-3 Potential Flow Elements

To solve the Laplace equation, eq. (D-8), one can use superposition. Multiple simple flow
elements which are a solution of the Laplace equation can be superposed to recreate a more
complex flow. Examples of these flow elements are an uniform flow, a source, a sink, a
circulation and a doublet or dipole.

The simplest solution is an uniform flow in a certain direction:

Φ = U · x so u = ∂Φ
∂x

= U (D-14)

The second derivative of the potential in all directions is equal to zero. The first derivative
with respect to x gives the fluid velocity which is equal to the uniform flow U . A negative
uniform flow leads to a flow in the opposite direction. Both uniform flow elements are shown
in Figure D-2.

Another flow element is a source point. This is a point from which to flow radiates in any
outward direction. For a two-dimensional flow, its potential function is equal to:

Φ = Q

2π · ln
√
x2 + y2, or in polar coordinates Φ = Q

2π · ln r (D-15)
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(a) Positive uniform flow element. (b) Negative uniform flow element.

Figure D-2: Uniform potential flow, [18].

(a) Source flow element. (b) Sink flow element.

Figure D-3: Radial potential flow [18].

in which Q is the source strength, r defines the location of the potential lines circling around
the origin and θ defines the location of the stream lines.
A sink is negative source so it has as inward radial flow. Its potential is the same as the source
only with a negative sign. The source and sink point flow elements are shown in Figure D-3.
A circulation or a vortex is a tangential flow around a point. The potential function for this
flow element is:

Φ = Γ
2π · arctan y

x
, or in polar coordinates Φ = Γ

2π · θ (D-16)

in which Γ is the circulation strength. The tangential velocity for a vortex is in a counter
clockwise direction. If the potential has a negative sign the tangential velocity is in a clockwise
direction. A circulation flow element is shown in Figure D-4.
If a source and a sink are only separated by a small distance s, which tends to go to zero, a
doublet or a dipole will occur. A dipole is a superposition of source and a sink. The potential
function for a dipole is:

Φ = µ
x

x2 + y2 , or in polar coordinates Φ = µ · cos θ
r

(D-17)
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(a) Circulation flow element. (b) Doublet or Dipole flow.

Figure D-4: Potential flow elements and superposition [18].

in which µ is the doublet strength, which is equal to Qs

π
. A example of a doublet flow is

shown in Figure D-4.

D-4 Potential theory of a body in waves

With the basics and assumptions of potential theory known, the potential theory regarding
a body in waves can be written. A freely floating body, with zero mean forward speed,
oscillating in a fluid is considered. The linear wave velocity potential can be defined as:

Φ(x, y, z, t) = Φr(x, y, z, t) + Φw(x, y, z, t) + Φd(x, y, z, t) (D-18)

in which Φr is the radiation potential, Φw the incident wave potential and Φd the diffraction
potential. Each of these potentials has to fulfil several requirements and boundary conditions:

• Continuity condition
∂2Φ
∂x2 + ∂2Φ

∂y2 + ∂2Φ
∂z2 = 0 (D-19)

• Seabed boundary condition
At the seabed, at a depth of z = −d, the velocity in the vertical direction has to be
zero:

∂Φ
∂z

= 0 at z = −d (D-20)

This is a no-leak condition. Water particles could not move into the soil.

• Free surface dynamic boundary condition
The pressure at the free surface (z = ζ) of the fluid has to equal the atmospheric pres-
sure. Based on the Bernoulli equation for in-stationary, irrotational flow the boundary
condition is expressed as:

∂Φ
∂t

+ gζ = 0 for z = ζ (D-21)
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• Free surface kinematic boundary condition
At the free surface of the flow (z = ζ) the vertical velocity of a water particle has to be
the same as the vertical velocity of the the free surface itself. For linear waves it yields:

dz

dt
= ∂Φ
∂z

= ∂ζ

∂t
for z = ζ (D-22)

