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ABSTRACT

Heerema Marine Contractors is constructing a new semi-submersible crane vessel, the Sleipnir. Due to low
initial stability, semi-submersibles may present significant wave induced resonant motions in heave, roll and
pitch. For practical reasons, especially the roll motion could play a limiting factor for future lift operations of
the Sleipnir. In order to study the hydrodynamic behaviour of the Sleipnir, model tests in waves have been
performed at Maritime Research Institute Netherlands. In the tested sea states low frequent second order roll
has been observed. In order to evaluate the impact of the low frequent motions of the Sleipnir it is important
to create an accurate (low frequent) simulation model.

The aim of this thesis is to investigate if a low frequency roll motion simulation model, in the frequency
and time domain, can be created. It is challenging to predict the low frequent second order roll motions in
good agreement with the measurements due to two main non-linear phenomenons. In the first place, the
(viscous) roll damping is considered to be non-linear. In the second place, the second order wave forces in
the vertical plane, which have not been investigated extensively in the past, are non-linear phenomena.

A calculation method in order to simulate the low frequency roll motions is created. This simulation method
makes use of a first and second order hydrodynamic date base, first and second order moment spectra and
a moment transfer function in order to define the roll motion spectrum. In order to implement viscous roll
damping in the frequency domain method, a linearization of the roll damping is necessary. First empirical
linear viscous damping values have been obtained for the three tested sea states. The frequency domain
method predicts the roll motion energy in good agreement with the measurements, using the empirical lin-
ear viscous roll damping values, for the three tested sea states.

In order to predict the low frequent roll motions for any sea state, a calculation scheme is proposed. In
this calculation scheme, a linear roll damping prediction method based on linearization techniques, is in-
corporated. However, the investigated linearization techniques do not predict the linear viscous damping in
agreement with the measurements. The energy in the roll motion response spectrum is highly dependent on
the amount of added viscous damping in the calculation. Therefore, it will be hard, due to inaccurate linear
viscous damping predictions assigned to the linearization techniques, to estimate the low frequency second
order roll motions in good agreement with the measurements.

In the time domain simulations non-linear viscous damping terms are incorporated by means of a linear
and quadratic damping coefficient. Still water decay test simulations show a very good agreement with the
measurements when using damping coefficients obtained from decay tests. However, the statistics of the
simulated model tests are not in exact agreement with statistics of the model tests. Possible causes for this
mismatch are discussed. It must be noted that the time domain simulations have been validated with only
one sea state. It is recommended to validate the time domain model for more sea states.

Although the model tests and simulation methods show significant second order roll motions, which are
undesirable for performing a heavy lift, it must be realized that a combination of the tested conditions (very
low initial stability, long crested beam waves) will be very rare during a future heavy lift of the Sleipnir. Addi-
tionally it is noted, that the tested sea states exceed the typical heavy lift operability limit, used by Heerema.
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INTRODUCTION

Heerema Marine Contractors (HMC) is a marine contractor specialized in transportation, installing and re-
moving offshore facilities. Their current fleet consists of three Semi-Submersible Crane Vessels (SSCV’s), a
(monohull) deepwater construction vessel, tugs and barges1. In order to maintain their world leading po-
sition as a marine contractor HMC is designing a New Semi-Submersible Crane Vessel (NSCV) with a lift
capacity of 20000 tonnes.

According to HMC tradition the new semi-submersible
has been named after a figure from Norse mythology. The
semi-submersible is named ’Sleipnir’, the eight legged
steed of Odin. In the mythology Sleipnir is praised for
his strength, courage and speed. HMC is focussed to do
justice to the vessels name. In Figure 1 an artist impression
of the Sleipnir is shown.

The main purpose of the Sleipnir will be to transport,
install and remove offshore facilities. In this research the
vessel is investigated during installation conditions. Due
to its hull shape, the operability of a semi-submersible
crane vessel differs from the operability of a ’normal’
shaped vessel. A semi-submersible vessel consists of
floaters (or pontoons) and an operational deck, connected
with structural columns as shown in Figure 1. Figure 1: Artist impression of the Sleipnir. A semi-

submersible crane vessel with eight columns.

The draft of a semi-submersible vessel can be varied by (de)ballasting the pontoons with sea water. In a
transit the semi-submersible will use a shallow draft and the pontoons will intersect the water surface. In a
transit the semi-submersible experiences less water resistance due to the hydrodynamic shaped pontoons.
Performing a heavy lift operation, the semi-submersible will use a deeper (operational) draft, in which only
the columns will intersect the water surface. In this situation the semi-submersible is less affected by wave
loading than ’normal’ shaped ships.

In practice, when performing a heavy lift operation, a Semi-Submersible Crane Vessel (SSCV) is often ex-
posed to beam waves (waves coming from port side or starboard). The reason for this orientation is that large
liftable objects, like an integrated topside, are often transported on a barge to the desired offshore location.
The barge will be orientated in head waves (waves on the bow) in order to reduce the motions of the barge.
Considering the SSCV will perform a dual lift (using both cranes), the vessel will be orientated in beam waves
due to the position of the cranes on the vessel. In Figure 2 a schematic overview of this situation is shown.
The roll behaviour of the SSCV, due to the beam wave loading, will be an important factor in the operability
of a heavy lift operation. The hydrostatic and hydrodynamic properties are, in general, of great importance
for the design and the future operability of a vessel. In order to study the hydrodynamic behaviour of the
Sleipnir, model tests have been performed at Maritime Research Institute Netherlands (MARIN)1.

1Complete company profiles can be found in Appendix G.
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2 CONTENTS

In this research the model tests, performed
in beam waves, are investigated. The model
tests have been performed at operational
draft, which is the design draft for a heavy
lift operation. The motions of the Sleipnir
are measured in three sea states. The nat-
ural roll period in operational stability con-
ditions is 40 s. Due to the long roll period in
this condition, the roll motion is expected
to be sensitive for the low frequent energy
of wave groups (Figure 3). Research already
showed that sea states, with peak periods
of 7-10 seconds, can cause large roll angles
for semi-submersibles with long roll peri-
ods [1].

Figure 2: Schematic overview of a semi-submersible crane vessel perform-
ing a dual lift while being exposed to beam waves.

In order to investigate if this low frequent roll behaviour also applies for the Sleipnir, model tests have been
performed with sea states with peak periods of 7 and 12 seconds and wave heights of 1.5 and 3 meter. As was
expected, based on theory and earlier model test results (e.g. [1]), low frequent second order roll motions
have been measured during the MARIN model tests.

Before defining the research questions for this research, a short historical review is presented. The first or-
der linear behaviour of vessel motions is investigated for a long time and is assumed to be an understood
phenomenon, e.g. [2]. The non-linear second order motions in the horizontal plane (surge, sway, yaw) have
been subject of investigation for quite some decades. Horizontal drift forces have a big influence on practi-
cal applications, as the loads on mooring lines and risers, and are therefore investigated extensively, e.g. [3],
[4], [5]. Although research suggested that the second order phenomenons could have a significant effect on
the second order roll motions of a semi-submersible [4], [5], the second order (drift) forces in the vertical
plane (heave, roll, pitch) have been investigated less extensively. Recent work by Matos et al shows prediction
methods for the pitch and heave motions in the frequency domain [6], [7], [8]. In these studies no prediction
methods for the viscous damping terms have been used.
Viscous roll damping, due to its non-linear behaviour, is not easy to accurately predict. Viscous roll damping,
and roll damping prediction methods, have been subject of investigation for more than sixty years, e.g. [9],
[10]. Recent studies, on FPSO roll damping, suggest a calculation method for first order roll motions including
a roll prediction technique, e.g. [11].

RESEARCH QUESTIONS
The measured low frequent second order roll behaviour, measured during model tests, contains of two (main)
non-linear phenomenons. The roll motion excitated by second order wave forces and the roll damping. It is
challenging to predict the low frequency second order roll motions accurately, due to the dual non-linearity.
Therefore the main research question of this study is:

Is it possible to predict the low frequency second order roll motions of the Sleipnir, in good agreement
with the model tests, in the frequency and time domain?

In order to answer this question the following subquestions are defined:

a) The quadratic transfer function is approximated with potential flow theory. The quadratic transfer
function will influence the calculation of the roll response spectrum, in the frequency and time
domain. What is the influence of the following variables on the calculation of the roll response
spectrum?

- Discretized hull shape of the Sleipnir
- Frequency resolution
- Added viscous damping

b) Is it possible to accurately predict the roll damping in the frequency and time domain?

c) The quadratic transfer function consist of five contributions. What are the dominant contribu-
tions in the roll motion response spectrum, in the tested sea states?

Boaz Dubbeldam
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Figure 3: Wave spectrum and wave group spectrum. The shown sea states have been tested during MARIN model tests. Due to the low
roll frequency of 0.16 rad/s (ª 40 s), the roll motion is expected to be sensitive for the low frequency energy of wave groups.

READING GUIDE
This thesis is structured in five chapters. In the first Chapter all theory, on which the performed work is based,
is described. Furthermore the chapter provides insight in physical phenomenons, which are useful to under-
stand the low frequency second order wave loading on vessels. The second Chapter presents the method
and results of the model tests performed at MARIN. In Chapter 3 the methods, in order to predict the roll
response spectrum in the frequency and time domain, are explained. In Chapter 4 the results are presented
and discussed. Lastly the conclusions of the performed work are presented and summarized in Chapter 5.
The thesis is concluded with recommendations for future research, presented in the same Chapter.





1
THEORY

This chapter describes the theory which is used for this research. First, the low frequent wave induced by
the presence of regular wave groups is explained. The different terms, which contribute to the second order
wave forces, are presented and explained. Calculation methods for the second order potential contribution
are presented. Finally, this chapter describes a theoretical procedure to obtain a first and second order force
spectrum, force transfer function and a first and second order response spectrum.

1.1. LONG WAVE INDUCED BY REGULAR WAVE GROUPS
WAVE ENVELOPE

In order to understand the second order behaviour of vessels it is important to be familiar with wave en-
velopes. A wave envelope arises if multiple waves with a small difference in frequency travel together. These
waves that travel together are defined as a wave group. The simplest example of a wave group is a group of
two regular waves:

≥(t ) =
2X

i=1
≥i · sin(!i t +≤i ) = ≥1 · sin(!1t +≤1)+≥2 · sin(!2t +≤2) (1.1)

with ≥(t ) the wave elevation, ≥i the wave amplitude, !i the wave frequency and ≤i the phase of the wave (See
Appendix C.1).
In order to show the behaviour of the resulting wave, first the summation will be done by considering equal
amplitudes ≥1 = ≥2 = ≥a . The resulting wave is assumed to have the form A(t )sin(!3t + ≤3) with A, !3, ≤3 the
unknown amplitude, frequency and phase. The summation of the two sinusoidal waves in Equation 1.1 can,
with the use of trigonometry, be written as:

≥a(sin(!1t +≤1)+ sin(!2t +≤2)) = 1 2≥a ·cos
µ

(!1 °!2)t + (≤1 °≤2)
2

∂

| {z }
A(t)

·sin
µ

(!1 +!2)t + (≤1 +≤2)
2

∂

| {z }
·sin(!3t +≤3)

(1.2)

From Equation 1.2 it is shown that !3 = (!1+!2)t
2 and ≤3 = (≤1+≤2)

2 . The modulating amplitude A(t) is:

A(t ) = 2≥a ·cos
µ

(!1 °!2)t + (≤1 °≤2)
2

∂
= 2

q
2≥2

a +2≥2
a ·cos((!1 °!2)t + (≤1 °≤2)) (1.3)

The modulated amplitude A(t ) is the wave envelope and modulates the amplitude of the carrier wave (sin(!3t+
≤3)) with a frequency which is the difference between the two initial wave frequencies. This will be defined as
the difference frequency µ=!1°!2. The frequency of the carrier wave !3 = (!1+!2)

2 is the mean frequency of
the initial two wave frequencies.

1sinÆ+ sinØ= 2 · sin
≥
Æ+Ø

2

¥
·cos

≥
Æ°Ø

2

¥

2cos2Æ= 1+cos(2Æ)
2
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6 1. THEORY

Additional to the summation above, the summation of two waves with different wave amplitudes (≥1 6= ≥2)
as in Equation 1.1 is considered. It can be shown that the wave envelope becomes:

A(t ) =
q
≥2

1 +≥2
2 +2≥1≥2 ·cos((!1 °!2)t + (≤1 °≤2))

=

vuut
2X

i=1

2X

j=1
≥i≥ j cos((!i °! j )t + (≤i °≤ j )) (1.4)

Figure 1.1 shows the wave envelope of a regular wave group with small differences between !1 and !2. The
period of the wave envelope is defined as T = 2º

µ . Note that in the example above the wave group elevation is

Figure 1.1: Illustration of a regular wave group, A(t ), and the square of a regular wave group, A2(t ) [Source: [3]]

shown by the summation of two sinusoidal waves, but the wave elevation can be defined by a summation of N
waves, with specific amplitudes, frequencies and phases. The expression for the square of the wave envelope
amplitude becomes:

A2(t ) =
NX

i=1

NX

j=1
≥i≥ j cos((!i °! j )t + (≤i °≤ j )) (1.5)

The presence of a regular wave group induces a long (low frequent) wave as is shown in Figure 1.1. The low
frequent wave, is important for the second order wave forces.

WAVE GROUP SPECTRUM

With the use of trigonometry3 it can be shown that the square of the wave elevation can be described as:

≥2(t ) =
NX

i=1

NX

j=1
≥i · sin(!i t +≤i ) ·≥ j · sin(! j t +≤ j )

= 1
2

NX

i=1

NX

j=1
≥i≥ j

≥
cos{(!i °! j )t + (≤i °≤ j )}
| {z }

Low frequency part

°cos{(!i +! j )t + (≤i +≤ j )}
| {z }

High frequency part

¥
(1.6)

The expression in Equation 1.6 contains a high frequency ((+)) and a low frequency ((°)) part. Equation 1.5
and 1.6 show similarities between the square of the wave envelope amplitude and the low frequency part of
the square of the wave elevation. In other words, the square of the wave elevation contains information on
wave grouping. From Equation 1.5 and 1.6 follows:

A2(t ) = 2 · (≥(°)(t ))2 (1.7)

For a wave component n the spectral density is given as (See Appendix C.1):

S≥(!n) ·4!= 1
2
≥2

n(!) (1.8)

3sinÆsinØ= 1
2 cos(Æ°Ø)° 1

2 cos(Æ+Ø)
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From Equation 1.4 and 1.8 it follows that the spectral density of the low part of the square of the wave envelope
will be:

S A2(µ) 4!= 1
2

(2≥1≥2)2

= 2 ·≥2
1 ·≥2

2

= 2 ·2 ·2 ·S≥(!1)4! ·S≥(!1)4! (1.9)

Now it can be shown that the expression for the spectral density of wave groups (S A2 (µ) or Sg (µ)) with differ-
ence frequency µ will be in continuous form [3]:

Sg (µ) = 8
Z1

0
S≥(!) ·S≥(!+µ)d! (1.10)

In Figure 3, the wave spectra and the corresponding group spectra are presented for the tested sea states in
this research.

1.2. SECOND ORDER WAVE FORCE AND MOMENT

The second order exciting wave force and moment,
°!
F (2) and

°!
M (2), are defined as in Equation 1.11 [12].

°!
F (2) = ° 1

2
Ωg

I

W L

°
≥(1)

r
¢2 ·°!n ·dl

°!
M (2) = ° 1

2
Ωg

I

W L

°
≥(1)

r
¢2 · (°!r £°!n ) ·dl I

+ 1
2
Ωg

œ

S0

°°!5©(1)¢2 ·°!n ·dS + 1
2
Ωg

œ

S0

°°!5©(1)¢2 · (°!r £°!n ) ·dS II

+Ω
œ

S0

µ°!
X (1) ·°!5 @©(1)

@t

∂
·°!n ·dS +Ω

œ

S0

µ°!
X (1) ·°!5 @©(1)

@t

∂
· (°!r £°!n ) ·dS III

+m ·R(1) ·
°!̈
X (1)

G + I ·R(1) ·
°!̈
X (1)

G IV

+Ω
œ

S0

µ
@©(2)

@t

∂
·°!n ·dS +Ω

œ

S0

µ
@©(2)

@t

∂
· (°!r £°!n ) ·dS V (1.11)

with for contribution I : Ω = Mass density of fluid.
g = Gravity constant.
≥(1)

r = First order relative wave elevation.
°!n = Outward normal vector on line segment dl.
°!r = Position vector of waterline segment dl.

contribution II : S0 = Mean wetted surface.
©(1) = First order potential.
dS = Surface element.

contribution III :
°!
X (1) = First order body motion.

contribution IV : m = Mass of body.
R(1) = Linearized rotation matrix.
°!̈
X (1)

G = Oscillatory first order acceleration vector of center of gravity (CoG).
I = Mass moment of inertia.

contribution V : ©(2) = Second order potential.

For the derivation of these expressions and extensive explanation of the variables reference is made to the
work of Pinkster [12] or Journée et al [13]. As shown in Equation 1.11 the second order force and moment
consists of five contributions:
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Contribution I is caused by the effect of the relative wave height.
Contribution II is caused by the pressure drop due the first order velocity squared.
Contribution III is caused by the pressure due to the product of the gradient of the first order pressure

and the first order motion.
Contribution IV is caused by the effect of the product of the first order rotational motion and the inertia

force.
Contribution V is the second order potential term and is related to the long wave induced by the pres-

ence of regular wave groups (see section 1.1).

Contributions I, II, III and IV depend on first order quantities. These four contributions are caused by the
quadratic interaction of the first order solution. Therefore, the summation of these four contributions is re-
ferred to as the quadratic force and moment.
Contribution V depends only on the second order potential. This second order potential contribution is
referred to as the second order potential force or moment. This part of the force and moment is the most
complex to calculate due to the free surface boundary condition [14].
As can be seen in Equation 1.11 the force and moment are time dependent. In order to perform calculations
in the frequency domain time independent quadratic transfer functions (QTF’s) of the second order forces
and moments are used.

1.2.1. QUADRATIC TRANSFER FUNCTIONS
The quadratic transfer functions are used to determine the second order force spectra in the frequency do-
main and allow prediction of second order force and moment time histories in the time domain. The quadratic
transfer function consists of a time independent in-phase component, Pi j , and of an out-phase component,
Qi j . Comparing these second order force and moment components with the square of the wave elevation
given in Equation 1.6 shows that Pi j and Qi j are transfer functions which are the in- and out-of-phase part
of the force or moment comparing with the square of the wave elevation.
The amplitude of the quadratic transfer function is defined as:

Ti j =
q

P 2
i j +Q2

i j (1.12)

In which Ti j and Pi j are symmetrical and Qi j is asymmetrical [12].
The phase angle ≤i j of the quadratic transfer function is defined as:

tan(≤i j ) =°
Qi j

Pi j
(1.13)

The method to determine the quadratic transfer functions from the second oder wave forces and moments is
shown in, e.g. [12].

1.2.2. CALCULATION METHODS FOR THE SECOND ORDER POTENTIAL CONTRIBUTION
In order to calculate the second order force and moment, software packages WAMIT and DIFFRAC have been
used. Contributions I, II, III and IV depend on first order quantities, therefore the calculations with both
software package are expected to result in equal quadratic second order contributions. The calculation of the
second order potential contribution can be solved with different methods. In this research, three methods in
order to calculate the second order potential force (Contribution V ) and moment have been compared.

• The Direct method (WAMIT):
In order to calculate the second order loads, the effects of the second order diffracted potential is are in-
cluded. This method solves the full second order problem directly by pressure integration. This method
of solving the second-order potential is similar to the one used for the first order method. The free-
surface integral is calculated. [15])

• The Indirect method (WAMIT):
This method calculates the second order loads through first order quantities introduced by B. Molin
(without explicit calculation of second order potential). An assisting potential is used for the solution
of the first-order radiation problem. [15]
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Using this method the numerical integration over the hull is not a significant problem. The integration
over the free surface is much more complicated. The domain is separated in the near-field part and the
far-field part. The near-field is integrated numerically and the far-field analytically. [15]
The first order force, evaluated in this way is referred to as, the Haskind exciting force, and the second
order force as the indirect force. [14]

• Pinkster approximation (DIFFRAC):
Pinkster uses a ratio coefficient between the second order and the first order incident wave potential
in order to calculate the potential part of the quadratic transfer function. The idea is that the main
contribution is due to the second order incoming waves [12].

1.3. FORCE SPECTRUM
FIRST ORDER

The first order force spectrum is defined as:

SF,i (!) =
ØØØØ

Fa

≥a

ØØØØ
2

i
(!) ·S≥(!) (1.14)

in which i is the mode of the motion, S≥ is the wave spectrum,
ØØØ Fa
≥a

ØØØ
2

i
(!) is the first order wave force transfer

function with the force amplitude, Fa , and the wave amplitude, ≥a . This transfer function is referred to as
Response Amplitude Operator (RAO) of the first order wave force.

LOW FREQUENCY SECOND ORDER

The low frequency second order order force spectrum or wave drift force spectrum is defined as:

S(°)
F,i (µ) = 8 ·

Z1

0
S≥(!) ·S≥(!+µ) · |T (°)

i (!+µ)|2 ·d! (1.15)

in which i is the mode of the motion, S≥ is the wave spectrum, T is the amplitude QTF, µ is the difference
frequency (µ = !2 °!1), the (-) in S(°)

F,i (µ) indicates the use of only difference frequencies and no sum fre-
quencies.
The derivation of the second order force spectrum is described by Wichers [3].

1.4. MOTION RESPONSE SPECTRUM
FIRST ORDER

When the wave force spectrum is known the first order response spectrum can be obtained with:

Si (!) ª= |Hi j (!)|2 ·SF,i (!) (1.16)

in which: Si (!) = Spectral density of first order motion i .
Hi j (!) = Force Transfer Function (FTF) for mode i j .
SF,i (!) = Exciting force spectrum (Equation 1.14).

The Force Transfer Function (FTF) Hi j (!) is given by [6]:

Hi j (!) = 1
°!2(Mi j + Ai j (!))+ i!(B(!)+B 0

i j )+ (Ci j +C 0
i j )

(1.17)

with: i and j = Mode 1 to 6.
Mi j = Mass Matrix.
Ai j (!) = Added mass matrix.
Bi j (!) = Damping matrix.
B 0

i j = Viscous Damping matrix.
Ci j = Hydrostatic restoring spring matrix.
C 0

i j = External Spring matrix.
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The transfer function in Equation 1.17 is dominated by the variables in the following frequency ranges [13]:

f or

8
>><

>>:

!! 0 Hi j (!) is dominated by spring term Ci j +C 0
i j .

!!!nat Hi j (!) is dominated by damping term B(!)+B 0
i j .

!!1 Hi j (!) is dominated by mass\ intertia term Mi j + Ai j (!).

(1.18)

LOW FREQUENCY SECOND ORDER

The second order low frequency motion response spectrum can be approximated by:

S(°)
i (!) ª= |Hi j (!)|2 ·S(°)

F,i (!) (1.19)

in which: S(°)
i (!) = Spectral density of low frequency motion i .

Hi j (!) = Force Transfer Function (FTF) for mode i j (Equation 1.17).
S(°)

F,i (!) = Low frequency second order exciting force spectrum (Equation 1.15).

TOTAL RESPONSE SPECTRUM

The total response spectrum can be obtained from the first order and the second order response spectrum.

STot al ,i (!) ª= Si (!)+S(°)
i (!) (1.20)

in which: STot al ,i (!) = Spectral density of total motion i .
Si (!) = Spectral density of first order motion i (Equation 1.16).
S(°)

i (!) = Spectral density of low frequency second order motion i . (Equation 1.19).

1.5. ROLL DAMPING
The equation of motion for the roll motion ¡(t ) =¡a cos(!t +≤) can be defined as:

(I¡+ A¡) · ¡̈+B¡(¡̇)+C¡ ·¡= M¡ (1.21)

In which ¡ is the roll angle with amplitude ¡a , I¡ is the roll mass moment of inertia, A¡ the added mass
moment for roll, B¡ is the roll damping moment, C¡ the restoring moment coefficient and M¡ is the exciting
moment.
The total damping of a system in water is non-linear which cannot be calculated by means of potential theory.
The total damping can be described by a potential damping part and an external viscous damping part, as
shown in Equation 1.17.
In Equation 1.21 the total non-linear roll damping moment can be described by:

B¡(¡̇) = b(1)
¡ · ¡̇+b(2)

¡ · ¡̇|¡̇|+ ... (1.22)

with b(1)
¡ , b(2)

¡ ,... the non-linear damping coefficients considered as constants during the concerned motion.

Since it is difficult to strictly analyze the non-linear damping in Equation 1.22, an equivalent linear damp-
ing coefficient, beq , is introduced. Several ways exist to express the coefficient beq in terms of the damping
coefficients b(1)

¡ and b(2)
¡ . In the first method, it is assumed that the linear equivalent damping term has the

same energy loss as the non-linear damping terms. Using this assumption Equation 1.22 becomes:

B¡(¡̇) = beq · ¡̇ (1.23)

with:

beq = b(1)
¡ + 8

3º
·! ·¡a ·b(2)

¡ + ... (1.24)

in which ! is the wave frequency and ¡a is the roll amplitude. This method, is considered as a linearization
method for regular waves. In practice the equivalent damping coefficient is linearized around a specific roll
amplitude ¡a [16].
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Secondly in case of irregular roll motion another approach to linearize the roll damping expression exists.
Using the assumption that the undulation of the roll angular velocity, ¡̇, is subject to a Gaussian process it
can be shown that:

beq = b(1)
¡ +

r
8
º
·æ¡̇ ·b(2)

¡ + ... (1.25)

where æ¡̇ is the variance of the angular velocity ¡̇. The factor
q

8
º indicates the stochastic linearization in a

Gaussian spectrum. [10]

The constants b(1)
¡ and b(2)

¡ can be obtained by performing decay tests. In Figure 1.2a a typical time trace
of roll decay tests is shown. The natural period and the damping constants can be obtained by measuring the
decay of a particular motion. The procedure in order to obtain the damping constants, is to plot the decrease
of the motion amplitude divided by the mean motion amplitude, versus the mean motion amplitude, as is
shown in Figure 1.2b. The linear and quadratic constants p and q can be obtained from the fitted line through

(a) (b)

Figure 1.2: (a): Typical time trace of a decay test of a lightly damped motion. (b): Plot of the decrease of the motion amplitude divided
by the mean motion amplitude versus the mean motion amplitude in order to obtain the constants p and q. Source: [17]

the data points. The linear and quadratic roll damping constants b(1)
¡ and b(2)

¡ can be calculated with p and q .

b(1)
¡ = 2 ·

(I¡+ A¡)

Tn
·p

b(2)
¡ = 3

8
· (I¡+ A¡) ·q (1.26)

in which Tn is the natural period of roll, p the linear damping constant and q the quadratic damping constant.

After determination of beq the external viscous damping part can be obtained if the potential damping is
known:

bvi sc = beq °bpot (1.27)

in which bvi sc is the viscous damping and bpot is the potential damping.

The added (viscous) damping is often expressed as a ratio of the critical damping coefficient, bcr i t .

ª= bvi sc

bcr i t
(1.28)

The critical damping is defined as:
bcr i t = 2 ·

p
(M + A) ·C (1.29)

in which M is the mass, A is the added mass and C is the restoring spring term of the considered motion.

The roll restoring spring term of a floating object is defined as:

C¡¡ = Ω · g ·r ·GMT (1.30)
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in which r is the submerged volume and GMT is the transverse metacentric height. Using the roll restoring
spring term the roll natural frequency can be obtained with:

!nat =
s

C¡¡

I¡+ A¡¡
=

s
C¡¡

k2
xx ·r ·Ω+ A¡¡

(1.31)

in which the mass moment of inertia for roll I¡ and kxx is the roll radius of gyration.

1.6. DEFINITION OF SHIP MOTIONS AND ORIGIN
In Table 1.1 and Figure 1.3 the ship motions are defined. In Figure 1.4 the hydrodynamic origin is shown. The
motions are mainly calculated at this origin in this research.

DoF/
Mode

Name Symbol Unit Describtion
Force and
Moment

1 Surge x [m] Motion in the x-direction Fx
2 Sway y [m] Motion in the y-direction Fy
3 Heave z [m] Motion in the z-direction Fz
4 Roll ¡ [rad] Rotation around the x-axes M¡

5 Pitch µ [rad] Rotation around the y-axes Mµ

6 Yaw √ [rad] Rotation around the z-axes M√

Table 1.1: Degrees of freedom of a floating body.

1-2 CHAPTER 1. INTRODUCTION

• What sea bed changes can be expected near a pipeline or small subsea structure?

In contrast to some other books, this one attempts to prevent a gap from occurring between
material covered here and material which would logically be presented in following texts.
For example, after the forces and motions of a ship have been determined in chapter 8, the
treatment continues to determine the internal loads within the ship. This forms a good
link to ship structures which will then work this out even further to yield local stresses,
etc.

1.1 Definition of Motions

Figure 1.1: Definition of Ship Motions in Six Degrees of Freedom

The six ship motions in the steadily translating system are defined by:

• three translations of the ship’s center of gravity (CoG or G) in the direction of the
x-, y- and z-axes:

— surge in the longitudinal x-direction, positive forwards,

— sway in the lateral y-direction, positive to port side, and

— heave in the vertical z-direction, positive upwards.

• three rotations about these axes:

— roll about the x-axis, positive right turning,

— pitch about the y-axis, positive right turning, and

— yaw about the z-axis, positive right turning.

These definitions have been visualised in figure 1.1.

Figure 1.3: Degrees of freedom of a floating body [13].

Figure 1.4: Hydrodynamic Origin. The main origin which is used for calculations in this research.



2
MODEL TESTS

In February 2014 Sleipnir model tests have been performed at operational draught. In this time the name
’Sleipnir’ had not been introduced. The vessel was referred to as the ’NSCV’ (New Semi-submersible Crane
Vessel). This chapter is based on the MARIN report ’Operational wave tests of the NSCV’ [18] and presents
shortly the model test method, results and conclusions.

2.1. MODEL TEST SET UP
The model of the Sleipnir was constructed on a geometric scale ratio of 1:40 (Figure 2.1a). The Sleipnir is a
eight-column semi submersible crane vessel with three braces at every column. In Table 2.1 the main partic-
ulars are shown.
In order to generate a stability condition which is comparable with a heavy lift, the GM value of the model
is tuned with extra weights on top of the black constructions on the deck (See Figure 2.1b). Tests have been
performed with free floating conditions, a soft spring moored system and with DP. The soft spring mooring
system was characterized by a theoretical linearized mooring stiffness off:

• Surge stiffness: 535 kN
m

• Sway stiffness: 535 kN
m

• Yaw stiffness: 1.01·104 kN ·m
deg

The model was instrumented with force panels to measure the impact load, relative wave probes to measure
the wave height and thrusters in order to control the vessels position.

(a) Sleipnir model with 8 columns and 3 braces at each column. (b) Soft moored Sleipnir model at operational draught of 27 m.

Figure 2.1: General overview of the Sleipnir model.

13
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Magnitude
Description Unit Specified Realized
Length overall of pontoons (Lpp ) [m] 177.5 177.5
Beam overall (B) [m] 97.5 97.5
Beam of pontoons [m] 37.5 37.5
Height of bottom deck box to base line [m] 37.5 37.5
Column width [m] 26.25 26.25
Column length [m] 27.5 27.5
Column corner radius [m] 3.75 3.75
Draught (even keel) [m] 27 27
Displacement (4) [tonnes] 242861 241670
Displacement (5) [m3] 236938 235776
Longitudinal centre of gravity (from st. 10) [m] 3.98 3.93
Transverse centre of gravity (from CL) [m] 0 0
Centre of gravity above keel (KG) [m] 35.84 35.98
Transverse Metacentric height (GMt ) [m] 7.64 7.88
Transverse Metacentric above keel (KMt ) [m] 43.48 43.86
Longitudinal metacentric height (GMl ) [m] 44.92 44.13
Longitudinal metacentric above keel (KMl ) [m] 80.76 80.11
Roll radius of gyration w.r.t CoG (kxx ) [m] 42.5 42.64
Pitch radius of gyration w.r.t. CoG (ky y ) [m] 62.67 62.5
Yaw radius of gyration w.r.t. CoG (kzz ) [m] 64.66 62.92

Table 2.1: Sleipnir model specifications.

Figure 2.2: Location of the Sleipnir model in the Seakeeping and Manouvring Basin during operational wave tests. 180± incoming waves
with the shown model orientation.

IRREGULAR SEA CHARACTERISTICS

MARIN Description
Specified Calibrated

Test No. Wave
Duration ∞ µ Hs Tp Hs Tp

[hours] [-] [deg] [m] [s] [m] [s]
201023 White noise 1 3 - 180 4.0 7-50 4.06 -
201019 Operational 1 3 1.0 180 1.5 7.0 1.42 7.24
201013 Operational 2 3 1.0 180 1.5 12.0 1.49 11.32
201016 Operational 3 3 3.0 180 3.0 7.0 2.89 7.10

Table 2.2: Overview of the calibrated operational wave specifications without the Sleipnir model in the basin. In which ∞ the shape factor
of the wave spectrum, µ the incoming wave direction, Hs the significant wave height and Tp the peak period.

Boaz Dubbeldam
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ENVIRONMENTAL CONDITIONS

The operational wave model tests have been performed in the Seakeaping and Manoeuvring Basin (SMB) at
MARIN. The basin is 170 m long, 40 m wide and a depth of 5 m. The wave generators are located at the south
and east side of the basin (See Figure 2.2). During the model tests only the east wave generators have been
used. The model was rotated in order to generate incoming waves from different angles. Tests with incoming
waves from 135±, 180± and 270± have been performed.
During model tests different sea conditions have been calibrated. Current and wind has not been part of the
experimental procedures. The specified and calibrated wave conditions are shown in Table 2.2.

(a) Location of wave probes during wave calibration. (b) Location of wave probes during model tests.

Figure 2.3: (a): Overview of the wave probes during the wave calibration for beam waves. The model and the wave probes are installed
at a square measuring construction. Waves for three sea states have been calibrated at position of WAVECL, the location of the model.
(b): During model test the waves have been measured at the given locations.

MEASUREMENTS AND MODEL TESTS

During the model tests analogue and digital measurement techniques have been used to obtain the following
quantities:

• Wave elevations at reference locations in basin.

• Motions of the Sleipnir in 6 degrees of freedom.

• Accelerations of the Sleipnir.

• Tensions in soft spring mooring lines.

• Forces in soft spring mooring system.

• Relative wave motions with respect to the Sleipnir model at ten locations.

• Six impact pressures.

These measurement techniques have been used during specific model tests. The model tests can be classified
by their purpose:

• Estimate the natural periods and damping coefficients for six degrees of freedom.

– Decay tests in free floating and soft moored scenario.

• Measure ship motions under specified sea conditions.

– Soft mooring tests in irregular waves.

– Station keeping tests with dynamic positioning in irregular waves.
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2.2. MOST RELEVANT RESULTS
During the model tests the motions of all six degrees of freedom have been measured. However the roll
behaviour is especially subject of research for this master thesis study. Therefor the main results for the roll
behaviour will be presented here.
First the results of the decay tests will be presented in Table 2.3. The influence of the different environmental
conditions on the the roll motions are compared in Table 2.4. Then the motion response will be presented for
roll in beam wave conditions in Figure 2.4.

Table 2.3: Results of the decay tests. The graphs from which the proportional and quadratic damping coefficients p and q are obtained
for decay test 803005 are presented in Figure 2.5 and 2.6.

Table 2.4: Comparison roll motions during soft mooring tests in beam conditions.

Boaz Dubbeldam

Boaz Dubbeldam
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(a) Roll RAO in beam wave condition. (b) Motion response spectrum for beam wave condition.

Figure 2.4: Motion response in soft mooring scenario at operational draught.

Figure 2.5: Roll decay plotted versus time. Roll decay test - natu-
ral period 39.8 s - heading 270 degrees. Test no. 803005. Sleipnir
in operational condition - Soft spring mooring system. [17]

Figure 2.6: Relative decrement plotted versus mean amplitude. Roll
decay test - natural period 39.8 s - heading 270 degrees. Test no.
803005. Sleipnir in operational condition - Soft spring mooring sys-
tem. [17]

Boaz Dubbeldam
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2.3. MOST RELEVANT CONCLUSIONS
In August 2014 the manager of MARIN’s offshore department (ir. O. Waals) approved the following ten con-
clusions based on the results of the model tests:

• The soft mooring system does have a small influence on the pitch stiffness. Due to this the natural
period of pitch are slightly shorter with the soft mooring system connected. The period reduces from
24.7 s to 24.2 s.

• There is no significant influence of the soft mooring system on the roll motion.

• The natural periods of the soft moored Sleipnir in surge and sway are above 150 s. This is well out-
side the wave frequencies investigated. The yaw natural period is 100s which is also outside the wave
frequency range.

• The RAOs made for different operational wave conditions, show a good comparison. In general the
RAO’s based on the white noise tests are for some conditions marginally lower due to non-linear effects.

• For operational waves 1 and 2 a maximum roll angle of respectively 0.5 and 0.6 degrees is measured.
For the operational wave 3 a maximum roll angle of 1.54 degrees is measured.

• 2nd order roll response is visible in the tests results, as there is significant roll response energy at periods
were no first order wave energy is present.

• The roll motions show a good agreement between the semi on DP and in the soft mooring system for
the wave frequent part. In the low frequency area around the natural roll period of the semi the roll
motions are slightly smaller for the semi on DP due to the thruster flow, which is dampening the roll
motions of the semi.

• It is expected that by increasing the thrusters flow the roll damping around the roll natural frequency
can be increased and thus decreasing the 2nd order roll. This could be achieved by letting the thrusters
work in opposite direction and thus not effecting the required thrust for keeping the semi at position.

Boaz Dubbeldam



3
METHOD

In the previous chapter the model tests of the Sleipnir are described. In this chapter a calculation method is
described to predict the roll response spectra with the use of diffraction software. The aim of this research is
to obtain a method to predict the roll motions in an acceptable agreement with respect to the measured roll
motions during model tests.
Firstly, the research method in the frequency domain is described in this chapter. Secondly a method to
compare the roll QTF for two diffraction software packages is discussed. The method to present the separate
contributions of the QTF is explained. Lastly, the method for simulations in the time domain is presented.

3.1. FREQUENCY DOMAIN STUDY
In this research a theoretical calculation method is used in order to predict the roll motion response in the
frequency domain. A schematic overview of the analysis is presented in a flowchart in Figure 3.1.
At first, a hydrodynamic analysis has been set up in order to calculate the hydrodynamic coefficients, first and
second order wave forces and moments. This output combined with the sea conditions (used during model
tests) is used to calculate the wave force and moment spectrum and the drift force and moment spectrum.
The first and second order motion response spectra can be obtained using the force or moment spectra and
a force or moment transfer function (FTF or MTF). Finally, the theoretical calculated total motion response
spectrum can be compared with the model test motion response spectrum.

Figure 3.1: Flowchart of the frequency domain analysis.

3.1.1. REFINEMENT STUDIES
In order to calculate the hydrodynamic coefficients, first and second order forces and moments the software
packages WAMIT and DIFFRAC are used. An detailed and extensive description of the used software is given
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in Appendix D.
In order to run a simulation, variables as the water depth, range of interested wave frequencies, frequency
step and the position of the body in the global coordinate system must be defined. In this study the condi-
tions of the model tests have been used as input for the hydrodynamic analyses software.
Three (main) input variables have been studied by means of refinement studies. The influence of the dis-
cretized geometric model, the frequency resolution and the added viscous damping, on the calculation of the
quadratic transfer function are investigated.
The grid refinement and damping refinement method are described in this section. The process of designing
a discretized geometric hull model is described. Finally, the method for stochastic viscous damping lineariza-
tion is presented.

GRID REFINEMENT STUDY

GEOMETRIC DATA SLEIPNIR

In order to perform hydrodynamic analyses a discretized geometric model of the submerged part of the Sleip-
nir is necessary. This discretized hull model is used to describe the potential flow around the body based on
the principle of Green’s integral theorem. The Green’s function describes the potential flow by assigning pul-
sating sources on each panel on the wetted surface satisfying the Laplace equation. This principle is described
in Appendix E.6.

DESIGN

The discretized hull model is created using Multisurf, a software package for parametric design of 3D ge-
ometric objects. During the design of the hull shape the size and therefore the amount of panels must be
considered. The computation time of the hydrodynamic analyses depends on the amount of panels defined
on the hull shape. Increasing the amount of panels increases the computation time. Basically the calculation
solves a set of linear equation with N (amount of panels) unknowns and the computation time is proportional
to N2 [19].
However the accuracy of the results depend on the size of the panels. The size of the panels should be chosen
such that the pressure disturbance due to waves on a single panel can be evaluated accurately by the software.
Near the wave impact zone a panel size of 1

8 to 1
6 of the wavelength must be considered [13]:

panel si ze =
µ

1
6
$ 1

8

∂
·∏ (3.1)

∏= 2º
k

(3.2)

k = !2

g
(3.3)

In which ∏ is the wave length in meter and k is the wave number in radians per meter. Equation 3.3 is the
dispersion relation for deep water waves. Using the dispersion relation the panel size can be calculated. The
maximum wave frequency which is considered in this research is 2 rad/s corresponding with a wave length
of 15.4 meters. The panel size near the wave zone should be between the 1.93 and 2.57 meters.
An other design technique in order to obtain accurate results with less panels is using ’stretched’ panels to the
waterline. The model consist of stretched (column)panels to the waterline as is shown in Appendix E.1. The
wave forces are larger closer to the waterline. By stretching the panels to the waterline the pressure gradient
per panel is more equal which results in faster convergence of wave forces. In Figure 3.2 a visualization of this
principle is given.
Furthermore irregular frequency lids have been used in order to reduce the effects of irregular frequencies on
the free surface inside the columns (See Figure 3.3). Irregular frequencies are a set of infinite discrete reso-
nance frequencies of the nonphysical interior flow [20].
In order to investigate for which discretization of the hull shape the calculated forces and moments are con-
verged, a grid refinement study is performed.

Three models with different panel sizes have been compared for this research. A coarse, a base and a fine
panel model have been investigated (See Table 3.1 and Figure 3.3).
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Model
Number of

panels
[-]

Panel size waterline
(length x height)

[m]

NSCVcoarse 2482 6.88 x 1.57
NSCVbase 9982 3.44 x 0.64
NSCVfine 22338 2.29 x 0.4

Table 3.1: Geometric model specifications. Figure 3.2: Panel height, h, is stretched to the waterline.

The submerged part of the vessel is symmetrical around the XZ-plane. For this reason, only half of the vessel
is defined. This decreases the design time of the model and calculation time. The details of the specific
geometric models can be found in Appendix E.1.
The hydrodynamic origin (Figure 3.3) of the body is located with respect to the stern, centre line and keel at
[92.5, 0, 27] m.

Figure 3.3: Left: Geometric NSCVbase model of the submerged part of the Sleipnir including the irregular frequency lids on top of the
columns and (column)panels stretched to the waterline. Right: Geometric model of the free surface around the vessel model. More
detailed figures of the discretized surfaces, can be found in Appendix E
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DAMPING REFINEMENT STUDY

VISCOUS DAMPING

The software packages WAMIT and Diffrac are based on potential theory and do not take viscous effects in
account. In order to determine the damping coefficients of the Sleipnir motion decay tests have been per-
formed (See Table 2.3 for the motion decay test results).
The total damping can be obtained from the model decay tests as explained in Chapter 1.5. Using WAMIT the
theoretical potential damping coefficient and de added mass coefficient can be calculated. An expression for
the viscous damping is found by subtracting the potential damping from the total equivalent damping (See
Equation 1.27).
It is possible in WAMIT to add external (viscous) damping. In this study the influence of different damp-
ing levels on the response motion density spectrum have been investigated. Calculations with zero viscous
damping, viscous damping based on beq and viscous damping which is five percent of the critical damping
have been performed.

LINEARIZATION OF ROLL AMPLITUDE

The calculated total equivalent damping beq depends on frequency and on the motion amplitude (See Equa-
tion 1.24). In Figure 3.4 the dependency of amplitude ¡a on the viscous damping based on beq is shown. The
operational tests of the Sleipnir with beam wave conditions show a maximal roll amplitude of 0.5, 0.6 and 1.5
degrees (See Table 2.4). In order to calculate the equivalent damping this maximum roll amplitude is used
for linearization. In Table 3.2 the calculated viscous damping is shown for the six degrees of freedom. The
added damping levels shown in Table 3.2 have been used as input for diffraction calculation. Although the
the added viscous damping is added for all degrees of freedom, only the uncoupled roll output is used for
analysis in this research.