This is also a no-leak condition. Particles could not pass through the free surface.
Combining the dynamic and kinematic boundary condition for the free surface, eq. (D-
21) and eq. (D-22) delivers the Cauchy-Poisson condition:

∂2Φ
∂t2

+ g
∂Φ
∂z

= 0 for z = 0 (D-23)

• Kinematic boundary condition at the oscillating body surface
The velocity of a water particle at the body surface has to be equal to the velocity of
the body hull at this point, vn. So the velocity potential in normal direction, n is:

∂Φ
∂n

= vn(x, y, z, t) (D-24)

This is also a no-leak condition. Water particles cannot move through the wetted surface
of the body. Because the solution of the potential can be linearised, the outward normal
velocity at the surface of the body can be written in terms of the summation of the
oscillatory velocities vj and generalized direction cosines on the surface of the body:

vn(x, y, z, t) =
6∑
j=1

vj · fj(x, y, z) (D-25)

The generalized direction cosines for each mode are given by:

f1 = cos (n, x)
f2 = cos (n, y)
f3 = cos (n, z)
f4 = yf3 − zf2

f5 = zf1 − xf3

f6 = xf2 − yf1

(D-26)

• Radiation condition
At large distant from the body, the potentials caused by the diffraction or motion of
the body disappear:

lim
x→∞

Φ = 0 (D-27)

The boundary conditions apply to all possible wave conditions. Superposition can then be
used to study all sorts of irregular wave conditions, even those with directional spreading.
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D-4-1 Forces and moments

The forces and moments can be calculated by an integration of the pressure over the wetted
body surface, S:

~F = −
∫∫
S

(p · ~nj) · dS (D-28)

The vector ~nj creates the distinction between the forces and the moments:

~nj =
{
~n for j = 1, 2, 3
~n× ~r for j = 4, 5, 6 (D-29)

in which ~n the outward normal vector and ~r is the position vector of the surface dS with
respect to the origin of the reference frame of the body.

Substituting eq. (D-18) in the Bernoulli equation, eq. (D-12), with the assumption of zero
mean forward speed gives an equation for the fluid pressure:

p = −ρ∂Φ
∂t
− ρgz = −ρ

(
∂Φr

∂t
+ ∂Φw

∂t
+ ∂Φd

∂t

)
− ρgz (D-30)

When the equation for the pressure is substituted in the force and moment equations, eq. (D-
28), four different categories of forces and moments can be defined:

• Force and moments by radiated waves from oscillating body

~Fr = ρ

∫∫
S

(
∂Φr

∂t

)
~nj · dS (D-31)

• Force and moments by approaching waves on fixed floating body

~Fw = ρ

∫∫
S

(
∂Φw

∂t

)
~nj · dS (D-32)

• Force and moments by diffraction of waves due to fixed floating body

~Fd = ρ

∫∫
S

(
∂Φd

∂t

)
~nj · dS (D-33)

• Force and moments by hydrostatic buoyancy

~Fs = ρ

∫∫
S

(gz)~nj · dS (D-34)

Radiation Forces

The radiation forces and moments are the loads caused by the fluid due to the body oscillation
in still water. The radiation potential Φr can be written as a summation over all the body
modes of a separated space and time dependent term:

Φr(x, y, z, t) =
6∑
j=1

Φj(x, y, z, t) =
6∑
j=1

φj(x, y, z) · vj(t) (D-35)
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in which φj is the space dependent potential in in each mode j and vj(t) is the time dependent
oscillatory motion of the body in mode j.
So the normal velocity on the body surface can be written as:

∂Φr

∂n
=

6∑
j=1

(
∂φj
∂n
· vj
)

=
6∑
j=1

(fj · vj) (D-36)

in which:
fj = ∂φj

∂n
(D-37)

The function fj are the generalized cosines for each mode j given in ??. Substituting eq. (D-
35) in the force and moments equation for radiated waves, eq. (D-31), gives the force equation
for each DoF, k = 1, .., 6:

Frk = ρ

∫∫
S

 ∂

∂t

6∑
j=1

φjvj

nk·dS = ρ

∫∫
S

 ∂

∂t

6∑
j=1

φjvj

 fk·dS = ρ

∫∫
S

 ∂

∂t

6∑
j=1

φjvj

 ∂φk
∂n
·dS

(D-38)
Since both potentials, φj and φk are not time dependent one can write:

Frk =
6∑
j=1

Frkj (D-39)

in which:
Frkj = dvj

dt ρ
∫∫
S
φj
∂φk
∂n
· dS (D-40)

The oscillatory motion for the body can be defined. Suppose it has an amplitude sA in
direction j, its time dependent motion is:

sj = sAje
−iωt (D-41)

Then oscillatory velocity and acceleration are:

ṡj = vj = −iωsAje−iωt

s̈j = dvj
dt = −ω2sAje

−iωt (D-42)

The hydrodynamic radiation forces can be split in a load in-phase with the acceleration and a
load in-phase with the velocity. The load in-phase with the acceleration is the added mass of
the body, Akj and the load in-phase with the velocity is the radiation damping of the body,
Bkj .

Frkj = −Akj s̈j −Bkj ṡj
= (ω2sAjAkj + iωsAjBkj)e−iωt

=
(
−ω2sAjρ

∫∫
S
φj
∂φk
∂n
· dS

)
e−iωt

(D-43)

So the added mass and damping coefficients are given by:

Akj = −Re

{
ρ

∫∫
S
φj
∂φk
∂n
· dS

}
Bkj = −Im

{
ρω

∫∫
S
φj
∂φk
∂n
· dS

}
(D-44)
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Wave and Diffraction Forces

The wave and diffraction forces are the loads caused by the incoming and diffracted waves
on and due to the fixed body. Just as for the radiation potentials, the wave and diffraction
potential can be written in terms of a isolated space and time dependent term:

Φw(x, y, z, t) = φw(x, y, z) · e−iωt

Φd(x, y, z, t) = φd(x, y, z) · e−iωt
(D-45)

The kinematic boundary condition at the body surface implies:

∂Φ
∂n

= ∂φw
∂n

+ ∂φd
∂n

= 0 (D-46)

By application of the this condition and the generalized direction cosines from ?? in the forces
and moments equations eq. (D-32) and eq. (D-33), the force and moments in each DoF k are:

Fwk = −iρe−iωt
∫∫
S

(φw + φd)fk · dS = −iρe−iωt
∫∫
S

(φw + φd)
∂φk
∂n
· dS (D-47)

The British mathematician George Green has elaborated three identities in vector calculus
relating bulk to the boundary region on which the differential operators act. For a body in
deep water, his second identity implies:∫∫

S
φj
∂φk
∂n
· dS =

∫∫
S
φk
∂φj
∂n
· dS (D-48)

Using both eq. (D-47) and Green’s second identity, eq. (D-48), one can eliminate the diffraction
potential which results in the so-called Haskind relations. As a result the wave force is only
a function of the wave potential φw and the radiation potential φk:

Fwk = −iρωe−iωt
∫∫
S

(φw
∂φk
∂n
− φk

∂φw
∂n

) · dS (D-49)

The wave potential for deep water can be written as:

Φw = ζag

ω
· ekz · sin (ωt− kx cosµ− kysinµ) = iζag

ω
· ekz · e−ik(x cosµ+ysinµ) · e−iωt = φw · e−iωt

(D-50)
With the potential given, the velocity of the water particles on the surface of the body in the
outward normal direction is:

∂φw
∂n

= iζag

ω
· k
{
∂z

∂n
− i(∂x

∂n
cosµ+ ∂y

∂n
sinµ)

}
· ekz · e−ik(x cosµ+ysinµ)

= φw · k
{
∂z

∂n
− i(∂x

∂n
cosµ+ ∂y

∂n
sinµ)

}
= φw · k

{
f3 − i(f1 cosµ+ f2 sinµ)

} (D-51)
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Substituting both eq. (D-51) and eq. (D-37) into the wave force equation eq. (D-49) gives the
final expression for the wave loads:

Fwk = −iρωe−iωt
∫∫
S
φwfk ·dS+iρωe−iωtkw

∫∫
S
φkφw

{
f3−i(f1 cosµ+f2 sinµ)

}
·dS (D-52)

in which kw is the wave number to prevent mistakes.
The first term in the expression for the wave loads is known as the Froude-Krylov force and
moments, the loads caused by the incident wave. The second term is known as the diffraction
force and moments, the loads caused by the wave disturbance, due to the presence of the
body.