Table 3.2: Calculated added viscous damping for WAMIT calculations. The added viscous damping based on beq and 5 percent of the
critical damping has been used for WAMIT calculations.

IRREGULAR ROLL MOTION

In Figure 3.5 the time traces of the measured roll from three model tests with different sea conditions are
shown. The comparison of roll motions during soft mooring model tests in beam conditions are presented in
Table 2.4. The roll velocity time traces have been calculated from the measured roll motion time traces using:

¡̇(t ) = 4¡
4t

= ¡i+1 °¡i+1

ti+1 ° ti
(3.4)

The roll velocity spectral density function, S¡̇, can be obtained from the roll velocity time traces in Figure 3.5.
The variance for roll velocity,æ¡̇, is calculated from the zero order moment of the roll velocity spectral density
function as defined in Equation 3.5:

m0,¡̇ =
Z1

0
S¡̇ ·d!

æ¡̇ =p
m0,¡̇ (3.5)

An expression for beq with irregular roll motion can now be found using equation 1.25.
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Figure 3.4: Influence of the linearization amplitude on the viscous damping ratio using the harmonic linearation technique. The chosen
linearization roll amplitudes are indicated.
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Figure 3.5: Time traces of the measured roll motion and the calculated roll velocity for different sea conditions. Sea conditions: test
806001 - Hs =1.5 m, Tp =7 s; test 805001 - Hs =1.5 m, Tp =12 s; test 803004 - Hs = 3 m, Tp = 7 s.
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3.2. FIRST ORDER ANALYSIS
The software packages WAMIT and DIFFRAC have been used for the first order hydrodynamic analysis. Both
software packages are based on the 3D panel method therefore, first order output is expected to be similar.
First the roll response spectra is calculated with WAMIT output. Then the first and second order output of
WAMIT and DIFFRAC is compared. Finally, the different contributions of the quadratic transfer function are
studied.

ADDED MASS, DAMPING AND EXCITING WAVE FORCE

As shown in the flowchart in Figure 3.1 the first order output of the hydrodynamic analysis has been used in
order to calculate the first order roll response spectrum of the Sleipnir. The first order output used for the first
order analysis consists of the added mass and damping moment shown in Figure 3.6.
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Figure 3.6: Added mass and damping moment for roll calculated with a WAMIT NSCVfine run.

Secondly the calculated wave force is used in order to calculate the first order wave force spectrum using
Equation 1.14. The wave moment for roll is shown in Figure 3.7. In order to calculate the first order wave
moment spectrum a wave spectrum is needed.
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Figure 3.7: RAO of exciting wave moment for roll calculated with a WAMIT NSCVfine run.

ENVIRONMENTAL CONDITIONS

The tested sea conditions (see Table 2.2) have been used to calculate the exciting wave force spectrum. Cur-
rent and wind have not been part of the experimental procedures. Three sea conditions have been used to
calculate the roll response spectra. The theoretical JONSWAP spectra and the calibrated wave spectra are
used for the explanation of the analysis. These spectra are shown in Figure 3.8. The calibrated wave spectra
of test 201019 - Hs =1.5 m, Tp =7 s, test 201013 - Hs =1.5 m, Tp =12 s and test 201016 - Hs =3 m, Tp =7 s have been
used. In order to define the first order roll response spectrum the moment transfer function must be defined.

MOMENT TRANSFER FUNCTION

The moment transfer function is defined as in Equation 1.17. In this case the uncoupled roll motion is con-
sidered. The moment transfer function has been calculated by interpolation of the added mass and damping
moment of a NSCVfine run with a frequency step 4! = 0.01 rad/s. The added mass and damping for roll are
shown in Figure 3.6.
The motion response around the natural frequency is the focus of this research. In Equation 1.17, the added
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Figure 3.8: Theoratical JONSWAP wave spectra and the calibrated wave spectra for the tested sea conditions. The calibrated wave spectra
of test 201019 - Hs =1.5 m, Tp =7 s, test 201013 - Hs =1.5 m, Tp =12 s and test 201016 - Hs =3 m, Tp =7 s are shown.

viscous damping is included. The dominant parameter near the natural frequency for the moment transfer
function is damping. From Equation 1.17, it follows that with a non-damped system the moment transfer
function will increase to infinity at the natural frequency (with infinitesimal frequency steps). In Figure 3.9
an example of the absolute moment transfer function is shown with an added viscous damping of 5% bcr i t .
In Figure 3.1 it is shown that the added viscous damping can be added in the diffraction software packages
but also is used in the moment transfer function. For this reason the influence of the added viscous damping
on the total roll response spectrum is investigated for three damping levels. This raises the question whether
it is necessary for future analysis to add the viscous damping in the diffraction software or is it sufficient to
use the viscous damping only in the moment transfer function?
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Figure 3.9: Example of the absolute moment transfer function for roll in beam waves. An added viscous damping of 5% bcr i t has been
used.
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RESPONSE SPECTRUM

By calculating the wave exiting moment spectrum and the moment transfer function, the first order response
spectrum can be obtained. The first order roll response spectrum is defined as in Equation 1.16.
The method for calculating the first order response spectrum is presented in Figure 3.15.
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Figure 3.10: Method of calculating the first order roll response spectrum in beam waves. Left: On the left side this figure shows how to
calculate the first order moment spectrum by multiplying the sea spectra with the wave exciting moment RAO squared. In this figure the
theoretical JONSWAP spectrum and calibrated spectrum with Hs = 3m, Tp = 7s are shown. Right: On the right side of the figure is shown
how to obtain the first order roll response spectrum from the wave moment spectrum and the moment transfer function (beq is 0.52%
bcr i t ).
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3.3. SECOND ORDER ANALYSIS
The second order analysis have been performed using WAMIT and DIFFRAC. The second order velocity po-
tential is calculated with a different method in both software packages. The diffraction and radiation prob-
lem can not be considered separately for the second order solution. WAMIT is able to calculate the complete
second order velocity potential using a discretized free water surface as shown in Figure 3.3. DIFFRAC ap-
proximates the second order velocity potential using first order quantities described by Pinkster [12].
In order to calculate the second order roll response, the second order velocity potential calculated by WAMIT,
is used. Then the first and second order output of WAMIT and DIFFRAC is compared. Finally the different
contributions of the quadratic transfer function calculated by DIFFRAC will be studied.

QUADRATIC TRANSFER FUNCTION

The second order output of the hydrodynamic analy-
sis consists of the quadratic transfer functions. In this
study only the low frequency quadratic transfer func-
tion is calculated. The second order high (sum) fre-
quency QTF is not subject of research because these
sum frequencies do not influence the motion be-
haviour around the natural periods of the Sleipnir. The
software packages calculate only the upper triangle of
the QTF. In order to obtain the whole QTF symmetry,
as explained in Chapter 1.2.1, has been used.
Firstly, runs have been done with coarse frequency
steps of 0.05 rad/s and 0.025 rad/s in order to obtain
a complete QTF landscape for a frequency domain of
[0 … !1 … 2] rad/s and [0 … !2 … 2] rad/s.
However, only a small range of difference frequency
combinations are important to predict the roll motion
response spectrum around the natural frequency. The
frequency range, in which the difference frequencies
are essential to calculate, is around the natural fre-
quency of the motion (for roll µ = 0.16 rad/s). The sec-
ond order roll response spectrum of the Sleipnir con-
sist of a small width and high peak (See Figure 2.4b)
because it is a low damped system.

Figure 3.11: Example of a calculated amplitude quadratic trans-
fer function by WAMIT. The black diagonal for difference fre-
quency µ = 0 rad/s and the black dotted diagonal at of µ = 0.16
rad/s is included.

The natural frequency for roll is 0.16 (0.158) rad/s. It is important to choose the frequency step in a manner
that the QTF is calculated where the difference frequency is equal to the natural frequency. In this research
the QTF is calculated for a range of difference frequencies from 0.13 … µ … 0.18 rad/s, with a frequency step
of 0.01 rad/s. The duration of the calculation, of this QTF, with the geometric models NSCVcoarse, NSCVbase
and NSCVfine was respectively, 5.5 hours, 9.5 days and 91.5 days. The chosen range encloses the diagonal µ =
0.16 rad/s. Furthermore, the range encloses the width of the moment transfer function, defined in Equation
1.17, which is important in order to calculate the roll response spectrum.

ENVIRONMENTAL CONDITIONS

In the second order analysis the same environmental conditions have been used as in the first order analysis.
The wave spectra in Figure 3.8 consists of a set of data related to the wave frequency. If the wave spectra S≥(!)
can be considered as a vector, a, the following statement holds:

S≥(!) ·S≥(!+µ) = aaT (3.6)

In Figure 3.12 this ’multiplication’ is shown for the theoretical JONSWAP spectrum and the calibrated mea-
sured wave spectrum with with Hs = 3 m, Tp = 7 s (presented in Figure 3.8).

WAVE DRIFT FORCE SPECTRUM

The wave drift force spectrum is calculated using Equation 1.15. Inside the integration, the ’multiplied’ sea
spectrum, which has been discussed in the previous paragraph, is multiplied with the amplitude of the cal-
culated QTF squared (Figure 3.11). The resulting matrix is shown in Figure 3.13.
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Figure 3.12: In this figure the multiplied JONSWAP spectrum and the multiplied calibrated spectrum with Hs = 3 m, Tp = 7 s. The colorbar
is applicable for both spectra. The black line is the diagonal where the difference frequency µ = 0.

Figure 3.13: In this figure the S≥(!) ·S≥(!+µ) · |T (!+µ,!)|2 for roll with a Hs = 3 m, Tp = 7 s is plotted. This Figure is the multiplication of
the spectrum left in Figure 3.12 and the amplitude (T) QTF in Figure 3.11. The black line is the diagonal where the difference frequency
µ = 0. The black dotted line is the diagonal with µ = 0.16 rad/s.
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Figure 3.14: Example of drift moment spectrum for roll calculated from the matrix in Figure 3.13.
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In order to calculate the wave drift moment spectrum for roll, the diagonals in the matrix S≥(!) ·S≥(!+µ) ·
|T (!+µ,!)|2 are integrated, and multiplied with eight for a range of µ. In other words, the matrix consists of
a diagonal for every difference frequency µ. Performing the integral for every diagonal results in the moment
drift force spectrum as in Figure 3.14. In Figure 3.14 an example of this procedure on the matrix in Figure 3.13
is given.

RESPONSE SPECTRUM

In order to calculate the second order response spectrum the wave drift force spectrum is multiplied with the
absolute moment transfer function squared (See Equation 1.19). This moment transfer function is identical
with the moment transfer function in the first order analysis.
The method for calculating the second order response spectrum is presented in Figure 3.15.
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Figure 3.15: Method of calculating the second order roll response spectrum in beam waves. Top: Wave drift moment spectrum for roll.
This spectrum is calculated using a QTF with a 4! = 0.025 rad/s. The theoretical JONSWAP spectrum with Hs = 3m, Tp = 7s has been
used. Middle: In this figure the moment transfer function squared is shown. The equivalent damping beq is 0.52% bcr i t . Bottom: Low
frequency second order roll response spectrum.
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3.4. TOTAL RESPONSE SPECTRUM
The total motion response spectrum is obtained with Equation 1.20. The summation of the first and second
order spectra is shown in Figure 3.16.
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Figure 3.16: Method of calculating the total roll response spectrum in beam waves. Top: Left - First order roll spectrum. Right - Second
order roll spectrum. Middle: Total roll response spectrum. Bottom: Total roll response spectrum with a different scale. The first order
response in frequency range 0.6 rad/s .!. 1 rad/s

3.4.1. VALIDATION
The calculated roll response spectrum is validated with the measured motion response of the model tests.
During model tests the roll motion is measured. The roll response spectrum is created from the roll motion
time traces, using two spectral density functions. These are described in Appendix B.2.4.

3.5. COMPARISON OF WAMIT AND DIFFRAC
The software package WAMIT calculates the motions around the hydrodynamic origin (CoH). This is a point
between the two columns in the middle at the waterline. DIFFRAC calculates the motions around the centre
of gravity (CoG). In order to compare the results of the hydrodynamic calculations of the different software
packages the origin around which the motions and the wave loads have been calculated must be similar. The
motions and wave loads calculated for the CoG in DIFFRAC are transformed to the CoH. The transformation
method is extensively explained in Appendix B.1.2.
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3.6. TIME DOMAIN STUDY
The computer program aNySIM is used to simulate the motions of the Sleipnir in the time domain. The hy-
drodynamic coefficients, first and second order forces, calculated with diffraction software, are needed as a
hydrodynamic input file (.hyd file) for aNySIM.
In the time domain simulations with aNySIM a linear and quadratic damping term can be included. Com-
paring the roll responses calculated with aNySIM and the roll response calculated in the frequency domain
could give an inside in the accuracy of the linearized damping value beq .

Figure 3.17: Flowchart of the time domain analysis.

DECAY TEST SIMULATION

The decay test are simulated by applying a force or moment on the body, which stops acting on a certain
time. The body will start to perform a damped oscillation, with a characteristic oscillation period and damp-
ing values. In order to estimate the correct damping values for roll the decay tests performed at MARIN are
simulated with aNySIM.
As a first approach the linear and quadratic damping constants are calculated with the p and q values ob-
tained from the MARIN soft spring decay tests. In order to simulate the forces in the springs four separate
spring lines are defined. The position where the springs act on the body, the line stiffness and the pretension
of the springs are incorporated.
In Figure 3.18a the results of the first run are shown. The natural period of roll is not corresponding with the
natural period during the measured decay tests. In Figure 3.18b the natural period is ’tuned’ by varying the
roll radius of gyration kxx .

MODEL TEST SIMULATION

The model test with sea state Hs =3m and Tp = 7s is simulated using similar linear and quadratic damping
constants as in the decay test simulations. The time trace of the measured wave at WAVECL (See Figure 2.3)
during calibration tests is used as input value for the first simulation. Thereafter simulations with the time
traces measured at WAVE180 and WAVE270 during model tests are performed (See Figure 2.3).
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(a) Roll decay simulation with roll radius of gyration kx x of 42,5 m.

(b) Roll decay simulation with a tuned roll radius of gyration kx x of 44.6 m.

Figure 3.18: Simulation of the roll decay tests performed at MARIN. Decay test nr. 803005.
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4
RESULTS AND DISCUSSION

In this chapter the results of the frequency domain study and of the time domain study are presented. First
the results of three estimation methods of the viscous roll damping are presented. Secondly a grid refinement
study, a frequency refinement study and a damping level study is shown. The studies are presented in a man-
ner in which the influence of the tested variables on the quadratic transfer function, second order moment
spectrum, moment transfer function and the calculated roll response spectrum is shown. In these studies the
sea state Hs = 3m, Tp = 7s for beam wave loading is used in order to calculate the roll response behaviour of
the Sleipnir.
Based on the findings in the refinement studies the total response spectrum is calculated consisting of a first
and second order part. The results are compared with the measured roll response spectra during model tests.
The influence of (linearized) added viscous damping on the estimated roll response spectrum is presented
for three tested sea states.
Then the results of the calculation of first and second order forces using WAMIT and DIFFRAC presented. The
different contribution of the low frequency quadratic transfer function are shown.
Finally results of the time domain simulations are presented. In these simulations a linear and quadratic
damping coefficient, calculated from the still water p and q values, are used. The resulting roll response
spectra are compared with the roll density function from the measurements and the frequency domain cal-
culations.

4.1. CALCULATION OF THE ROLL DAMPING
The roll damping of a vessel is a non-linear phenomenon. In order to implement damping in the equation
of motion it is necessary to linearize the non-linear damping. This linearized total damping term is referred
to as the equivalent damping. In this research three different methods are used in order to estimate the (lin-
ear) equivalent damping based on performed model tests of the Sleipnir. The hydrostatic and hydrodynamic
properties of the Sleipnir model are calculated with WAMIT and shown in Table 4.1.
First equivalent damping estimations, which are based on the linear (b(1)) and quadratic (b(2)) damping co-
efficients, are shown. These damping coefficients are calculated with the results of the performed still water
decay tests (Table 2.3) and are shown in Table 4.2.
In Table 4.3 the results of the harmonic linearization (for regular waves) approach are shown. In this lin-
earization method the equivalent damping term is related to the quadratic damping term (b(2)) through a roll
amplitude. In this case the maximal roll amplitude measured during model tests for each specific sea state is
used for the linearization.
In Table 4.4 the results of the stochastic linearization (for irregular waves) approach are presented. The equiv-
alent damping term in this method is related to the quadratic damping term (b(2)) through the variance of the
global roll velocity (æ¡̇). The roll motion time traces of the three model tests have been used in order to cal-
culate roll velocity time traces. The roll variance is obtained from the velocity spectra.
The results of the damping estimation using the half-power bandwidth method on the spectral density func-
tions for roll are presented in Table 4.5. In Appendix B.1.4 an extensive description of obtaining these results
is presented.
The influence of three different damping levels on the roll response spectrum is investigated (See Section

33



34 4. RESULTS AND DISCUSSION

3.1.1). The damping levels are defined as 0% of the critical damping or ª = 0% (ª= b/bcr i t ), 5% of the critical
damping and the (harmonic linearized) equivalent damping (beq ). The values of the first two damping levels
can be found in Table 4.1. The equivalent damping used in this damping study is presented in Table 4.3.

Linear Spring
Coefficient

Added Mass
Potential
Damping

Mass Moment
of Inertia

Critical
Damping

5% of bcr i t

C¡¡ A¡¡(!n) bpot (!n) I¡ bcr i t
[kNm/rad] [t·m2] [kNm/(rad/s)] [t·m2] [kNm/(rad/s)] [kNm/(rad/s)]

18681768 295681648 2467 439397047 234372092 11718604

Table 4.1: Hydrostatic and hydrodynamic coefficients. The spring coefficient is calculated using the realized displacement and trans-
verse metacentric height of the MARIN Sleipnir model (Table 2.1). The added mass and potential damping at the natural frequency (0.16
rad/s) is calculated with WAMIT.

Period
Proportional
Damping

Quadratic
Damping

Logarithmic
Decrement

Linear Damping
Coefficient

% of b(1)

relative to bcr i t

Quadratic Damping
Coefficient

% of b(2)

relative to bcr i t

T
[s]

p
[-]

q
[1/rad]

±
[-]

b(1)

[kNm/(rad/s)]
[%]

b(2)

[kNm/(rad2/s2)]
[%]

39.8 0.0148 0.6875 -0.0404 546692 0.23 189526081 80.9

Table 4.2: Results of MARIN decay test 803005 for roll motion.

Operational Linearization Equivalent Added viscous % of bvi sc
Wave roll amplitude damping damping relative to bcr i t

Hs , Tp ¡a beq bvi sc
[m], [s] [deg] / [rad] [kNm/(rad/s)] [kNm/(rad/s)] [%]

1: 1.5, 7 0.5 / 0.009 768323 765856 0.33
2: 1.5, 12 0.6 / 0.011 812649 819048 0.35
3: 3, 7 1.5 / 0.026 1211587 1209120 0.52

Table 4.3: Results of added viscous damping calculation using linearization of the roll amplitude ¡a . The ¡a is chosen based on the
maximal measured roll amplitude during model tests. The potential damping is calculated with WAMIT.

Operational Variance of Equivalent Added viscous % of bvi sc
Wave roll velocity damping damping relative to bcr i t

Hs , Tp æ¡̇ beq bvi sc

[m], [s] [rad/s] [kNm/(rad/s)] [kNm/(rad/s)] [%]

1: 1.5, 7 0.0013 927335 924868 0.39
2: 1.5, 12 0.0015 997693 997693 0.42
3: 3, 7 0.0019 1132114 1132113 0.48

Table 4.4: Results of added viscous damping estimation using stochastic linearization for an irregular roll motion. The æ¡̇ is calculated
from the roll velocity time trace. The potential damping is calculated with WAMIT.

Boaz Dubbeldam

Boaz Dubbeldam

Boaz Dubbeldam



4.1. CALCULATION OF THE ROLL DAMPING 35

Operational
Wave

Damping ratio Damping ratio

Hs , Tp
[m], [s]

ªc
[%]

ªcc
[%]

1: 1.5, 7 0.70 0.70
2: 1.5, 12 0.64 0.64
3: 3, 7 0.73 0.74

Table 4.5: Damping ratio’s calculated from the roll response spectra of the model tests in three tested sea states with the half-power
bandwidth method. See Appendix B.1.4 for a description of the calculation method.
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4.1.1. DISCUSSION
In the harmonic and stochastic linearization method the linear and quadratic coefficients are constants.
These constants are calculated with the p and q values obtained from still water decay tests. Three free
floating and one soft mooring still water roll decay tests are performed at MARIN. The obtained p and q val-
ues differ for every still water decay tests. In Appendix B.1.3 the influence of these different values of p and
q on the calculation of the equivalent damping is discussed. The viscous damping ratio calculated with the
p and q values of still water decay test 803005 is approximately the resulting mean damping ratio. Therefore
is chosen to use these p and q values (Table 4.2) for the research of the harmonic and stochastic linearization.

The maximal measured roll amplitudes during model tests have used in order to find an linearized equivalent
damping term with the harmonic linearization technique. The influence of the choice of the roll amplitude
for linearization on the viscous damping ratio is plotted in Figure 4.1. In this Figure the chosen linearization
roll amplitudes for the tested sea states are indicated. The corresponding added viscous damping ratio’s can
be obtained from the graph.
Furthermore the ’necessary linearization roll amplitude’ are indicated. These linearization roll amplitudes
correspond to the linear viscous damping ratios which are necessary in order to match the zero order mo-
ment of the measured roll response spectrum for each sea state. These statements are based on Figure 4.20,
4.21 and 4.22. The linear damping constant b(1) can be determined from Figure 4.1 at ¡a = 0, which equals ª
= 0.23 %.
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Figure 4.1: Influence of the linearization amplitude on the viscous damping ratio using the harmonic linearation technique. The chosen
linearization roll amplitudes are indicated. Furthermore the linearization amplitudes which are necessary to match the roll measure-
ments based on Figure 4.20, 4.21 and 4.22 are plotted.

The harmonic and stochastic roll damping linearization techniques have been subject of investigation for
more than sixty years, e.g. [9] [10]. In the late 1970’s Japanese researches published several papers summariz-
ing the research on roll damping so far and presented practical estimation techniques for roll damping [16]
[21]. For extensive historical reviews about the research on roll damping of vessels reference is made to [22]
[23].
In order to predict roll motions of large offshore vessels in irregular seas the stochastic linearization technique
for roll damping is used in more recent work. Although stochastic linearization research is often applied on
the non-linear drag term of the Morison’s equation, as also by Borgman, the linearization technique is also
applicable for the estimation of a global equivalent damping term. The stochastic linearization suggested by
Borgman is applicable for global roll damping estimation of vessels, as stated in e.g. [24] [11].
The factor which indicates a stochastic linearization in a Gaussian spectrum is suggested as

p
8/ºby Borgman
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[10]. However also the stochastic linearization factor 8
º is suggested by others [16] [23]. In Haijarab’s disser-

tation study is discussed that the assumption of the linearization factor
p

8/º is not clear. Using Borgman’s
derivation method Haijarab finds the linearization factors (8

p
2)/3º and º/

p
8 [22].

In Figure 4.2 the influence of the stochastic linearization factor (K ) on the calculation of the added viscous
damping ratio is plotted. In this Figure the linear and quadratic constants b(1) and b(2) are assumed constant.
Note that the linear damping constant b(1) can also be determined from Figure 4.2 at K = 0, which equals ª =
0.23 %.
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Figure 4.2: Influence of the stochastic linearization factor on the viscous damping ratio. The stochastic linearization factor is indicated
with K . The linearization factors suggested by Borgman [10], Himeno [16] and Hajiarab [22] are shown. Furthermore the K values which
are necessary to match the roll measurements based on Figure 4.20, 4.21 and 4.22 are plotted.

In this study is found that the Borgman stochastic linearization underestimates the damping for two sea
states compared with the model tests, see Figure 4.21 and 4.22. This is also indicated in Figure 4.2. Only for
sea state one the estimated linear roll damping ratio corresponds with the linear damping ratio found from
model tests. The under prediction of the roll damping is, in comparing with the Borgman linearization, for
sea state two a factor ª2 and for sea state three a factor ª1.5.
The above findings suggest that for certain sea states the Borgman linearization is an accurate roll damping
estimation method, while for other sea states the roll damping is under predicted. However in this study only
three sea states are tested during model tests. In order to investigate for which sea states the Borgman estima-
tion method is applicable more Sleipnir model tests with different sea states are needed. In other studies the
under prediction of roll damping associated with the Borgman linearization is also found [24]. In the article
of Wolfram is stated that some earlier researches produced curves that correct the linear predictions in some
cases. However the referred research is applied for the linearized form of the Morison’s equation and it could
be investigated if those findings also are applicable for this specific roll damping study about the Sleipnir.

Please note that the half-power bandwidth method provides a first rough estimation for the total damping
of a system. Two main arguments must be taken into account in order to determine the value of the damping
estimation results.
As explained in Appendix B.1.4 the advantage of the half-power bandwidth estimation method is simplicity
in application. However this damping estimation method is highly dependent on the resolution of the spec-
tral density function. Especially for low damped systems the response spectral density is characterized with
a high peak value and a small bandwidth at the resonance frequency. The choice of the resolution of the roll
response spectrum influences the bandwidth at the resonance frequency and therefore the estimation of the
damping.
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Secondly the damping is estimated from the roll response spectra of model tests. Though the method is math-
ematically correct for application on the frequency response transfer function [25]. As shown in this report
(e.g. section 3.3) the roll response spectrum is dependent on a moment spectrum and a moment (response)
transfer function. So by applying the half-power bandwidth method on the roll response spectrum the mo-
ment drift spectrum is also incorporated. Therefore the results of the estimation technique provide strictly
speaking not purely information about the damping but about the damping and excitation combined. On the
other hand the damping in the roll response spectrum is dominated by the damping in the response transfer
function as shown in this research (See section 4.4.4). Therefore the method applied on the roll response
spectrum will provide information about the order of magnitude of the global damping of the system.



4.2. GRID REFINEMENT STUDY 39

4.2. GRID REFINEMENT STUDY
First the quadratic transfer function needs to be calculated in order to calculate the roll response spectrum.
The results from the calculation of the forces and moments (QTF’s) by diffraction software depend on the
grid size of the discretized hull shape. Relevant in this case is to investigate for which grid size the quadratic
transfer function is converged. In other words what is the minimal grid size for which the magnitude of the
calculated quadratic transfer functions per wave frequency do not increase or decrease.
In Figure 4.3 the diagonal of the quadratic transfer function where the difference frequency µ is equal to
the natural frequency (0.16 rad/s) is plotted. As earlier explained this is the most important diagonal in the
quadratic transfer function because this diagonal, the sea spectrum and the moment transfer function will
define the roll response at the natural frequency. The results of calculations with three different grid sizes
(geometric models NSCVcoarse, NSCVbase and NSCVfine) are plotted.

4.2.1. QUADRATIC TRANSFER FUNCTION
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Figure 4.3: The quadratic transfer function calculated with WAMIT for a geometric model with different grid sizes (NSCVcoarse,
NSCVbase and NSCVfine). The quadratic transfer function is calculated with a frequency step of 4! = 0.01 rad/s. The diagonal of
the difference frequency µ at the natural frequency is plotted. An added viscous damping calculated form the equivalent damping is
used in this calculation.

Figure 4.3 shows that the quadratic transfer function is more or less converged for geometric model NSCVbase
and NSCVfine. The NSCVcoarse model underestimates the quadratic transfer function in many areas on the
frequency range.
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4.2.2. SECOND ORDER MOMENT SPECTRUM
The second order moment spectrum or drift moment spectrum is calculated for a sea state of Hs = 3m, Tp =
7s. The drift moment spectrum is plotted versus wave frequency for three different grid sizes of the discretized
hull shape in Figure 4.4. As can be seen in this Figure the quadratic transfer function has been calculated in
a range only around the natural frequency. The natural frequency is at 0.16 rad/s indicated with the dotted
line. In general it can be seen that the drift force spectra of the NSCVbase and NSCVfine are converged. The
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Figure 4.4: Wave drift moment spectrum for roll for geometric models NSCVcoarse, NSCVbase and NSCVfine. Dotted grey line indicates
the difference frequency µ at the natural frequency 0.16 rad/s.

value of the drift force spectrum at the natural frequency has a difference of -3.1% for the NSCVbase model
and a difference of -16.6 % for the NSCVcoarse model compared to the NSCVfine model (See Table 4.6).

Geometric Model SM (µnat ) Deviation with
NSCVfine

[(kNm)2 s] [%]
NSCVcoarse 1.43 ·109 -16.6
NSCVbase 1.66 ·109 -3.1
NSCVfine 1.72 ·109 -

Table 4.6: Difference in wave drift force spectrum at the natural frequency calculated with WAMIT for three geometric models.
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4.2.3. MOMENT TRANSFER FUNCTION
The moment transfer function is used in order to calculate the roll response spectrum. The moment transfer
function is depends on inertia, added mass, damping and spring terms. In Figure 4.5 the added mass and
potential damping are plotted for the three grid sizes of the discretized hull of the vessel. In order to create the
moment transfer function the added mass and potential damping have been interpolated with a frequency
step of 0.0001 rad/s. In Figure 4.6 the absolute squared moment transfer function is presented.
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Figure 4.5: Added mass and damping for NSCVcoarse, NSCVbase and NSCVfine run with WAMIT.

MOMENT TRANSFER FUNCTION
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Figure 4.6: Moment transfer function for the three grid sizes. Top: Total frequency range is shown. Bottom: Frequency range around the
natural perod is shown.
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Figure 4.5 shows a small overestimation of the added mass and potential damping for the NSCVcoarse and
the NSCVbase model. Consequently the position of the second order resonance roll motion response peaks
of the NSCVcoarse and NSCVbase model are underestimated comparing with the NSCVfine model in Figure
4.6.

4.2.4. SECOND ORDER ROLL RESPONSE SPECTRUM
Finally the second order roll response spectrum is calculated. The roll response spectra are presented in Fig-
ure 4.7. The roll response spectrum from the measured roll time traces is plotted in the same Figure. The
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Figure 4.7: The calculated roll response spectra and the measured roll response spectrum are shown. Top: Total frequency range is
plotted. Bottom: Frequency range around the natural frequency is shown.

observations from Figure 4.7 are a summation of the comments on Figure 4.4, 4.5 and 4.6. The roll response
spectrum peak is underestimated in magnitude for the NSCVcoarse model. The roll response calculated with
the NSCVcoarse and NSCVbase model are underestimated in the frequency position of the resonance peak.
The roll motion response spectrum calculated with the NSCVfine model shows the best comparison with the
measured roll response spectrum.
The shape of the calculated and measured roll response spectra differ. The theoretically calculated roll re-
sponse spectrum is smooth and symmetrical but the measured roll motion density function is not symmetri-
cal and less smooth. The shape of the spectral density function of the measurements is influenced by the the
chosen frequency resolution, as described in Appendix B.2.4.
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4.3. FREQUENCY REFINEMENT STUDY
A similar procedure as in the grid refinement study is performed in the frequency refinement study. The
influence of three frequency steps on the calculation of the roll response spectrum is presented. In Figure
4.8 the quadratic transfer function is plotted calculated with different frequency steps, 4! = 0.05 rad/s, 4! =
0.025 rad/s and 4! = 0.01 rad/s.

4.3.1. QUADRATIC TRANSFER FUNCTION
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Figure 4.8: The diagonal of difference frequency µ = 0.15 rad/s from the quadratic transfer function calculated with WAMIT for a
NSCVbase run. No added viscous damping is used in the calculation.

Figure 4.8 shows that the quadratic transfer function calculated with 0.05 rad/s frequency step ’misses infor-
mation’ on several areas of the frequency domain. This is to a lesser extent also the case for the quadratic
transfer function calculated with a 0.025 rad/s frequency step.

4.3.2. SECOND ORDER MOMENT SPECTRUM
In Figure 4.9 the roll moment drift force spectrum calculated for sea state Hs = 3m, Tp = 7s is plotted. The drift
moment spectrum is plotted versus wave frequency for three calculations with different frequency steps. As
shown in Figure 4.9 the calculation with the finest frequency step is performed for a smaller frequency range.
The natural frequency is at 0.16 rad/s indicated with the dotted line.
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Figure 4.9: Moment drift force spectrum for roll.
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The moment drift force spectrum at the natural frequency 0.16 rad/s is important for the calculation of the
roll motion response spectrum. Figure 4.9 shows that the second order roll moment spectrum seems to be
converged for the calculation with 0.025 rad/s and 0.01 rad/s. Note that the peaks (around !º 0.16 rad/s) in
the quadratic transfer function (Figure 4.8) for the 0.01 rad/s frequency step run do not influence the moment
spectrum significantly. This is because in the calculation of the drift moment spectrum an integration of the
diagonals is incorporated (See Equation 1.15). The value of the three second order force spectra in Figure 4.9
at the natural frequency are presented in Table 4.7. From Table 4.7 it can be concluded that the second order

Geometric Model SM (µnat ) Deviation with
4! = 0.01 rad/s

[(kNm)2 s] [%]
4! = 0.05 rad/s 1.66 ·109 8.5
4! = 0.025 rad/s 1.54 ·109 0.3
4! = 0.01 rad/s 1.53 ·109 -

Table 4.7: Difference in wave drift force spectrum at the natural frequency calculated with WAMIT for three frequency steps.

moment spectrum is converged for a frequency step of 0.025 rad/s. The value of the drift moment spectrum
at the natural frequency differs 0.3 % with the compared drift moment spectrum calculated with 0.01 rad/s
frequency step.

4.3.3. MOMENT TRANSFER FUNCTION
In Figure 4.10 the added mass and potential damping are shown.
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Figure 4.10: Added mass and damping for roll calculated with three different frequency steps.

Figure 4.10 shows that the different frequency steps do not influence the calculation of the added mass and
potential damping significantly. However the calculation with the frequency step of 0.05 rad/s show some
’loss of information’ in the added mass and potential damping near local maxima (and minima).

MOMENT TRANSFER FUNCTION

The moment transfer function calculated with different frequency steps and no added viscous damping is
presented in Figure 4.11. In Figure 4.11 it is shown that the location of the resonance peak of the moment
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Figure 4.11: Moment transfer function for roll calculated with frequency steps of 4! = 0.05 rad/s, 4! = 0.025 rad/s and 4! = 0.01 rad/s.
No viscous damping is added in the calculation. Top: Total frequency range is plotted. Bottom: Frequency range around the natural
frequency is shown.

transfer function is equal for the calculation with the three different frequency steps. From Figure 4.11 it can
also be concluded that the moment transfer function is very sensitive for the ’information loss’ in the added
mass and potential damping in Figure 4.10. Please note that in the calculation of moment transfer functions
in Figure 4.11 a viscous damping level of ª = 0% is used. This is an unrealistic assumptions because there will
always be some viscous damping in water. Therefore the moment transfer functions are also calculated with
a very small amount of viscous damping.
In Figure 4.12 the moment transfer function calculated for the same three different frequency steps but with
an added viscous damping level of ª = 0.05% is shown.
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Figure 4.12: Moment transfer function for roll calculated with frequency steps of 4! = 0.05 rad/s, 4! = 0.025 rad/s and 4! = 0.01 rad/s.
A viscous damping level of 0.05% of the critical damping is added in the calculation. Top: Total frequency range is plotted. Bottom:
Frequency range around the natural frequency is shown.
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In Table 4.8 the values of the moment transfer function maxima at the natural frequency from Figure 4.11 and
4.12 are shown.

Frequency step
MTF

at nat. frequency

Deviation with
4! = 0.01 rad/s,

no added viscous damping

Deviation with
4! = 0.01 rad/s,

ª = 0.05 % added viscous damping

4!
[rad/s]

MTF(!nat )
[(kNm)2]°1 [%] [%]

0.05 7.82 ·10°6 365.8 6.4
0.025 7.52 ·10°6 53.2 2.3
0.01 7.52 ·10°6 - -

Table 4.8: Moment transfer function values at the natural frequency calculated with a frequency step of 0.05 rad/s, 0.025 rad/s and 0.01
rad/s. The deviation in percentage in the moment transfer function without added viscous damping are calculated with the values in
Figure 4.11.

It can be concluded that the calculation of the moment transfer function is very sensitive for damping. Fur-
thermore it can be concluded that the damping is dominated by the viscous damping, this is because the
potential damping is a very small fraction (0.001 %) of the critical damping. In other words it is necessary to
add viscous damping in the calculation of the moment transfer function for accurate results.

4.3.4. SECOND ORDER ROLL RESPONSE SPECTRUM
In Figure 4.13 the calculated roll response spectrum is plotted without added viscous damping. In Figure 4.14
the calculated roll response spectrum is shown with a viscous damping level level of ª = 0.05 %.
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Figure 4.13: The calculated roll response spectra with different frequency steps and the measured roll response spectrum are shown.
No viscous damping is added in this calculation. Top: Total frequency range is plotted. Bottom: Frequency range around the natural
frequency is shown.
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Figure 4.14: The calculated roll response spectra with different frequency steps and the measured roll response spectrum are shown. An
viscous damping level of ª = 0.05 % is added in this calculation. Top: Total frequency range is plotted. Bottom: Frequency range around
the natural frequency is shown.

The zero order moments of the roll response spectra of Figure 4.13 and 4.14 are shown in Table 4.9.

Frequency step
Zero order moment

roll response spectrum
no added viscous damping

Zero order moment
roll response spectrum

no added viscous damping

Deviation with
tr i ang le! = 0.01 rad/s,

no added viscous damping

Deviation with
4! = 0.01 rad/s,

ª = 0.05 % added viscous damping

4!
[rad/s]

m0,¡
[deg2]

m0,¡
[deg2]

[%] [%]

0.05 23.7 3.66 83.3 9.0
0.025 15.1 3.38 16.7 0.4
0.01 12.9 3.36 - -

Table 4.9: Zero order moments of roll motion response spectra calculated with and without damping.

Summarizing the observations above, the frequency refinement study results in the following conclusions.
The second order roll moment spectrum is converted for a quadratic transfer function calculated with a
frequency step of 0.025 rad/s. The potential damping is a very small fraction of the critical damping and
consequently in order to calculate the transfer function it is necessary to add (some) viscous damping. The
calculated roll response spectrum must be calculated with added viscous damping. The zero order moment
of the roll motion response spectrum is converted for a frequency step of 0.025 rad/s.
The above conclusions of the frequency refinement study contains also statements about the damping level.
In order to prevent unclarities the influence of the damping level is extensively discussed in the next sec-
tion. The main conclusion on the frequency study is that the zero order moment of the roll motion response
spectrum is converted for a frequency step of 0.025 rad/s.
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48 4. RESULTS AND DISCUSSION

4.4. VISCOUS DAMPING STUDY

4.4.1. QUADRATIC TRANSFER FUNCTION
When theoretically calculating the roll response spectrum an additional viscous damping level can be incor-
porated twice in the calculation. In the diffraction calculation, a viscous damping level can be added, and
in the calculation of the moment transfer function. Is it necessary to incorporate the viscous damping both
times? In order to answer this question the influence of different viscous damping levels on the drift moment
spectrum and the moment transfer function are calculated.
First the diagonal of the natural frequency of the amplitude quadratic transfer function, calculated with three
added viscous damping levels, is presented in Figure 4.15. The equivalent damping level is calculated with
harmonic linearization as described in section 4.1.
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Figure 4.15: Quadratic transfer function. NSCVbase model and 4! = 0.01 rad/s is used for calculations with WAMIT. The diagonal of the
difference frequency equal to the natural frequency µ = 0.16 rad/s is plotted.

Figure 4.15 shows that calculating of the quadratic transfer function with several viscous damping levels re-
sults in differences at sharp local extremes at ! = 0.13 rad/s, ! = 0.16 rad/s and ! = 0.29 rad/s. The peak at !
= 0.16 rad/s is related to the natural roll frequency. The damping level of ª = 0% (ª = b/bcr i t ) overestimates
the transfer function at this point, while a damping level of ª = 5% totally suppresses the peak at 0.16 rad/s.
The difficulty is choosing a damping level (equivalent damping) which is somewhere in between these two
values. The research on the estimation of a ’realistic’ equivalent damping level using linearization techniques
is extensively discussed in section 4.1.

Similar behaviour as with the peak at 0.16 rad/s occurs at the peak at ! = 0.13 rad/s and the dip at ! = 0.29
rad/s. The calculation with 0% added viscous damping overestimates the maxima (and minima) and the cal-
culation with ª = 5% added damping suppresses the local extremes. The origin of the local extremes at these
frequencies is unclear. The extremes could be related to the diameter of the discretized free water surface
used in the calculation of the quadratic transfer function with WAMIT (see Figure 3.3). The diameter of the
discretized free surface is 300 m. Consider a standing wave with one antinode and two nodes at both ends
of the center line of the discretized water surface. Using the dispersion relation for deep water this standing
wave with 1/2 ∏ = 300 m (∏ is the wavelength) correspond to a wave frequency of approximately 0.3 rad/s.
This could cause the peak in the quadratic transfer function at !º 0.3 rad/s.

While the origin of the peak at ! = 0.29 rad/s is unclear, it is clear that the peaks at ! = 0.13 rad/s and ! =
0.29 rad/s are directly correlated as shown in Figure B.2 in Appendix B.1.1 on 95. In this amplitude quadratic
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transfer function it is clear that the peak at !1 = 0.29 rad/s causes the peak in the diagonal at ! = 0.13 rad/s.
The diagonal from Figure 4.15 is plotted as the black line in Figure B.2. The minimum of the peak at ! = 0.29
rad/s in the diagonal is caused by the peak at !2 = 0.29 rad/s.

The findings in Figure 4.15 show that it is undesirable to add no damping at all because this leads to ir-
regularities in the quadratic transfer function. It is advised to use at least a small amount of damping in
the calculations. The estimation of a ’realistic’ damping level, which is most desirable to incorporate in the
calculation, is described in section 4.1.

4.4.2. SECOND ORDER MOMENT SPECTRUM
In Figure 4.16 the calculated drift moment spectrum with a sea state of Hs = 3m, Tp = 7s for different added
viscous damping levels is plotted. In the Figure the natural frequency is plotted at 0.16 rad/s. The black dot-
ted line is the shape of the drift force spectrum for roll for a difference frequency domain of 0∑µ∑ 2 rad/s. In
order to reduce calculation time of the quadratic transfer function the run with a damping level of ª = 0% (ª =
b/bcr i t ) has a difference frequency range of 0∑µ∑ 0.3 rad/s. The two other WAMIT runs with damping levels
of beq and ª = 5% have a difference frequency range of 0.13 ∑µ∑ 0.18 rad/s. The quadratic transfer functions
used for the calculation of the drift moment spectra are presented in Figure B.2, B.3 and B.4 in Appendix B.1.1.
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Figure 4.16: Wave drift moment spectrum for roll. The influence of adding different damping levels in WAMIT is shown in this figure.
Black dotted line indicates shape of ’complete’ drift force spectrum. Grey dotted line indicates the natural frequency at 0.16 rad/s. The
WAMIT runs have been done with a frequency step of 4! = 0.01 rad/s.

The difference in value of the wave drift force spectrum at the natural frequency is compared with the cal-
culated force spectrum with ª = 0% added damping. The value of the drift force spectrum of the beq run has
a difference of -0.8% and the ª = 5% run differs with -2% compared to the ª = 0% added damping run (See
Table 4.10). It can be concluded that the different damping levels do not have a significant influence on the
second order moment spectrum. In order to define the second order moment spectrum an integration of
the multiplication of the quadratic transfer function and the sea state needs to be performed (See Equation
1.15). For this reason the extreme values related to the damping levels in Figure 4.15 do not have a significant
influence on the second order roll moment spectrum.
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Added viscous SM (µnat ) Deviation with
damping level 0% Bcr i t
in WAMIT [(kNm)2 s] [%]
0% Bcr i t 1.53 ·109 -
Beq 1.52 ·109 -0.8
5% Bcr i t 1.50 ·109 -1.9

Table 4.10: Difference in second order moment spectrum at the natural frequency calculated for three added viscous damping levels
with WAMIT.

4.4.3. MOMENT TRANSFER FUNCTION
In Figure 4.17 the added mass and potential damping are shown for the different viscous damping levels. It is
shown that the added viscous damping does not influence the added mass and damping as is expected from
theory.
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Figure 4.17: Added mass and damping for roll calculating with different damping levels.

MOMENT TRANSFER FUNCTION

The Moment Transfer Function for roll is shown in Figure 4.18 calculated with three added viscous damping
levels.
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Figure 4.18: The absolute squared moment transfer function for roll. Three moment transfer functions with different damping levels
are plotted. The maximum moment transfer functions values are shown for the damping levels. Bottom: Frequency range around the
natural frequency is shown.