Hydrostatic bouyancy

The final force and moment terms acting on a body are the hydrostatic loads. These are
the loads caused by the bouyancy forces of the water. The load component in each DoF
k = 1, .., 6 is given by:

Fsk = ρg

∫∫
S
zfk · dS (D-53)

D-4-2 Solving the potentials

Now, a general description of potential theory is given. The loads on a stationary oscillating
body in wave are expressed in the terms of the potentials. The potential of the incident wave
is known and given. The radiation and diffraction potential however, are more complex to
define. To define these potentials and to solve the potential problem, different methods have
been developed in the past.
Regarding 2D strip theory, in 1949 Ursell developed a analytical solution for the potentials
for a circular section [30]. Tasai used the theory of Ursell and a conformal mapping method
to solve the potentials for a more ship-like cross section [29]. In 1967, Frank used a method
of pulsating sources to solve the potentials for ship-like cross sections. Since strip theory will
not be used in this thesis, no more details regarding these solutions are given. A detailed
elaboration of this methods can be found in [18].
For the 3D panel method a lot of diffraction software programs make use of the so called
Green’s function to solve the potential problem.

Green’s Function Method

The potential at the surface of a mean wetted body, S0 due to the motion modes of the body
j = 1, .., 6 and the diffraction potential j = 7 can be represented by a continuous distribution
of single sources on the surface body:

φj = 1
4π

∫∫
S0
σj(x̂, ŷ, ẑ) ·G(x, y, z, x̂, ŷ, ẑ) · dS0 for j = 1, .., 7 (D-54)

in which σj is the complex pulsating source strength in a point located at (x̂, ŷ, ẑ) on the mean
wetted surface S0 due to the motion of the body in the j mode. G is the Green’s function of
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the pulsating source in a point located at (x̂, ŷ, ẑ) on the potential φj located at point (x, y, z).
The Green’s function as well as the potential function satisfy all the boundary conditions.
Possible Green’s function to solve the potential are given by [?] and [16]. Depending on the
specific problem it preferable to use one over the other. Also, a lot of diffraction software use
a combination of both formulation of Green’s functions to speed up the calculations based on
the work of [24].
The source strength can be calculated using the kinematic boundary condition on the body.

∂φj
∂n

= nj = −1
2σj(x, y, z)

1
4π

∫∫
S0
σj(x̂, ŷ, ẑ)·

∂G(x, y, z, x̂, ŷ, ẑ)
∂n

·dS0 for j = 1, .., 6 (D-55)

in which nj is equal to the generalized cosines as in eq. (D-37).
The solution of the diffraction potential, φ7 is given by:

∂φ7
∂n

= −∂φw
∂n

(D-56)

When the source strength can be known using eq. (D-55), it can be substituted in eq. (D-54)
to find the radiation potentials. With the radiation potentials both the added mass and the
damping coefficients of the body can be calculated.
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Glossary

List of Acronyms

CSVs Construction Support Vessels
DP Dynamic Positioning
CoG Center of Gravity
DoF Degree of Freedom
RAO Response Amplitude Operator
SDA Significant Double Amplitude
FSRU Floating Storage and Regasification Unit
LNG Liquified Natural Gas
JONSWAP Joint North Sea Wave Project
CoB Center of Buoyancy
MARIN Maritime Research Institute Netherlands
ART Anti Roll Tank
MPM Most Probable Maximum
HLCV’s Heavy Lift Crane Vessels
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