Figure 4.18 shows that the maxima of the moment transfer function at the natural frequency highly depend
on the amount of added damping as predicted by theory. More specific it can be concluded that the maxima
of the moment transfer function are highly dependent on the added viscous damping, because the potential
damping at the natural frequency is only ª = 0.001%. In other words the viscous damping is dominant for
the calculation of the moment transfer function. In Table 4.11 the maximum values of the squared moment
transfer function are presented.

Added viscous |FTF(!nat )|2 Deviation with
damping level 0% Bcr i t

[(kNm)2]°1 [%]
0% Bcr i t 4.59 ·10°3 -
Beq 5.76 ·10°7 -99.99
5% Bcr i t 9.33 ·10°10 -100

Table 4.11: Difference in absolute squared moment transfer function at the natural frequency calculated for three added viscous damp-
ing levels.

Firstly the deviation in percentage in Table 4.11 shows that the calculation of the moment transfer function
is very sensitive for the amount of added viscous damping. Secondly the high deviation in percentage of
the calculation with ª = 0% comparing with the other calculations shows that it is undesirable to calculate
the moment transfer function without added viscous damping. The function will overestimate the amount of
’transferred moment’ when no viscous damping is added. Additionally the calculation of the moment transfer
function for a vessel without any viscous damping is very unrealistic and therefore undesirable.
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4.4.4. SECOND ORDER ROLL RESPONSE SPECTRUM
The roll response spectrum for the three different damping levels is presented in Figure 4.19. In Table 4.12
the zero order moment of the roll motion response spectrum and the extreme value at the natural frequency
are shown.
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Figure 4.19: The calculated roll response spectra with different damping levels and the measured roll response spectrum are shown.
Bottom: Frequency range around the natural frequency is shown.

Added viscous
damping ratio

Zero order moment
roll response spectrum

Deviation with
ª = 0 %

Maxima at
nat. frequency

Deviation with
ª = 0 %

ª
[%]

m0,¡
[deg2]

[%]
S¡(!nat )
[deg2 · s]

[%]

0 12.9 - 1.05 ·106 -
0.52 (= beq ) 0.34 -97.4 1.40 ·102 -99.99
5 0.03 -99.8 1.50 -100

Table 4.12: Differences in roll response spectrum at the natural frequency calculated for three added viscous damping levels.

Table 4.12 shows that the roll motion response is highly dependent of added damping level in the moment
transfer function. The amount of added viscous damping is dominant in the calculation of the roll motion
response spectrum. In Figure 4.19 the measured roll motion response spectrum is plotted. It can be con-
cluded that the roll motions calculated with only potential damping, without any added viscous damping
term, highly overestimates the roll motion response of the Sleipnir. The phenomenon of overestimation of
the roll motions is attributable to the absence of viscous damping in the calculation, which is also found in
other research, i.e. [26]. Furthermore it can be noticed that none of the roll response spectra is in agreement
with the measured roll response spectrum. In the next section the answer on the following question is given.
For which damping level is the theoretically calculated roll response spectrum in best agreement with the
measured roll response spectrum?
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4.5. TOTAL ROLL RESPONSE SPECTRUM

4.5.1. INFLUENCE OF VISCOUS DAMPING ON THE ROLL RESPONSE SPECTRUM
In this section the influence of the added viscous damping on the total roll motion response spectrum is pre-
sented. In Figure 4.20, 4.21 and 4.22 the zero order moment is plotted versus the added viscous damping.
Additionally the variance (or root mean square (RMS)), which is directly related to the zero order moment,
is plotted versus the added viscous damping. Each of the figures is related to a specific sea state. The model
tests have been performed with three sea states. The total roll response spectrum is calculated for these spe-
cific three sea states. The total roll motion response spectrum is calculated as the sum of the first and second
order roll motion response spectrum. In Appendix B.1.5 the tables, on which the figures in this section are
based, are presented from page 112.

In Figure 4.20, 4.21 and 4.22 the roll response spectrum calculated with a JONSWAP wave spectrum and with
the calibrated wave spectrum are shown. The wave is calibrated without the model in the basin at wave probe
WAVECL as shown in Figure 2.3. The calibrated is included in the graphs because of the following. The cali-
brated wave spectrum contains in contrast to the JONSWAP spectrum (some) wave energy at low frequencies
(0 < ! < 0.5 rad/s) as shown in Figure 3.15. This first order wave energy in the low frequency range results in
a low frequency roll response at the natural frequency (Figure 3.15)1. In Figure 4.20, 4.21 and 4.22 the influ-
ence of the added viscous damping on the total roll response spectrum, calculated with both wave spectra,
is plotted. Furthermore the zero order moment calculated from the measured roll motion time trace during
model tests is plotted in each graph. The estimated equivalent roll damping using the harmonic, stochastic
and bandwidth linearization technique is indicated with the dotted lines.

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
0

2

4

6

8

10

12
·10°2

Added viscous damping ratio ª [%]

m
0,
¡

[d
eg

2
]

Roll motion response

JONSWAP spectrum
CWAVECL wave spectrum
Measured
beq (harmonic method)
beq (stochastic method)
beq (bandwidth method)

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

Added viscous damping ratio ª [%]

æ
¡

[d
eg

]

Roll motion response

JONSWAP spectrum
CWAVECL wave spectrum
Measured
beq (harmonic method)
beq (stochastic method)
beq (bandwidth method)

Figure 4.20: Sea state Hs = 1.5m, Tp = 7s. The influence of the added viscous damping in terms of the critical damping on the zero order
moment and the variance of the roll motion response spectrum. The roll response spectrum is calculated making use of the theoretical
JONSWAP wave spectrum and the calibrated wave spectrum. The zero order moment and variance of the measured roll response during
model test is indicated. The calculated equivalent damping as well.

1The roll response spectrum is not only calculated for the JONSWAP and calibrated wave spectrum but for all measured wave spectra
during model tests. The results can be found in Appendix B.1.5 in Figures B.14, B.15 and B.16.
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Figure 4.21: Sea state Hs = 1.5m, Tp = 12s. The influence of the added viscous damping in terms of the critical damping on the zero order
moment and the variance of the roll motion response spectrum. The roll response spectrum is calculated making use of the theoretical
JONSWAP wave spectrum and the calibrated wave spectrum. The zero order moment and variance of the measured roll response during
model test is indicated. The calculated equivalent damping as well.
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Figure 4.22: Sea state Hs = 3m, Tp = 7s. The influence of the added viscous damping in terms of the critical damping on the zero order
moment and the variance of the roll motion response spectrum. The roll response spectrum is calculated making use of the theoretical
JONSWAP wave spectrum and the calibrated wave spectrum. The zero order moment and variance of the measured roll response during
model test is indicated. The calculated equivalent damping as well.

4.5.2. DISCUSSION
Firstly, it can be noted that in Figure 4.20, 4.21 and 4.22 the zero order moment of the roll motion response
spectra calculated with the JONSWAP wave spectrum and the calibrated wave spectrum are almost similar.
The influence of the viscous damping on the zero order moment of the roll motion response shows a identical
trend for both spectra.

Secondly, it can be noticed that in Figure 4.20, 4.21 and 4.22 the zero order moment converges to a certain
value which is not equal to zero. The lines converges to the zero order moment of the first order response
spectrum. This is because the added viscous damping in the moment transfer function suppresses eventu-
ally only the roll response at the natural frequency. So the second order roll response is suppressed when
adding a substantial amount of damping but the first order roll response is not influenced by the damping.
The damping in the moment transfer function does not influence the first order response because the the
response is located in a higher frequency range than the natural frequency.
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As described in the second paragraph of this chapter Figure 3.15 shows how the first order roll response spec-
trum is calculated from two wave spectra. The first order wave energy in the low frequency range results in
a low frequency roll response at the natural frequency as shown in this figure. In Figure 4.20, 4.21 and 4.22
only the zero order moment of the total roll response spectrum is plotted, however in Table B.8 up to B.25 in
Appendix B.1.5 also the zero order moments of the first and second order response spectra are presented sep-
arately. Using these tables it can be shown that the zero order moment of the roll response, calculated with
the calibrated wave spectrum, consist of 99.7% (average value of results from the three sea states) zero order
moment originating from the second order roll response at the natural frequency. So it can be concluded that
the calibrated wave spectrum has a influence on the roll response at the natural frequency. However the roll
response at the natural frequency is dominated by the second order forces.

Furthermore in an ideal world the three lines, considering only the JONSWAP spectrum, measured m0 line
and one equivalent damping line, would intersect in a point on the blue curve. This would mean that the roll
motion response spectrum calculated with the estimated equivalent damping would be in exact agreement
with the model tests in terms of the zero order moment of the roll motion response spectrum. Considering
Figure 4.20, 4.21 and 4.22 it can be seen that this is only (approximately) the case in Figure 4.20. In Figure 4.21
and 4.22 the brown line corresponding with the measured zero order moment intersects the blue line in a
different point then as the black dotted line. In other words the estimation of the equivalent damping under
predicts the damping for the sea states in Figure 4.21 and 4.21. The above findings suggest that for certain sea
states the stochastic linearization is an accurate roll damping estimation method, while for other sea states
the roll damping is under predicted. However in this study only three sea states are tested during model tests.
In order to investigate for which sea states the stochastic linearization estimation method is applicable more
Sleipnir model tests with different sea states are needed, as also stated in section 4.1.1.

In this research only three sea states have been investigated. However it is in the interest of Heerema to
be able to calculate the roll motion response (which depends on the roll damping) of the Sleipnir for every
possible sea state. The roll motion response estimation method, described in this study, is highly depen-
dent on the amount of damping added in the calculation. On the other hand the estimation of the irregular
(equivalent) roll damping depends on the variance of the roll velocity response spectrum. Consequently the
calculation of the roll response motion will be an iterative process. This process is described in many refer-
ences, e.g. [11] [24]. The calculation scheme suggested in these articles is shown in Figure 4.23. R. van ’t Veer
states that the iterative process converges rapidly. However the sharp reader must already have noted that the
calculation scheme in Figure 4.23 is only applied to the calculation of the first order roll response motions.
This study shows that the roll response motion of the Sleipnir is sensitive to second order moments due to the
low roll natural frequency and furthermore a different method is used in order to calculate the roll response
spectrum. Not the RAO but the moment transfer function has been used in order to calculate the first and
second order roll response motions. Therefore the calculation scheme in Figure 4.23 needs to be expended
to second order motions.

The calculation scheme in which the total response spectrum is calculated, including the second order re-
sponses, would have the form of the scheme presented in Figure 4.24. The calculation process would be a
double iterative process because the calculation of the roll response is dependent on the (equivalent) stochas-
tic linearized roll damping used in the calculation of the moment spectra and the moment transfer function.
However this research (see section 4.4) shows that the damping added in the moment transfer function is
dominant in order to calculate the roll motion response. As a consequence the calculation scheme would
show a single iterative process, indicated with the thick red arrow in Figure 4.24. It must be noted that the
scheme in Figure 4.24 has not been validated. The suggested calculation scheme should be investigated and
tested for practical use. However the findings in Figure 4.20, 4.21 and 4.22 suggest that the zero order mo-
ments of the roll motion response converge to the value of the first order zero order moment by increasing
the damping. The zero order moment obtained from the model test is located in a highly non-converged
part of the curve in the Figures. This would mean that it is difficult to define test criteria for the calculation
scheme in Figure 4.24. Further investigation for this calculation scheme in order to accurately estimate the
roll response motion for every sea state is therefore recommended.
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Figure 4.23: Globel calculation scheme in order to calculate the roll response of a vessel suggested by [11].

Figure 4.24: Globel calculation scheme in order to calculate the total (including second order) roll response of a vessel.
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4.6. COMPARISON OF WAMIT AND DIFFRAC CALCULATIONS
In this chapter the WAMIT and DIFFRAC results are compared. The WAMIT output is calculated around the
hydrodynamic origin (CoH) but the DIFFRAC output is relative to the centre of gravity (CoG). The DIFFRAC
output is transformed from the centre of gravity to the hydrodynamic origin as described in section B.1.2.
The presented results are obtained from calculations with the geometric model NSCVbase and frequency
steps of 4! = 0.01 rad/s.
First the results of the first and second order calculations are presented. The results are discussed at the
end of this chapter. The second order results are presented in figures in which the diagonal of the difference
frequency (µ) is equal to the natural frequency of roll of the quadratic transfer function is plotted. As ear-
lier discussed, this is the most important diagonal in order to calculate the roll response. First the total roll
amplitude quadratic transfer function calculated with both software packages is compared in Figure 4.27.
Then the amplitude quadratic transfer function of the first four contributions is compared in Figure 4.28.
This quadratic transfer function is related to the quadratic terms of the second order moment and is calcu-
lated with first order quantities. Lastly the quadratic transfer function of the fifth contribution is compared in
Figure 4.29. This quadratic transfer function is related to the moment contribution due to the second order
potentials, related to the low frequent wave induced by wave groups. In Figure 4.30 and 4.31 the amplitude,
in-phase and out-phase quadratic transfer function are presented for respectively the WAMIT and Diffrac
calculations. The total, quadratic and the second order potential quadratic transfer function are indicated in
each figure.

4.6.1. FIRST ORDER
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Figure 4.25: Added mass (A44) and potential damping (B44) for roll. The coefficients are compared in the hydrodynamic origin (CoH).
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Figure 4.26: Roll moment (M¡) for incoming waves of 270± and the corresponding phase (≤≥,¡) in hydrodynamic origin.

4.6.2. SECOND ORDER
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Figure 4.27: Amplitude (T ) of the quadratic transfer function for roll with incoming waves of 270± in the hydrodynamic origin. The total
QTF consisting of all five contributions is shown. Plotted is the diagonal with a difference frequency µ equal to the natural frequency of
0.16 rad/s.

Boaz Dubbeldam

Boaz Dubbeldam



4.6. COMPARISON OF WAMIT AND DIFFRAC CALCULATIONS 59

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
0

1

2

3

4

5

6
x 10

4
µ = 0.16 rad/s − Roll QTF.T, Quadratic terms, 270 deg incoming waves (4,270)

Frequency [rad/s]

Q
T

F
 [

(k
N

.m
)/

m
2
]

 

 
WAMIT     in CoH − Contributions 1t/m4
DIFFRAC in CoH − Contributions 1t/m4
DIFFRAC in CoG − Contributions 1t/m4
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contributions) of the QTF are shown. Plotted is the diagonal with a difference frequency µ equal to the natural frequency of 0.16 rad/s.
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Figure 4.30: The total, quadratic terms and the potential term of the quadratic transfer function calculated by WAMIT for roll with
incoming waves of 270±. From top to bottom the amplitude (T ), the in-phase component (P ) and the out-of-phase component (Q) of
the quadratic transfer function are shown.
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Figure 4.31: The total, quadratic terms and the potential term of the quadratic transfer function calculated by DIFFRAC for roll with
incoming waves of 270±. From top to bottom the amplitude (T ), the in-phase component (P ) and the out-of-phase component (Q) of
the quadratic transfer function are shown.

Boaz Dubbeldam



62 4. RESULTS AND DISCUSSION

DISCUSSION

The first order forces, added mass and potential damping are expected to be equal, when calculated with
an identical panel model with both software packages. Figure 4.25 shows that the added mass and potential
damping do not totally match for the WAMIT and DIFFRAC calculation. The deviation could originate from
the fact that DIFFRAC makes a PATRAN file from the defined discretized NSCVbase model. The PATRAN file
differs slightly from the initial geometric hull shape because some quadrilateral panels are transformed in
triangular panels. Consequently the added mass and potential damping will differ for calculations with a dif-
ferent panel model. Similar statements can be made for the first order exciting moment in Figure 4.26. This
Figure shows that the phase related to the roll moment is, also after translation, not equal for the calculation
with WAMIT and DIFFRAC. In the frequency range of the first moment ’peak’, 0.3 . ! . 0.82 rad/s, the phase
difference is approximately hundred-eighty degrees. The second first order moment peak, in 0.82 . ! . 1.05
rad/s, has equal a phase for the WAMIT and DIFFRAC calculations. In this research this phase difference has
not been investigated. Based on the phase difference in the first order moment it can already be expected that
the second oder moment also will show differences in WAMIT and DIFFRAC calculations. This is due to the
fact that the second order moment, but also the in- and out-of-phase components of the quadratic transfer
function are related to the ’first order’ phase of the motion. Therefore it would be interesting to investigate
where the phase difference originates from and if the phase can be matched for both software packages.

In Figure 4.27 the total roll amplitude quadratic transfer function calculated with both software packages
is compared. Before calculating the quadratic transfer function differences are expected because WAMIT
uses the direct and indirect method to solve the second order potentials while DIFFRAC uses the Pinkster
approximation. The different solving methods are described in Chapter 1. The results of the first order calcu-
lation should be equal for both software packages, using similar input variables. The four contributions of the
quadratic transfer function, based on first order quantities, should therefore also be equal. However in the
previous paragraph is concluded that based on the phase differences in the first order moment a mismatch
in quadratic transfer functions is expected.
Figure 4.27 differences in the quadratic transfer functions can be observed. The comparison of both quadratic
transfer functions can be done in roughly three frequency ranges. In the low frequency range of 0 . ! . 0.5
rad/s the quadratic transfer function do not match well. The WAMIT quadratic transfer function is larger than
the one calculated with DIFFRAC. Also the peaks at!º 0.05 rad/s and! = 0.13 rad/s are visible in the WAMIT
QTF while not or less visible in the results of DIFFRAC. In the mid frequency range of 0.5 . ! . 1.0 rad/s the
transfer functions show similar behaviour with two characteristic peaks at ! º 0.65 rad/s and ! º 0.8 rad/s,
although the WAMIT function is larger in magnitude. In the higher frequency range of 1.0 . ! . 2.0 rad/s the
differences are again larger. The magnitude of the DIFFRAC transfer function is larger for the biggest part of
this range.
Figure 4.28 shows that the origin of the differences in the low frequency range are the quadratic terms of
quadratic transfer function. The peak in Figure 4.28 at ! º 0.3 rad/s is notable in the DIFFRAC function in
contrast to the WAMIT output. This is also the case in the mid frequency range at ! º 0.95 rad/s. In the
higher frequency range it is notable that the magnitude of the DIFFRAC transfer function increases until !º
1.85 rad/s.
In Figure 4.29 the second order potential contribution, calculated with the direct, indirect and Pinkster method,
is plotted. The direct and indirect methods compute the same physical second order potential moment and it
can be noticed that there is no significant difference in the resulting output (see Figure 4.29). This means that
the moments computed by the different approaches are converged which is expected for finer discretization
[19]. The Pinkster method uses a different approach in order to calculate the second order potential and is
therefore expected to differ from the direct and indirect method.
Figure 4.29 shows that the second order potential contribution is dominant in the high frequency range 1.0
. ! . 2.0. The potential quadratic transfer function is different in ’shape’, however the magnitude at ! = 0
rad/s and at ! = 1.85 rad/s is similar. In the second order potential term calculated with WAMIT two peaks
are visible at !º 0.13 rad/s and !º 0.3 rad/s. These peaks are not present in the DIFFRAC calculations. The
peaks could originate from the discretized free water surface as explained in section 4.4. It is shown in Figure
4.29 that the Pinkster approximation is larger in magnitude for 0.8 . ! . 1.5 which is also translates to the
total quadratic transfer function in Figure 4.27.

In Figure 4.30 and 4.31 the amplitude, in- and out-of-phase quadratic transfer function for the total, quadratic
and potential contribution per software package are shown. All transfer functions show that the quadratic
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terms are dominant in the low and mid frequency range, while the potential contribution is dominant in the
high frequency range.
Furthermore it is notable that the out-of-phase (Q) quadratic transfer function seems dominant in its contri-
bution to the total quadratic transfer function in the low and mid frequency range in both software packages.
The potential contribution in the high frequency range of the total quadratic transfer function seems to orig-
inate from equal contributions of the potential term in the in- and out-of-phase quadratic transfer functions.
However the dominance of the potential contribution in the high frequency range in DIFFRAC is reduced due
to the quadratic contributions in the out-of-phase quadratic transfer function in the range 1.5 . ! . 1.85.

In Figure 4.30 the second order potential contribution is shown calculated with the direct and indirect method.
As also explained in Figure 4.29 the moments computed by the different approaches, are converged, which is
expected for finer discretization [19].

In this section the differences in the quadratic transfer function calculated with two software packages are
discussed. The influence of the dominance of specific contributions on the roll response spectrum is not
discussed in this section, but will be incorporated in the discussion of the next section.

4.7. INFLUENCE SECOND ORDER CONTRIBUTIONS ON LOW FREQUENCY QUADRATIC

TRANSFER FUNCTION
In DIFFRAC the option is available to plot the contributions of the quadratic transfer function separately.
Consequently it is possible to determine which of the contributions is dominant in the quadratic terms of the
quadratic transfer function in contrast to the previous section. In Figure 4.32 the amplitude transfer function
is plotted. Secondly in Figure 4.33 the in-phase component (P ) of the transfer function is shown. Lastly in
Figure 4.34 the out-of-phase component (Q) of the transfer function is presented.
The quadratic transfer function presented in Figures 4.32, 4.33 and 4.34 are calculated relative to the hydro-
dynamic origin (CoH). The contributions are plotted separately and the total quadratic transfer function is
indicated. First the quadratic transfer functions are presented, thereafter the results are discussed.
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Figure 4.32: The amplitude of the quadratic transfer function calculated in CoH by DIFFRAC for roll with incoming waves of 270±. All
contributions of the quadratic transfer function are shown.
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Figure 4.33: The in-phase component of the quadratic transfer function calculated in CoH by DIFFRAC for roll with incoming waves of
270±. All contributions of the quadratic transfer function are shown.
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Figure 4.34: The out-of-phase component of the quadratic transfer function calculated in CoH by DIFFRAC for roll with incoming waves
of 270±. All contributions of the quadratic transfer function are shown.
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4.7.1. DISCUSSION

Figure 4.32 shows that the first, second and fifth contributions are the most important terms in the quadratic
transfer function for roll in beam waves. In frequency range 0.3 . ! . 0.9 rad/s the second contribution is
dominant. In the higher frequency range (1.0 .! . 1.85 rad/s) the fifth second order potential contribution is
dominant. In between these ranges the first contribution is dominant in range 0.9 .! . 1.0 rad/s. From Figure
4.33 and 4.34 it can be noted that the first contribution originated only from the out-of-phase quadratic trans-
fer function. The reason that there is no influence of the first contribution in the in-phase transfer function is
that the reference point is located in the waterline. The influence of the relative wave height contribution is
zero in this situation. If the moments are calculated in the centre of gravity the quadratic transfer functions
change. The transfer functions in the CoG for roll are presented in Appendix B.1.1 on page 98. Especially
the in-phase component of the quadratic transfer function is more influenced by the first contribution of the
second order moment as is shown in Figure B.6.

The second order motions in the vertical plane (heave, roll and pitch) have not been investigated by many
research groups. Pinkster did calculate the influence of the separate contributions on the mean longitudinal
drift force of a semi-submersible in head waves [12]. However the focus of this thesis is on the roll motion of
a semi-submersible, it is interesting to compare the the two studies in order to see if Pinkster’s findings also
apply on the Sleipnir. In Figure 4.35 and 4.36 the contributions of the mean surge drift force in head waves,
calculated by respectively Pinkster and by WAMIT, in this research, are presented. Pinkster concluded that
the first contribution due to relative wave elevation is dominant in all cases. The second contribution, due
to the pressure drop as a consequence of the fluid velocity, is in direction opposite to the first contribution.
The third and fourth contribution are generally less important [12]. The fifth contribution is zero because the
mean drift force is plotted. In the mean force there is no influence of energy in wave groups because µ = 0, !1
= !2. Pinkster’s conclusions stated above are also applicable on the findings in this research in Figure 4.36.
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Figure 4.35: Different components of mean surge drift
force in head waves [12].
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In Pinkster’s work the influence of the five contributions of the second order drift forces on a semi-submersible
in the horizontal plane are shown. In more recent work Matos et al discusses different options for modeling
second order hydrodynamic forces and induced motions [7]. The methodology in this research in partly
based on their work. Matos et al make distinction between the quadratic terms (first four contributions)
and the second order potential term (fifth contribution) of the quadratic transfer function calculated by
WAMIT. These contributions are discussed in the previous section for this research. The significant influ-
ence of the second order potential contribution in the higher frequency range on the transfer function of a
semi-submersible, as shown in this research for roll, can also be found in their work for pitch.

The second order potential is related to the low frequent wave, with difference frequency µ, induced by the
presence of wave groups. Voogt et al showed that a semi-submersible can take on a steady list angle caused
by vertical drift forces in regular head waves [1]. However this phenomenon is not studied in this research
Voogt et al state that the roll response can be severely increased if the frequency of wave groups is close to the
natural frequency of roll. In other words this means that although the natural roll frequency is far removed
from the normal wave frequencies and therefore roll motions resulting from normal waves will be small, roll
may be severely increased due to the natural frequency of wave groups. A quote from the last paragraph of
the article of Voogt et al [1]:
" The challenge for the naval architect is to configure the hull so that the natural periods of the pitch and
roll fall between the period of wave groups and the waves themselves and to ensure that the more obscure
vertical wave drift forces are not creating other problems."
This research about the roll motions of the Sleipnir shows that the natural roll frequency of 0.16 rad/s is
located in a frequency range in which the energy of wave groups may cause a substantial increase of roll mo-
tions. It must be noted that this effect depends on the specific sea state. In this research sea state one: Hs =
1.5 m, Tp = 7 s, sea state two: Hs = 1.5 m, Tp = 12 s and sea state three: Hs = 3.0 m, Tp = 7 s are tested. It is
shown that especially in sea state three the roll motions are increased by second order effects.

In order to show the dependency of the roll response motion on the specific sea state the second order mo-
ment spectra for the tested sea states are presented in Figure 4.37 and 4.38. In Figure 4.37 the second order
moment spectra are presented calculated with the total, quadratic and potential quadratic transfer functions.
In Figure 4.38 the second order moment spectra are shown calculated with the total and all separate contri-
butions of the quadratic transfer functions. In both figures it is clear that sea state two shows a different
behaviour comparing with the other two sea states. The moment spectrum is more dependent on only the
quadratic terms (Figure 4.37) of the transfer function then in the other sea states. In Figure 4.38 it is shown
that especially contribution two, due to the pressure drop as a consequence of the fluid velocity, causes this
different behavior in the low frequency range. It must be clear that dependent on the period of a sea state dif-
ferent contributions of the quadratic transfer function (see Figure 4.32) will be dominant in the second order
moment spectrum and therefore also in the roll response motion. Contributions I, II and V are dominant in
the tested sea states, as can be seen in Figure 4.38.
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Figure 4.37: Second order moment spectra for the three tested sea states. The spectra are calculated with the total, quadratic and second
order potential quadratic transfer function for roll with incoming waves of 270±. It can be seen that the influence of the contributions
differ per sea state.
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Figure 4.38: Second order moment spectra for the three tested sea states. The spectra are calculated for the total and all contributions
of the quadratic transfer function for roll with incoming waves of 270±. It can be seen that the influence of the contributions differ per
sea state.
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4.8. TIME DOMAIN STUDY
The computer program aNySIM is used to simulate the motions of the Sleipnir in the time domain. In the
time domain simulations with aNySIM a linear and quadratic damping term can be included. The linear and
quadratic damping terms are calculated with the p and q values obtained from the still water decay test at
MARIN (Figure 1.2).
First the decay test are simulated and validated with the measured still water decay test results. Secondly the
model test with sea state Hs = 3 m, Tp = 7 s is simulated using the damping values found in the decay sim-
ulations. The model test is simulated with different wave trains as input. Wave trains measured at the wave
probes WAVECL, WAVE180 and WAVE270 during the wave calibration tests and during model tests have been
investigated. Furthermore time simulations using the JONSWAP with different wave seeds are performed.
Lastly the the roll response spectrum is calculated from the time domain simulations and compared with the
roll spectrum of the measured roll time traces. The chapter concludes with a discussion about the results.

4.8.1. DECAY TEST SIMULATION
In Figure 4.40 the results of the simulated decay tests are presented. For each mode the simulation is validated
with the time trace of the measured roll decay tests. It can be noted that for all modes the damping is correctly
simulated however the natural frequency of the simulations differ with de measured natural frequencies. In
Figure 4.40 it can be seen that only the roll natural frequency is ’tuned’ by changing the roll radius of gyration.
The model tests have been simulated with the decay test results of Figure 4.40. The results of the model tests
simulations are presented in the next section.
In an ideal situation all the decay tests should be tuned on damping and natural periods. However due to time
limitations this has not been done in this research. The roll motion and sway motion are coupled. Therefore
the period of the sway motion is also tuned for a second model test simulation. The sway period is tuned by
chancing the spring stiffness of the four soft mooring lines using [18]:

Cy y =
4X

i=1

T0i

L0i

·cos2Æi + ci sin2Æi (4.1)

in whichÆi the angle of the soft mooring line with respect to the centre line of the vessel [deg], ci the stiffness
of line i [kN/m], L0i the stretched line i in equilibrium position [m], T0i the pretension in line i [kN]. The initial
sway stiffness of 535 kN/m is changed to 527 kN/m (-1.5%) in order to match the natural period of sway in the
decay test. The natural period changed from ª 175 s to ª 180 s which is a -3 % change. The result is shown
in Figure 4.39. The rest of the model test simulations have the same settings as the first simulation except for
the matched sway period.

Figure 4.39: Still water decay test simulation for sway. The sway period is matched with the measured decay test by changing the sway
stiffness.
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Measured:  𝑇଴ ~ 150 𝑠 
Simulation:  𝑇଴ ~ 146 𝑠 

Measured:  𝑇଴ ~ 175 𝑠 
Simulation:  𝑇଴ ~ 180 𝑠 

Measured:  𝑇଴ ~ 21.6 𝑠 
Simulation:  𝑇଴ ~ 21.5 𝑠 

Measured:     𝑇଴ ~ 40.0 𝑠 
‘Un-tuned’ Simulation:   𝑇଴ ~ 38.8 𝑠 

Measured:  𝑇଴ ~ 24.5 𝑠 
Simulation:  𝑇଴ ~ 24 𝑠 

Measured:  𝑇଴ ~ 100 𝑠 
Simulation:  𝑇଴ ~ 99 𝑠 

Figure 4.40: Still water decay test simulation validated with the measured decay results performed at MARIN. The simulations are the
red line and the blue line indicates the measurements. All modes are simulated. The linear and quadratic damping term calculated
from the p and q values obtained from the still water decay test at MARIN are used for the simulation. It must be noted that only the
simulated natural period for roll is tuned (with the roll radius of gyration) and matches with the measurements. The natural periods of
the simulated and the measured decay tests are indicated in the figures.
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4.8.2. MODEL TEST SIMULATION
In this section the results of the model test simulations are presented. First the results of the model test sim-
ulation without a tuned still water sway decay simulation is presented followed by the simulation with the
tuned sway period. These two simulations are performed using the wave time trace measured at wave probe
WAVECL during the wave calibration tests (see Figure 2.3 in Chapter 2). Before the results are discussed it
must be noted that based on the decay test simulations the damping seems to correspond well with the mea-
surements.
In Figure B.21 the model test simulation for sea state three (Hs = 3 m, Tp = 7 s) is presented for the roll and
sway motion response. Only the decay test of roll is tuned for this simulation. In Figure B.21 it is visible that
the amplitude and phase of the simulated and measured time traces are more or less in agreement in a time
range of 0 . t . 4500 s. In Appendix B.2.1 a more extensive overview is given in which time ranges the roll
simulations and measurements are in agreement.
In Figure B.21 also the sway motion is plotted versus time. It can be seen that the group behaviour of the sway
motion of the simulation shows similarities with the group behaviour of the sway motion of the measure-
ments. However the amplitude and phase do not match in many time ranges. Therefore it can be argued that
if the decay test of sway is tuned in damping and period, the model test simulation would result in a better
agreement with the measurements for sway.
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Figure 4.41: Time simulation for the roll and sway motion compared with MARIN model test 803004, sea state Hs = 3 m and Tp = 7 s,
beam waves. Only the roll decay test is in agreement with the measurements in this simulation. Wave train of WAVECL has been used as
input for the simulation.
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In Figure 4.42 the results of the second model test simulation are presented for sway and roll. For this simu-
lation first the sway and roll decay tests are simulated in agreement (tuned) with the measured decay tests as
shown in Figure 4.39 and 4.40. Considering the roll motion in Figure 4.42 it can be seen that the simulation
does match better in amplitude and group behaviour than the previous simulation in a time range of 0 . t .
3500 s. However from 3500 s the amplitude and group behaviour of the roll simulation are in very pour agree-
ment with the measurements. So in the largest part of the time range the simulation does not match with the
measurements. In Appendix B.2.1 at page 123 a more extensive overview is given in which time ranges the
roll simulations and measurements are in agreement.
The sway motion simulation in Figure 4.42 seems to be more or less in agreement with the measurements in
the time range of 0 . t . 2100 s. However after this time the amplitude, phase and group behaviour of the
sway motion are in pour agreement with the measurements.
It can be concluded that a change of ª3% in sway period has a significant influence on the sway and roll sim-
ulation. This is more clearly in the motion response spectra, of the presented results, discussed in the next
section.
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Figure 4.42: Time simulation for the roll and sway motion compared with MARIN model test 803004, sea state Hs = 3 m and Tp = 7 s,
beam waves. The roll and sway decay tests are in agreement with the measurements in this simulation. Wave train of WAVECL has been
used as input for the simulation.
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ROLL AND SWAY MOTION SPECTRA

In Figure 4.43 the roll and sway spectra of the time domain simulations, presented in the previous section,
are shown. The spectra of the measured motions, the model test simulations with and without sway ’tuning’
are shown.
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Figure 4.43: Spectral Density of low frequency roll and sway motion response. The spectra of the measured motion, the model test
simulations with and without sway ’tuning’ is shown. Model test 803004 is simulated with a sea state Hs = 3 m and Tp = 7 s in beam
waves.

In Table 4.13 the zero order moment, the variance and the most probable maximum of the total response
spectrum are presented for roll and sway. It can be concluded that a small change in sway period result in a
significant change in roll response spectrum. It could be questioned if the phase has a influence on the roll
response spectrum. In the next section the phase is subject of research.

m0,¡
[deg2]

æ¡
[deg]

¡max
[deg]

m0,y
[m2]

æy
[m]

ymax
[m]

Modeltest 803004 0.24 0.49 1.81 2.72 1.65 6.13
aNySIM without sway ’tuning’ 0.16 0.41 1.53 2.52 1.59 5.90
aNySIM with sway ’tuning’ 0.12 0.34 1.28 2.83 1.68 6.26

Table 4.13: aNySIM simulations compared with measured model test 803004. Wave train of the calibration tests at WAVECL is used for
the simulations. The zero order moment, variance and most probable maximum are presented for roll and sway.
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PHASE OF THE INCOMING WAVE WITH RESPECT TO THE PHASE OF THE MOTIONS OF THE MODEL

It must be noted that the wave train used for the model test simulations in the previous sections is not the
wave train which was actually present in the basin during model tests. During the wave calibration tests the
wave train is measured with three wave probes at WAVECL, WAVE180 and WAVE270 (see Figure 2.3 in Chapter
2). The wave probe WAVECL can not be used during model tests because than the model is located at that
position. However the waves are measured at the wave probes WAVE180 and WAVE270 during the wave cali-
bration tests and during the model tests. Therefore the wave time traces measured during the model tests and
during the calibration tests can be compared. The comparison of the time traces at WAVE180 and WAVE270
for all three tested sea states is presented in Appendix B.2.4. The WAVECL time trace which is used for the
time domain simulations is shown in Figure B.31 on page 132. However, comparing the time traces from
WAVE180 and WAVE270 in the same figure, it is seen that the phase of the measured waves differs from an
early stage of the tests. Therefore it can be argued that it will be very complicated to simulate the responses
exactly in agreement with the measurements while using the wave train at WAVECL. In order to investigate
the influence of the other measured wave trains on the motion response also model test simulations are per-
formed with the wave trains of WAVE180 and WAVE270. The results of the time simulations can be found in
Appendix B.2.3 on page 128. The roll time traces are shown in Figure B.27. The sway motion time traces are
presented in Figure B.28.
However it must be realized that there will be wave reflections due to the presence of the model. Therefore
the measured wave trains at WAVE180 and WAVE270 not only consist of information about the wave height of
the incoming exciting waves, but a combination of the incoming and reflected waves. Especially the wave at
WAVE270 will consist of more energy because of the reflections due to the fact that the wave probe is located
at port side (direction of incoming waves) of the vessel (see Figure 2.3 in Chapter 2). This phenomenon is
visible in the wave spectra from WAVECL, WAVE180 and WAVE270 in Figure B.34 at page 135.

In Figure 4.44 the roll and sway spectra of all simulations described above are plotted. The zero order mo-
ment and variance are shown in Table 4.14. A distinction is made for the low frequency response and the high
frequency (wave frequency) response. In Figure 4.44 only the low frequency response is shown. As expected
the response calculated with the wave train from WAVE270 contains sufficient more energy than the other
simulations. The roll response spectrum of the simulation using the model test WAVE180 wave train is in
best agreement with the measurements. The wave spectrum of WAVE180 from the model tests as shown in
Figure B.34 on page 135 shows a different phasing in comparing with WAVECL and WAVE180 from the cali-
bration tests. The phase of the wave train measured at WAVE180 during model tests, the actual wave during
model tests, is expected to more accurate than the WAVECL wave train. However the zero order moment of
the wave spectra of the model test WAVE180 is 1.6 deg2 and for WAVECL 1.3 deg2. Thus the wave spectrum of
the model test WAVE180 consists, apart from a different phasing, of more wave energy (probably due to partly
reflected waves) in comparison with the spectra measured during calibration (Figure B.34). In other words
the better agreement, in comparison with the measurements, of the simulation with wave train WAVE180 can
not purely be assigned to the different phasing in comparison with the simulation with wave train WAVECL.
In order to investigate the influence of the phase on the roll motion response the JONSWAP spectrum is used
for time simulations.

In order to investigate the influence of phasing of input wave spectra on the roll motion response, ten time
simulations are performed using a JONSWAP spectrum with different wave seeds. The results of this sensi-
tivity study are presented in Appendix B.25 on page 125. In Figure B.25 the time traces of the roll response
simulations can be found. The low frequency roll response spectra are presented in Figure B.26. Lastly the
statistical analyses on these response spectra are shown in Table B.26 on page 127.
The ten simulations resulted in a mean zero order moment of 0.12 deg2 with an error of ± 0.02 deg2 and a
mean variance of 0.34 deg with an error of ± 0.02 deg. The error analyses for small data sets is used as ex-
plained in Appendix F. It can be concluded that the phase of input sea state influences the motion response
spectra. However, the difference in roll statistics of the simulation with the calibrated wave train and the
measured roll response can not be blamed to only a phase difference, based on the performed sensitivity
study.
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Figure 4.44: In this figure the roll and sway motion response spectra of model test simulations are compared with the measured motion
response spectra. Simulations with different wave trains are performed. The wave train obtained during the calibration tests at WAVECL
are used. Furthermore the wave trains measured during model tests at WAVE180 and WAVE270 are used for simulations.

Total Total Total
Low

Frequency
Low

Frequency
Low

Frequency
High

Frequency
High

Frequency
High

Frequency

m0
[deg2]

æ
[deg]

MP M
[deg]

m0
[deg2]

æ
[deg]

MP M
[deg]

m0
[deg2]

æ
[deg]

MP M
[deg]

Roll Model test 803004 0.248 0.498 1.852 0.247 0.497 1.849 0.002 0.047 0.174
aNySIM Roll without Sway ’tuning’
time trace CWAVECL

0.168 0.410 1.527 0.158 0.397 1.477 0.011 0.104 0.386

aNySIM Roll with Sway ’tuning’
time trace CWAVECL

0.119 0.345 1.284 0.115 0.339 1.259 0.004 0.061 0.227

aNySIM Roll with Sway ’tuning’
time trace MWAVE180

0.177 0.421 1.567 0.173 0.416 1.548 0.004 0.061 0.226

aNySIM Roll with Sway ’tuning’
time trace MWAVE270

0.299 0.547 2.035 0.292 0.540 2.010 0.006 0.077 0.287

Sway Model test 803004 2.719 1.649 6.135 2.703 1.644 6.116 0.011 0.107 0.397
aNySIM Sway without Sway
’tuning’time trace CWAVECL

2.520 1.587 5.905 2.503 1.582 5.885 0.017 0.129 0.479

aNySIM Sway with Sway ’tuning’
time trace CWAVECL

2.982 1.727 6.424 2.810 1.676 6.236 0.017 0.130 0.484

aNySIM Sway with Sway ’tuning’
time trace MWAVE180

3.096 1.760 6.546 2.928 1.711 6.365 0.017 0.131 0.489

aNySIM Sway with Sway ’tuning’
time trace MWAVE270

6.434 2.537 9.436 5.923 2.434 9.054 0.022 0.148 0.549

Table 4.14: Zero order moment, variance and most probable maximum (in a 3 hours storm) of the total, low frequency (LF) and high
or wave frequency (HF) part of the response spectra. (Low frequency part for roll is calculated for range 0<!<0.4 rad/s. Low frequency
part for sway is calculated for range 0<!<0.5 rad/s. High frequency part for roll and sway is respectively calculated for 0.4<!<2 rad/s and
0.5<!<2 rad/s.)
The M or C before WAVE indicates if the wave train is measured during model tests or calibration tests.
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DISCUSSION

First the decay tests have been simulated using the linear b(1) and quadratic b(2) term obtained from the
MARIN still water decay tests. The comparison between the decay test simulations and measurements gives
confidence that the damping is in the correct order of magnitude as shown in Figure 4.40. Using the harmonic
linearization technique the used damping terms correspond to a added equivalent viscous damping ratio of
ª = 0.5 %.

The above damping is used in the first model test simulation of model test 803004 with sea state Hs = 3m
and Tp = 7s in beam waves, see Figure B.21. The model test simulation seems promising considering the roll
amplitude. However the ’roll group’ behaviour does not correspond with the measurements after º 4500 s.
Similar statements can be made for the sway motion for this simulation. However the amplitude of the sim-
ulation is less in agreement with the measurement in comparing with the roll motion. This is also shown in
Figure 4.43.
Comparing the measured and simulated (without sway tuning) roll spectra, shown in Figure 4.43 and Table
4.13, it can be noted that the peak is in the correct order of magnitude. This could mean that the used linear
b(1) and quadratic b(2) damping values to predict the hight of the peak are in agreement with the measured roll
motion spectrum in the frequency domain. This would be very convenient for the reason that the estimation
of the damping values, based on the p and q values obtained from still water decay tests, would be sufficient
in order to simulate the model test roll motions in good agreement with measurements. However more sea
states should be simulated and compared with the measurements in order to test if such statements hold.
Furthermore it is noticed that the simulated spectrum ’misses’ some energy comparing with the measured
spectrum. This could be caused by the fact that not all natural frequencies are matching in the simulations of
the decay tests as can be seen in Figure 4.40.
Based on the above statements and the fact that roll and sway are coupled motions another model test simu-
lation is performed. First the sway decay test is ’tuned’ in order to correspond with the measured sway decay
test. This has been done by changing the soft mooring line stiffness as shown in Figure 4.39.

Although the ’matching’ sway and roll decay tests settings have been used for the second model test sim-
ulation (see Figure 4.42), the roll and sway motion time traces do agree less with the measurements then the
previous simulation. In the time range 0 . t . 3500 s the roll time trace is in good agreement with the ampli-
tude but especially with the roll ’group behaviour’ comparing with the measurements. However considering
the whole time range the amplitude of the roll time trace is less in agreement with the measurements as the
previous model test simulation. This is clearly visible in Figure 4.43.
The sway motion of the simulation is not in good agreement with the measurements. Not only the sway
amplitudes but also the group behaviour of the sway motion is not corresponding with the measured sway
motion.
It can be stated that the energy in the roll motion in the time domain is sensitive to changes in the natural
period of the coupled sway motion (see Figure 4.43). Besides sway also heave is a coupled with the roll mo-
tion. Tuning the heave decay test could therefore result in a better agreement in the model test simulations
comparing with the measurements. However in Figure 4.40 it can be seen that the period of the heave decay
test simulations are in better agreement with the measurements then the initial sway decay simulations.

In general it can be noted that further investigation on the time domain simulations of the model is needed.
It can be stated that the energy in the roll motion in the time domain is sensitive to changes in the natural
period of the coupled sway motion (see Figure 4.43). Therefore it is recommended to exactly ’tune’ the decay
test simulations for every mode on period and damping comparing with the measurements. The sway period
is tuned in the decay tests before performing a second model test simulation (see figure Figure 4.39 and 4.42).
In order to conclude the discussion about the performed time domain simulation two main statements need
to be considered for further research. First it must be clear that time domain simulations provide information
about phasing of the response motions in contrast to the frequency domain study performed in this research.
So not only the calculated force and added viscous damping but also the phasing of the motions must be part
of the discussion. In this study the force or moment calculated with WAMIT and DIFFRAC is assumed to be
correct for a fine discretized hull model and is not investigated nor validated in this report. The linear and
quadratic damping terms are considered to be validated during the simulations of the still water decay tests,
see Figure 4.39 and 4.40. Therefore it can be argued that missing energy in the best simulated roll response
spectrum (with sway tuning) compared with the measured roll response spectrum (Figure 4.43) is caused by
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the phasing of the motions with respect to the phase of the waves. In other words the location of the model
in the wave field is important regarding the wave excitation.
Moreover roll is a coupled motion with heave and sway. Therefore considering roll the phase of all these three
motions regarding the phase of the exiting waves must be correctly simulated in order to match with the mea-
surements. This seems not to be the case in the performed time simulations in Figure B.21 and 4.42.

Lastly, Figure 4.45 is presented. In this figure all performed simulations, in the frequency and time domain,
of sea state three have been plotted. The error in zero order moment caused by solely a phase difference is
indicated. Note that all time domain simulations are performed with one damping level, the damping level
found in the decay simulations tests. It must be concluded that the error, caused by the phase, is probably not
responsible for the big difference in zero order moment between the measurements and the WAVECL time
simulations. In order to investigate if the roll statistics can be improved, model tests with different seeds can
be performed.
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Figure 4.45: Sea state Hs = 3m, Tp = 7s. The influence of the added viscous damping ratio (ª = b/bcr i t ) on the zero order moment of the
roll motion response spectrum is plotted. The results of the frequency domain are shown and compared with the time domain results.
Frequency domain: The roll response spectrum is calculated making use of the theoretical JONSWAP wave spectrum and all the mea-
sured wave spectra during calibration tests and model tests.
Time domain: The zero order moment of the simulations using wave trains from measured at CWAVECL, MWAVE180 and MWAVE270
roll response are plotted. The time simulations using the JONSWAP spectrum with different seeds is also plotted. The spreading in the
JONSWAP simulations is indicated.
The zero order moment of the measured roll response spectrum of MARIN test 803004 is indicated. As well the predicted equivalent
damping using stochastic linearization.
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5
CONCLUSIONS AND RECOMMENDATIONS

In this chapter the conclusions of this master research about the low frequency second order roll of the Sleip-
nir are presented. First the conclusions (•) and recommendations (r)) are presented for the complete study.
Thereafter the answers to the research question are described. The second order roll problem is put in per-
spective. Lastly the conclusions and recommendations are repeated in the last two sections.

During model tests at MARIN roll motions, excited by second order wave forces, have been measured for
three tested sea states. The aim of this research is to predict this second order roll response motion with the
use of a frequency domain simulation method and a time domain simulation method. In order to set up both
simulation methods the first and second order forces are approximated with the use of potential theory. The
software packages WAMIT and DIFFRAC, based on potential theory, are used for the calculations.
The calculated first order forces, hydrodynamic coefficients and second order forces are used to define a first
order roll moment spectrum, a second order roll moment spectrum and a moment transfer function. These
are the requisite ’ingredients’ in order to calculate the roll response spectrum in the frequency domain. First
refinement studies have been performed on variables which influence mainly the calculation of the first and
second order forces, which therefore influence the calculation of the roll response spectrum. The investigated
variables are the panel size of the discretized geometric hull shape of the Sleipnir, the frequency resolution in
the force calculation and the additional viscous damping terms.

5.1. REFINEMENT STUDIES
The panel size of the discretized geometric hull shape of the Sleipnir influences the results of the calculation of
the first and second order forces. First is investigated for which panel size the calculated forces are converged
(see Section 4.2).

• It is concluded that the calculated forces and moments are converged for a discretized hull model with
9892 panels. The panels at the columns of the model consist of stretched panels to the waterline (see
Figure 3.2). The panels at the waterline are 3.44 m in length and 0.64 m in height.

It must be noted that the calculated forces and moments using potential theory are not validated with mea-
surements. The calculation of the forces are compared with a calculation using a very fine panel grid size
(NSCVfine model with 22338 panels). It is assumed that this calculation approximates the first and second
order forces and moments in best agreement with reality. The validation of the calculated forces and mo-
ments is not investigated further in this research. Though the drift forces in the vertical plane have not been
researched extensively in the past, therefore it would be very interesting to validate the calculated vertical
drift forces with measurements.

r) Perform a validation study on the vertical drift forces, calculated with potential theory, compared
with measurements.

Secondly in Section 4.3 the influence of the frequency resolution on the calculation of the roll response spec-
trum is investigated.

• It is concluded that the roll moment spectrum is converged for a frequency resolution of 0.025 rad/s.
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The potential flow method assumes the fluid to be ideal, irrotational and viscous effects are neglected. In
potential flow calculations (using WAMIT and DIFFRAC) viscous effects can be accounted for by additional
(viscous) damping terms. The influence of the additional viscous damping terms on the calculation of the
roll response spectrum is investigated in Section 4.4. The added viscous damping terms can be incorporated
in the calculation of the second order forces and in the calculation of the moment transfer function.

• The potential damping is a fraction of 0.001% of the critical damping.

• Although the added viscous roll damping term effects the calculated quadratic roll transfer function,
the second order roll moment spectrum is not significantly influenced by the added viscous damping.

• Due to the small amount of potential damping, the viscous damping is dominant in the calculation of
the moment transfer function.

• The roll motion response spectrum is dominated by the amount of viscous damping added in the cal-
culation of the moment transfer function.

The refinement studies are closed with a recommendation. It must be realized that the second order drift
moment spectrum and the moment transfer function are calculated with uncoupled first and second order
variables. The uncoupled second order response amplitude operator (RAO) is used in order to determine the
second order drift force spectrum. The WAMIT output consist of a coupled second order response amplitude
operator (.16d-file). Matos et al showed that the second order response amplitude operator, decreases in
amplitude for heave and pitch, when calculated for coupled motions [7]. The moment transfer function is
calculated, making use of the uncoupled added mass and uncoupled potential damping matrices.

r) It is recommended to use the coupled second order response amplitude operator and coupled
added mass and potential damping matrices in order to define respectively the moment drift
spectrum and moment transfer function.

5.2. FREQUENCY DOMAIN SIMULATION STUDY
The results of the refinements studies have been used in order to investigate the roll response spectra cal-
culated for the three tested sea states. The roll response spectra for every tested sea state are calculated for
different added viscous damping ratios as presented in Section 4.5. The zero order moment of the calculated
roll response spectra is compared with the zero order moment of the measured roll response spectrum. Em-
pirical values for the (linear) equivalent added viscous damping are obtained from this comparison in Figure
4.20, 4.21 and 4.22.

• In order to obtain a roll response spectrum with similar roll energy as measured for sea state one (Hs
= 1.5 m, Tp = 7 s), a linear equivalent damping ratio of ª = 0.39 % is needed in the frequency domain
calculation.

• In order to obtain a roll response spectrum with similar roll energy as measured for sea state two (Hs
= 1.5 m, Tp = 12 s), a linear equivalent damping ratio of ª = 0.95 % is needed in the frequency domain
calculation.

• In order to obtain a roll response spectrum with similar roll energy as measured for sea state three (Hs
= 3.0 m, Tp = 7 s), a linear equivalent damping ratio of ª = 0.75 % is needed in the frequency domain
calculation.

In the figures in this Section also predicted equivalent damping values are indicated. In the frequency domain
roll motion simulation method, the viscous damping is incorporated with a linearized equivalent damping
term. In Section 4.1 three (partly mathematical) methods in order to predict a linearized viscous damping
term are presented. The harmonic and stochastic linearization method use the p and q values obtained from
the still water decay tests performed at MARIN. Furthermore the linearized roll damping is predicted from
the measured roll response spectra using the half-power bandwidth method. From Figure 4.20, 4.21 and 4.22
can be concluded that:

• The harmonic and stochastic linearization techniques under predict the damping of the roll response
in comparison with the measurements for sea state two and three. In sea state one the linearization
methods predict the damping of the roll response in agreement with the measurements.
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• The half-power bandwidth method over predicts the damping in sea state one and under predicts the
damping in sea state two. In sea state three the method predicts the damping of the roll response in
agreement with the measurements.

It must be mentioned that the harmonic and stochastic prediction methods use the p and q values obtained
from still water decay test results. In still water there are no orbital velocities due to the absence of waves. The
damping is related to the fluid velocity and therefore the orbital velocities could cause for additional damp-
ing of the global motion of the vessel. In the model tests simulations, the still water decay p and q values are
used, therefore the damping is expected to be underestimated. This underestimation due to the still water p
and q values is not been investigated in this research.
The half-power bandwidth method is a rough damping estimation method which is highly sensitive for spec-
tral resolution. Furthermore the results of this estimation technique provide strictly speaking not purely in-
formation about the damping but about the damping and excitation combined. Therefore the damping is
expected to be overestimated (see Section B.1.4). The half-power bandwidth results are not used for further
analyses.

An advantage of the frequency domain simulation method is the simplicity in application. Using the fre-
quency method it is ’relatively’ simple to calculate the roll motion responses. van ’t Veer showed that im-
plementing the stochastic linearization technique, which is dependent on the variance of the roll velocity
spectrum, is applicable for every (user specified) sea state [11]. The calculation scheme of this process, which
is applicable on the calculation of first order motions, is presented in Figure 4.23. In Figure 4.24 a calculation
scheme applicable for the calculation of second order motions is proposed.

r) The validation of the second order calculation scheme, including the stochastic linearization tech-
nique, has not been performed and is therefore recommended.

There are two main disadvantages of the frequency domain simulation method. Firstly the viscous damping
can only be incorporated with a linearized equivalent damping term. Secondly the frequency domain simu-
lation method provides no information about the phase of the calculated motions. In this research it is shown
that the linearization of the viscous damping causes an over estimation of the simulated roll response spectra
compared with the measured roll response spectrum, for two of the tested sea states. In other words the lin-
earization techniques, which are used in order to determine an equivalent damping term, underestimate the
actual viscous damping term for two of the three tested sea states. The underestimation of the damping, us-
ing the stochastic linearization technique proposed by Borgman, is also found in other research (see Section
4.1, [24]). In this research correction measures on the linearization method are applied.

r) An interesting future research topic would be to investigate if the correction measures, suggested
in earlier research, also apply on the linearization of the viscous damping of the Sleipnir.

Because the Sleipnir is a very low (potential or wave) damped system it is important to accurately predict the
viscous damping term. The linearization of the viscous damping is concluded to be a big source of inaccu-
racy in the roll motion simulations. However the linearization of damping is not necessary in time domain
simulations. Furthermore the time domain simulation method provides information about the phase of the
motions.

5.3. TIME DOMAIN SIMULATION STUDY
In the time domain simulation method the non linear viscous damping can be incorporated making use of
a linear and quadratic viscous damping coefficient. The still water decay tests, performed at MARIN, are
simulated and compared with the measurements. From Figure 4.39 and 4.40 it can be concluded that:

• The damping in still water decay test simulations is in very good agreement with the measurements.

The damping coefficients, found in the decay test study, are used for the model test simulations. First the
model test is simulated using the wave train measured during wave calibration tests of sea state three (Hs = 3
m, Tp = 7 s).

• It is found that, without changing the wave input, a ª3% change in sway period causes a ª25% change
in zero order moment of the roll response (Figure 4.44 and Table 4.13).
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This indicates that the amount of roll energy is (very) sensitive to the phase of the motion with respect to the
phase of the incoming wave. In other words, the change in sway period causes a different location in the wave
field, which effects the phase of the (coupled) roll motion with respect to the incoming waves. Therefore,

r) it is recommended to also ’tune’ the heave decay test simulation in Figure 4.40.

Due to the sensitivity for the location of the model in the wave field, it should be noted that the above time
simulations have been performed with the wave train measured during wave calibration tests. Ideally, the
generated waves during calibration tests and during model tests would be exactly equal. The measured wave
time traces and wave spectra are compared in Section B.2.4. Between the wave time traces, measured at the
same wave probe during model tests and calibration tests, exist differences. In order to investigate the influ-
ence of these different wave trains, simulations are performed using the wave trains measured during model
tests. It must be realized that these wave trains are measured at a location in the basin next to the model
(see Figure 2.3). Therefore the measured wave trains during model tests (especially at WAVE270) are ’con-
taminated’ with wave reflections caused by the presence of the model. However the model tests have been
performed with long crested waves. Therefore the wave train at WAVE180 should consist of more accurate
phase information about the actual wave during model tests then the calibrated wave train. As a possible
result of the statement in the previous sentence, it is shown, in Figure 4.44 and Table 4.14, that:

• The model test simulation with the wave train measured at WAVE180 during model tests is in best
agreement with the measurements.

It must be noted that this better agreement could on one hand, originate from more accurate phase informa-
tion of the wave train. On the other hand the better agreement could originate from the increased measured
wave amplitude due to reflections, which is more plausible. This increase in measured wave amplitude will
cause an increase in motion responses. There is not enough information, from the measurements performed
at MARIN, to investigate the wave energy propagation or in other words the wave reflections.

r) In order to study the wave energy propagation, the wave height could be measured on more spec-
ified locations during future model tests.

In order to investigate the influence of the phase on the roll response, a phase sensitivity study is performed.
Ten model test simulations are performed using a JONSWAP spectrum with different wave seeds. The wave
seeds provide a random phase to the waves in the spectrum. This study resulted in a mean zero order roll mo-
ment of 0.12 deg2 with an error of ± 13%. These zero order values correspond with a mean maximal probable
roll angel (in a 3 hours storm) of 1.28 (± 7 %) deg. It can be concluded that the phase does have a significant
influence on the roll motion response. However, the better agreement, of the model test simulation with wave
train MWAVE180 compared with the measurements, is more likely to originate from the added wave energy
due to reflections. It would be very interesting to validate the aNySIM simulation with different wave seeds
with model tests.

In the time domain simulations, as also in the frequency domain simulation method, the still water p and q
values have been used. The still water decay test simulations are in good agreement with the measurements
(Figure 4.40). The model test simulations have been performed with the still water damping constants. In
Figure 4.44 the mismatch in roll response between the simulations and measurements can still be assigned
to the lack of damping information of the orbital velocities of waves. However this would mean, in the case
of the time simulations, that the still water p and q values do over predict the viscous damping in waves. This
seems unrealistic, but therefore:

r) It is recommended to investigate the influence of orbital velocities on the viscous damping terms
of the Sleipnir.

INFLUENCE OF SECOND ORDER CONTRIBUTIONS ON THE QUADATIC TRANSFER FUNCTION

In Section 4.6 the first and second order calculations performed with WAMIT and DIFFRAC are compared.
Although the calculated first and second order forces show similar behaviour, it is concluded that:

• The first and second order output of WAMIT and DIFFRAC, while using identical input variables, do
not correspond.
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The differences in second order results are expected due to different solving methods of the second order
potential contribution. The direct, indirect and Pinkster method are compared in Figure 4.29. However the
differences in the first order output and the second order contributions, based on first order quantities, are
not expected (Figure 4.25, 4.26, 4.27). The differences can partly be assigned to the differences in the geo-
metric input files (GDF- and PATRAN- file) and the differences in phase of the first order moment (see Figure
4.26).

r) The differences between WAMIT and DIFFRAC output are not investigated but would be an inter-
esting research topic for future research.

DIFFRAC is used in order to plot the five different contributions of the quadratic transfer function. In Figure
4.29 it can be seen that contribution one, the contribution due to the relative wave elevation, contribution
two, the contribution due to the pressure drop as a consequence of the fluid velocity and contribution five,
contribution related to the long wave induced by the presence of regular wave groups are dominant in the
quadratic transfer function. The quadratic transfer function for the surge motion is validated with the find-
ings of Pinkster in Section 4.7. Both results show similar behaviour (Figure 4.35, 4.36). In the low frequency
range, of the roll quadratic transfer function (Figure 4.29), contribution two is dominant. Contribution five is
dominant in the high frequency range. Because different contributions are dominant for different frequency
ranges of the quadratic transfer function, it means that the dominant contribution for the roll response mo-
tions differ per specific sea state. This is shown by means of the second order moment spectrum for the three
tested sea states in Figure 4.38. It can be concluded that:

• In sea state one and three, contributions two and five are dominant in the roll motion response spec-
trum at the natural frequency.

• In sea state two, contribution two is dominant in the roll motion response spectrum at the natural
frequency.

In the frequency domain method the first and second order roll motions are calculated separately, see section
3.4. As a consequence it can be calculated which percentage of the second order or first order forces excite the
low frequency response. In Section B.1.5 the roll response spectrum is calculated with all the wave spectra
measured during model tests. The resulting roll motion spectra are compared for the total range, the low
frequency range (0<!<0.4 rad/s) and the high (wave) frequency range (0.4<!<2 rad/s). It can be concluded
that:

• In sea state one the low frequency roll response motion originates for 87 % from second order moments
(average from all calculated roll response spectra using measured wave spectra).

• In sea state two the low frequency roll response motion originates for 98 % from second order moments
(average from all calculated roll response spectra using measured wave spectra).

• In sea state three the low frequency roll response motion originates for 98 % from second order mo-
ments (average from all calculated roll response spectra using measured wave spectra).

In order to conclude a last recommendation for further research is suggested. Based on the conclusions that:

1. the Sleipnir is a very low damped system.

2. the roll response spectra are not in agreement with the measurements in the time domain

3. the contribution related to the long wave, induced by the presence of regular wave groups, is dominant
in the quadratic transfer function

It could be argued that the duration of the model tests have been too short. The wave elevation of the long
wave, induced by the presence of regular wave groups, seems important in the second order roll of the Sleip-
nir. The amount of wave groups, e.g. in Figure B.27, of the measured wave and the amount of ’roll motion
groups’ are in the order of ten. Using the rule of thump that hundred relevant oscillations are needed for
proper statistical analyses, the duration of the model test should be ten times longer. Theoretically a model
test with a duration of 35 hours would give a better results regarding the statistics in this case. Practically
it will be very difficult to obtain good results from such a model test. However this could be an interesting
future research topic.

r) It is recommended to investigate if performing model tests with a larger duration (or performing
several model test with a different wave seed) result in a roll response spectrum in better agree-
ment with the measurements.
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5.4. ANSWER TO RESEARCH QUESTION
The main research question, as presented in the introduction, is defined:

Is it possible to predict the low frequency second order roll motions of the Sleipnir, in good agreement with
the model tests, in the frequency and time domain?

The subquestions are considered to be extensively answered in the previous section. The answer to the main
question is presented in two sections.

1. For the frequency domain, it is possible to simulate, using empirical obtained linear damping values, a
roll response spectrum with a zero order moment in exact agreement with the measurements for three
tested sea states. However it is in the interest of Heerema in order to predict the second order motions
in every specified sea state.
Therefore a second oder roll motion simulation method is presented in which, a prediction method
for the linearized viscous damping, is incorporated. It still needs to be investigated if the second order
calculation method does converge to the measured motion response.

2. In the time domain, the best simulation, using a wave train from the calibration tests, results in a most
probable maximum roll angle of 1.57 deg comparing to 1.85 deg of the measured roll response (devia-
tion of ª 30 %).
In a phase sensitivity study it is concluded, based on ten simulations with a JONSWAP spectrum with
different wave seeds, that solely a different phase can cause for a spread of ª 13 % in the most proba-
ble maximum roll angle. It is recommended to perform more model tests in order to investigate if the
probable phase difference, between the calibrated wave and the wave generated during model tests,
influences the second order roll statistics.
Secondly it is recommended to perform model test with a larger duration. By performing longer model
tests, more roll groups can be measured, which could influence the low frequency second order roll
statistics.

5.5. SECOND ORDER ROLL PROBLEM IN PERSPECTIVE
Second order wave forces are generally significantly smaller with respect to first order wave forces. However
due to the long roll period, the very low initial stability, the Sleipnir is sensitive for the energy in the energy of
low frequency wave groups. Depending on the sea state the Sleipnir could start to resonate in the natural roll
frequency excited by the low frequent second order wave forces, which is undesirable for performing a heavy
lift.
Firstly, it must be noted that the sea states, used during model tests, exceed Heerema’s typical operability limit
for performing a heavy lift as shown in Figure 5.1. Secondly, note that the model tests have been performed
with long crested beam waves. On open sea such conditions are very rare. Directional wave spectra may play
an important role in the second order dynamics, as is also suggested by other research, e.g. [6]. Therefore
investigation to the influence of directional quadratic transfer functions, on the low frequency roll motion
simulation methods, presented in this research, is recommended.
Furthermore, it must be realized that the model tests have been performed with a low initial stability (small
GM value). This low initial stability will only be reached when performing an extreme heavy lift. It would
probably be commercially attractive for Heerema to perform only extreme heavy lifts in the future, however
this is not expected to happen for practical reasons. This section will be concluded with an question and an
answer.

Will the second order roll behaviour decrease the operability in future lift operations?

Yes, occasionally. Based on the performed master research, it is argued that second order roll
behaviour will be a limiting factor for operability if:

1 The Sleipnir will have a low initial stability, e.g. in order to perform a very heavy lift.

2 The operation will be performed at an offshore location with long crested waves,

3 with (enough) low frequenct wave energy in the order of magnitude of the long roll period.

4 The lift operation will be executed in beam waves.
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Figure 5.1: Typical heavy lift operability limit, used by Heerema. The sea conditions under the blue line are considered to be operable
for performing a heavy lift. The sea states, used during model tests, exceed the operability limit.

5.6. ENUMERATION OF CONCLUSIONS
• It is concluded that the calculated forces and moments are converged for a discretized hull model with

9892 panels. The panels at the columns of the model consist of stretched panels to the waterline (see
Figure 3.2). The panels at the waterline are 3.44 m in length and 0.64 m in height.

• It is concluded that the roll moment spectrum is converged for a frequency resolution of 0.025 rad/s.

• The potential damping is a fraction of 0.001% of the critical damping.

• Although the added viscous roll damping term effects the calculated quadratic roll transfer function,
the second order roll moment spectrum is not significantly influenced by the added viscous damping.

• Due to the small amount of potential damping, the viscous damping is dominant in the calculation of
the moment transfer function.

• The roll motion response spectrum is dominated by the amount of viscous damping added in the cal-
culation of the moment transfer function.

• In order to obtain a roll response spectrum with similar roll energy as measured for sea state one (Hs
= 1.5 m, Tp = 7 s), a linear equivalent damping ratio of ª = 0.39 % is needed in the frequency domain
calculation.

• In order to obtain a roll response spectrum with similar roll energy as measured for sea state two (Hs
= 1.5 m, Tp = 12 s), a linear equivalent damping ratio of ª = 0.95 % is needed in the frequency domain
calculation.

• In order to obtain a roll response spectrum with similar roll energy as measured for sea state three (Hs
= 3.0 m, Tp = 7 s), a linear equivalent damping ratio of ª = 0.75 % is needed in the frequency domain
calculation.

• The harmonic and stochastic linearization techniques under predict the damping of the roll response
in comparison with the measurements for sea state two and three. In sea state one the linearization
methods predict the damping of the roll response in agreement with the measurements.

• The half-power bandwidth method over predicts the damping in sea state one and under predicts the
damping in sea state two. In sea state three the method predicts the damping of the roll response in

Boaz Dubbeldam
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agreement with the measurements.

• The damping in still water decay test simulations is in very good agreement with the measurements.

• It is found that, without changing the wave input, a ª3% change in sway period causes a ª25% change
in zero order moment of the roll response (Figure 4.44 and Table 4.13).

• The model test simulation with the wave train measured at WAVE180 during model tests is in best
agreement with the measurements.

• The first and second order output of WAMIT and DIFFRAC, while using identical input variables, do
not correspond.

• In sea state one and three, quadratic transfer function contributions two and five are dominant in the
roll motion response spectrum at the natural frequency.

• In sea state two, quadratic transfer function contribution two is dominant in the roll motion response
spectrum at the natural frequency.

• In sea state one the low frequency roll response motion originates for 87 % from second order moments
(average from all calculated roll response spectra using measured wave spectra).

• In sea state two the low frequency roll response motion originates for 98 % from second order moments
(average from all calculated roll response spectra using measured wave spectra).

• In sea state three the low frequency roll response motion originates for 98 % from second order mo-
ments (average from all calculated roll response spectra using measured wave spectra).

5.7. ENUMERATION OF RECOMMENDATIONS
r) Perform a validation study on the vertical drift forces, calculated with potential theory, compared

with measurements.

r) It is recommended to use the coupled second order response amplitude operator and coupled
added mass and potential damping matrices in order to define respectively the moment drift
spectrum and moment transfer function.

r) The validation of the second order calculation scheme, including the stochastic linearization tech-
nique, has not been performed and is therefore recommended.

r) An interesting future research topic would be to investigate if correction measures, suggested in
earlier research, also apply on the linearization of the viscous damping of the Sleipnir.

r) It is recommended to also ’tune’ the heave decay test simulation in Figure 4.40.

r) In order to study the wave energy propagation, the wave height could be measured on more spec-
ified locations during future model tests.

r) It is recommended to investigate the influence of orbital velocities on the viscous damping terms
of the Sleipnir.

r) The differences between WAMIT and DIFFRAC output are not investigated but would be an inter-
esting research topic for future research.

r) It is recommended to investigate if performing model tests with a larger duration (or performing
several model test with a different wave seed) result in a roll response spectrum in better agree-
ment with the measurements.
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A
VESSEL SPECIFICATIONS OF SLEIPNIR

Ship name: Sleipnir
Ship type: Semi-Submersible Crane Vessel
Lift capacity: 2 £ 10,000 tonnes
Classification Society: Lloyd’s Register
Expected date of delivery: end of 2018

Magnitude
Description Unit Specified
Length overall of pontoons (Lpp ) [m] 177.5
Breadth overall (B) [m] 97.5
Draught (even keel) [m] 27
Displacement (4) [tonnes] 242861
Longitudinal centre of gravity (from st. 10) [m] 3.98
Transverse centre of gravity (from CL) [m] 0
Centre of gravity above keel (KG) [m] 35.84
Transverse Metacentric height (GMt ) [m] 7.64
Transverse Metacentric above keel (KMt ) [m] 43.48
Longitudinal metacentric height (GMl ) [m] 44.92
Longitudinal metacentric above keel (KMl ) [m] 80.76
Roll radius of gyration w.r.t CoG (kxx ) [m] 42.5
Pitch radius of gyration w.r.t. CoG (ky y ) [m] 62.67
Yaw radius of gyration w.r.t. CoG (kzz ) [m] 64.66

Table A.1: Main specifications of the Sleipnir.
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138 C. THEORETICAL BACKGROUND

C.1. STATISTICAL ANALYSIS

C.1.1. STATISTICAL DESCRIPTION OF WAVES
In order to do predictions about how a floating structure will behave in a certain sea state it is necessary to
first understand the basic principles of ocean waves. In this chapter the basic theory about this subject is
given and explained.

WAVES

The sea surface consists of a pattern of waves with various periods, heights and phase angles. The water
surface elevation ≥(t ) at a fixed location in the sea is a random process that can be modeled as a long-term
non-stationary process over a period of years [2]. However, for short-term intervals, of the order of some
hours, the surface elevation can be approximated as a stationary process. That is a sea state in which the
significant wave height and mean wave period are assumed constant during the time considered.

The long-term variation of a wave climate can be described in terms of generic distributions or in terms of
governing sea state parameters. Long-term statistics are associated with non-stationary processes occurring
over a period of months and years, and long-term data for wave conditions are commonly given in the form
of a scatter diagram.

In this study ≥(t ) is considered to be a zero mean, Gaussian, stationary process and is represented by a linear
summation of an infinite number of sinusoids with phase angles randomly distributed between 0 and 2º.
Since the wave profile is assumed to be the sum of sine and cosine functions, a Fourier series can describe
the wave process. Neglecting the non-linear effects and making use of linear superposition. To do this, one
selects a time record segment containing many waves. Indeed, one assumption implicit in this analysis is
that the signal being studied repeats itself after each (long) interval. A wave record does not do this exactly,
but that little detail is neglected in this case.

WAVE SPECTRA

The wave elevation (in the time domain) of a long-crested irregular sea, propagating along the positive x axis,
can be written as the sum of a large number of regular wave components (in the frequency domain):

≥(t ) =
NX

n=1
≥an cos(kn x °!n t +≤n) (C.1)

In which each component n represents random wave characteristics. The Fourier series will thus yield a set
of values for ≥an and ≤n , each associated with its own !n . If enough Fourier series terms are included, the
entire time record at that point can be reproduced using this set of values. In practice, however, one is not
really interested in the exact water level at some time t. It is sufficient to know only the statistical properties -
now in terms of both frequency and amplitude - of the signal. This means that the ≤n can be discarded [13].

In equation C.1 the wave amplitude for each component ≥an can be expressed in a wave spectrum:

S(!n) ·4!=
!n+4!X

!n

1
2
≥2

an(!) (C.2)

Where ¢! is a difference between two successive frequencies. Multiplied with Ω · g , this expression is the
energy per unit area of the waves in the frequency interval ¢!, see Figure C.1.

JONSWAP SPECTRUM

Under the design stage of an offshore structure, spectra describing the actual sea state in the relevant area of
operation are not always available. However for design purposes often standardized analytical wave spectra
are being used. In this study the JONSWAP (Joint North Sea Wave Project) spectrum is used.The JONSWAP
spectrum is defined as follows [13]:

S≥(!) =
320 ·H 2

1/3

T 4
p

·!°5 ·exp

(
°1950

T 4
p

·!°4

)

·∞A (C.3)
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Figure C.1: Illustration of a spectral density spectrum plotted against frequency.

in which: ∞ = peakness factor (3.3).

A = exp

(

°
µ !
!p

°1

æ
p

2

∂2
)

.

!p = frequency at spectral peak.
æ = step function if ! < !p then: æ = 0.07.

if ! < !p then: æ = 0.09.

ZERO ORDER MOMENT AND RMS
Important characteristics of a spectrum are the moments of area. The moments of area under the spectrum
are with respect to the vertical axis at ! = 0. If m denotes a moment, then mn≥ denotes the nth order moment
given in this case by:

mn≥ =
Z1

0
!n ·S≥d! (C.4)

From Equation C.4 it can be seen that, m0≥ is the area under the spectral curve, m1≥ is the first order moment
(static moment) of this area and m2≥ is the second order moment (moment of inertia) of this area and so on.
The value of m0≥ is equal to the variance squared æ2

≥
of the water surface elevation, since it is the area under

the (in this case JONSWAP) spectrum. The root mean square of the water surface elevation is defined as:

æ≥ = RMS =
p

m0≥ (C.5)

In order to calculate the RMS of a spectrum, the corresponding zero order moment m0k has to be calculated
in which k is the related motion, velocity or acceleration. If the wave spectrum S≥ and the RAO’s of specific
motion are known, it is possible to calculate the corresponding spectrum of the specific motion. To obtain
this spectrum, the wave elevation spectrum has to be multiplied with the related transfer function squared:

Sm =
ØØØØ

m
≥a

ØØØØ
2

·S≥ (C.6)

In this equation m represents the related motion or acceleration. [13]
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MULTISURF
MultiSurf is a software package for parametric design of 3D geometric objects. Multisurf is used to make a
discretized geometric model of the Sleipnir. Three different panel distributions have been created in order
to perform hydrodynamic analyses. The models are exported in Geometric Data File (GDF) format. The
geometric panel models are presented in Appendix E.1. MultiSurf is furthermore used in order to create a
Free surface Data File (FDF-format) shown in Appendix E.2.

WAMIT
WAMIT (Wave Analysis Massachusetts Institute of Technology) is a program for computing the wave loads
and the motion behaviour of floating bodies with zero forward speed in deep and shallow water. The pro-
gram uses linear and second order potential theory in order to solve the velocity potential around a floating
body. WAMIT uses the 3D panel method in order to solve the velocity potential.
In this research WAMIT version 6.1 has been used to calculate the first and second order wave loads and mo-
tion behaviour [19]. In this version the second order module requires a low order panel model of the floating
body. In the low order method the geometry is represented by quadrilateral panels and the velocity potential
is assumed constant on each panel. The low order panel model for this research is presented in Appendix E.
The velocity potential is calculated on the body with the radiation and diffraction analysis. In linear potential
theory the fluid pressure and the velocity potential is solved using the boundary element method (BEM). Sep-
arate solutions are carried out simultaneously for the diffraction and the radiation problem [28]. The pressure
distribution on the panels is calculated using the velocity potentials. Finally the pressure distribution is used
to determine the hydrodynamic added mass and damping coefficients and the first and second order wave
forces. The first-order solution consist of contributions which can be calculated distinctly and independently.
WAMIT consists of the two subprograms POTEN and FORCE. POTEN solves the radiation and diffraction ve-
locity potentials on the body surface for specified modes, frequencies and wave headings. FORCE computes
global quantities including the hydrodynamic coefficients, motions and first and second order forces.
In order to solve the second order velocity potential, the diffraction and the radiation problem can no longer
be considered separately. The second order velocity potential can be calculated completely by WAMIT using
a discretized free water surface, which is shown in Appendix E.
In Figure D.1 a flow chart is shown of the analyses in this research by WAMIT.

Figure D.1: Flowchart of the WAMIT analysis.

INPUT FILES

The input files needed for WAMIT to evaluate the velocity potentials on a body are the following [19]:

1. Geometric Data File (GDF):
The basic geometry of the submerged body surface is specified in the GDF file. The GDF file provides
the coordinates of all panel vertices. For this research the low order GDF file of the Sleipnir has been
designed with Multisurf (See Appendix E.1).

2. Force Control File (FRC):
The FRC file is used to set which hydrodynamic parameters must be computed by the FORCE program.
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In this research the Alternative form 2 of the FRC file is used to define the water density, center of gravity,
the mass matrix, an external damping matrix and an external stiffness matrix. This permits analysis of
bodies which are not freely floating in waves.

3. Potential Control File (POT):
The potential control file specifies various input parameters to the POTEN subprogram. The potential
control file defines the water depth, range of frequencies, frequency step and the position of the body
in the global coordinate system.

4. Configuration File (CFG):
The configuration file is used to specify various parameters and options in WAMIT. The CFG file defines
if the FORCE subprogram must perform second order force calculations. Furthermore the option in
order to remove irregular frequencies can be set.

Additional input files for second order calculations:

5. Potential Control File 2 (PT2):
The potential control file 2 specifies which modes and for which period and heading combination the
second order output must be calculated. The option in order to calculate the sum or/and difference
frequencies is also set in the PT2 file.

6. Free Surface Data File (FDF):
The FDF file contains all requisite data to perform a free surface integration exterior to the body. The
free surface is discretized with quadrilateral panels in order to solve the free surface integral numeri-
cally. In this research the FDF file have been designed with Multisurf (See Appendix E.2).

OUTPUT FILES

The results of the WAMIT calculations consists of separate output files which have been specified in the FRC
files. In this study the following output files have been used:

1. Added mass and damping coefficients (.1 file)

2. Exciting forces from diffraction potential (.3 file)

3. Response Amplitude Operatiors (.4 file)

4. Mean drift force and moment from pressure (.9 file)

The output files from second order calculations are presented below. In this research only the difference
frequencies have been used for analysis. The added -d in the file names signifies the output of difference
frequencies.

5. Quadratic second order forces and moments by pressure integration (.10d file):
The .10d file consists of the quadratic second order forces and moments which are build up by the
summation of the four first contributions. The potential contribution is excluded in this output. The
forces and moments in this output file can be calculated without the FDF file.

6. Total second order forces by indirect method (.11d file):
The .11d file consists of the the total second order potential forces and moments not evaluated from
the scattering solution but from the appropriate component of the radiation solution. The FDF file is
needed in order to calculate the total forces and moments.

7. Total second order forces by direct method (.12d file):
The .12d file consists of the the total second order potential forces and moments evaluated from the
scattering solution. The FDF file is needed in order to calculate the total forces and moments.
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DIFFRAC
DIFFRAC is a program package which calculates the hydrodynamic properties of floating bodies in regular
waves or wave groups. This program is based on the same 3D potential theory as WAMIT uses. In DIFFRAC
the panels which describe the submerged part of a floating body are flat and the value of the velocity potential
is assumed constant over each panel area. This method is similar with the low order method used in WAMIT.
DIFFRAC uses different subprograms in order to calculate the hydrodynamic properties of a specified floating
body. The subprograms which calculate the added mass, damping, wave induced motions (RAO’s), first order
wave forces and second order wave forces are described below [29].

INPUT AND OUTPUT FILES

1. PATDIF:
Converts a ’neutral system file’ with geometric data to files suitable as input for the subprogram INIDIF
of the DIFFRAC software package.

(a) Input:
PATRAN.OUT file.

(b) Output:
PATDIF.OUT - printer output file
GEOM.DAT - a file with the geometric data.
CORNER.DAT - file with panel vertices.

In this research the geometric data file of the sleipnir is created with Multisurf. This geometric data
file is converted to a PATRAN file, suitable for the DIFFRAC program, with Rhino 3D, a 3D computer
graphics and computer aided design program.

2. INIDIF:
This subprogram creates and initializes a DIFFRAC database and checks correctness of geometric data.

(a) Input:
INIDIF.INP
GEOM.DAT
CORNER.DAT

(b) Output:
INIDIF.OUT
DIFFRAC database

3. DIFFRAC:
Subprogram which computes the added mass, damping, first order wave forces and wave induce mo-
tions in centre of gravity for specified wave frequencies.

(a) Input:
DIFFRAC.INP
DIFFRAC database

(b) Output:
DIFFRAC.OUT
DIFFRAC database

4. DBDRIFT:
DBDRIFT calculates the mean second order wave drift forces.

(a) Input:
DBDRIFT.INP
DIFFRAC database

(b) Output:
DBDRIFT.OUT
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5. DBRESP:
DBRESP computes hydrodynamic data and wave induced motions in centre of gravity. The COG, mass
distribution matrix, damping matrix and hydrostatic data can be re-set. The DIFFRAC database is over-
written.

(a) Input:
DBRESP.INP
DIFFRAC database

(b) Output:
DBRESP.OUT
DIFFRAC database

6. DRIFTP:
The subprogram DRIFTP calculates the second order wave drift force response (QTF) with the data from
a specified diffraction database. DRIFTP uses the Pinkster approximation in order to solve the second
order potential contribution. The Pinkster approximation is based on first order quantities [12].

(a) Input:
DRIFTP.INP
DIFFRAC database

(b) Output:
DRIFTP.OUT

7. GENHYD:
GENHYD generates a sequential file with hydrodynamic data. This file is input for time domain simu-
lation programs aNySIM.

(a) Input:
GENHYD.INP
DIFFRAC database

(b) Output:
GENHYD.OUT
HYDfile

ANYSIM
aNySim is used in order to perform time domain simulations. The input for the calculation is the .ini - file.
In the ini-file the geometric data of the Sleipnir, the duration of the time simulation, the reference position in
earth fixed global system, additional linear and quadratic damping matrices, the soft mooring line specifica-
tions, wave input and other parameters are set. The calculation output is a .res file. This file is a text structure
in which all the output is written.

MATLAB
MathWorks MATLAB R2013b is used for the post processing of the WAMIT, DIFFRAC and aNySIM output. The
frequency domain model in order to predict the low frequency second order roll response is programmed in
MATLAB.
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F
ERROR ANALYSES MANUAL

In this appendix a manual on Averaging, Errors and Uncertainty of the Department of Physics & Astronomy
from the University of Pennsylvania is presented. This manual provides an quick inside in error analyzes.[30]

Reading instruction: Turn the thesis ninety degrees clockwise, then the pages are structured from left to right.
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G.1. HEEREMA MARINE CONTRACTORS

Heerema Marine Contractors (HMC) is a marine contractor in the offshore oil and gas industry. The company
is founded in 1948. HMC’s core business is transporting, installing and removal of offshore facilities including
fixed and floating structures, subsea pipelines and infrastructure in shallow, deep and ultra deep waters.

HMC manages the complete supply chain of offshore constructions with offices and yards in five continents,
from design through completion. The services HMC provides include engineering, planning, logistics, project
management and project execution. The headquarter is located in Leiden. The amount of employees world-
wide consists of approximately 1750 people. In 2014 HMC did realize a turnover of approximately "1.9 billion.

HMC owns a fleet consisting of three heavy lift semi-submersibles, one monohull deepwater construction
vessel, two anchor handling tugs and ten cargo/launch barges. Below specifications of HMC’s largest vessels
are shown:

Thialf Balder
The Thialf is a semi-submersible crane vessel
(SSCV) with two cranes. The Thialf is a multi-
functional deep water crane vessel (DCV) and
is customized for the installation of foundations,
moorings, SPAR’s, TLP’s, integrated topsides and
pipe- and flowlines.

• Built in 1985.
• Lift capacity: 2 x 7100 t.
• Dimensions (Overall length x Width): 202 x 88

m.
• Draft: 11.8-31.6 m

The DCV Balder is customized for the installation
of foundations, moorings, SPAR’s, TLP’s, integrated
topsides and pipe- and flowlines.

• Built in 1978, converted to DCV in 2001/2002.
• Lift capacity: 1 x 2700 t and 1 x 3600 t.
• Dimensions (Overall length x Width): 154 x 86

m.
• Draft: 11-25 m.

Hermod Aegir
The Hermod is a semi-submersible crane vessel
(SSCV).

• Built in 1978.
• Lift capacity: dual lift of 8100 t.
• Dimensions (Overall length x Width): 154 x 86

m.
• Draft: 11.5-28.2 m.

The DCV Aegir is designed for executing complex
infrastructure and pipeline projects in ultra-deep
water and to install fixed platforms in relatively
shallow waters.

• Built in 2012.
• Lift capacity: 4000 t.
• Dimensions (Overall length x Width): 210 x 46

m.
• Draft: 8-11 m.

Sleipnir
The Sleipnir will be a semi-submersible crane vessel. The vessel is mainly designed to perform heavy lifts
and to be able to transport and remove large offshore structures.

• Expected date of delivery end of 2018.
• Lift capacity: 2 x 10000 t.
• Dimensions (Overall length x Width): 220 x 102 m.
• Draft: 12-32 m.

For further information: http://hmc.heerema.com
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G.2. MARITIME RESEARCH INSTITUTE NETHERLANDS

Maritime Research Institute Netherlands (MARIN) is an independent research institute for hydrodynamic
and nautical research and development. The institute is founded in 1929. The core business of MARIN is to
provide the industry with design solutions and to perform advanced research for the maritime sector. The
main office of MARIN is located in Wageningen and other offices are located in Ede and Houston, USA. In
total approximately 350 people are working at MARIN.
MARIN is organized in different ’Business Units’ in order to efficiently manage knowledge development and
to provide the industry a complete range of services. The different business units with their own speciality are:

Business Unit Expertise
Offshore Mooring systems, Dynamic Positioning, Complex

Installations, Towing of structures, Riser Behaviour,
Dredging Equipment in waves, floating civil works,
wave run up problems at fixed structures, launch-
ing human comfort, downtime analyses and impact
loading.

Ships Resistance & Propulsion, Propulsors & Cavita-
tion, Manoeuvring and Seakeeping with the market
teams Cruise & Ferry, Navy, Special Purpose Ves-
sels, Inland Ships, Merchant Vessel & Work Boats
and Yachts.

Maritime Simulations & Software Group Simulators, Design & Engineering tools and Work-
flow solutions, Technology Transfer and Training,
Simulator & Software support.

Nautical centre MSCN Providing mathematical manoeuvring models for
simulators in order to conduct studies and/or train-
ings comprising Accident investigations, Manoeu-
vring capability studies, Operational Procedures,
Port & Channel design studies, Safety (QRA) us-
ing the facilities Fast-time Simulators, Full Mission
Bridge Simulators and VTS Simulations.

Research & Development Resistance & Propulsion, Waves & Workability, Ma-
noeuvring & Nautical Studies, Operations at Sea,
CFD Development, Ice and Time Domain Simula-
tions & Control Theory

Trials & Monitoring Attendance, measurements and analyses of sea tri-
als, , Cavitation obeservation, Ship and Fleet perfor-
mance analysis, Hydro-structural analyses, Mon-
itoring Campaigns, On board advisory systems,
Long term monitoring of offshore structures.

MARIN is capable of providing services which intercorporate combinations of simulations, model testing,
full-scale measurements and training programs. MARIN has seven model tank facilities: Seakeeping & Ma-
noeuvring Basin, Offshore Basin, Deepwater Towing Tank, Depressurised Wave Basin, High-speed Basin,
Shallow Water Basin and the Cavitation Tunnel.
In general MARIN is an independent institute which provides research, services and consultancy to the mar-
itime sector. In 2014 MARIN did realize a turnover of "42,- million.

For further information: http://www.marin.nl
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