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Offshore oil and gas activilies moves steadily into deeper walers and harsher environment
Subsea installations become more and more common for extraction of hydrocarbons. This
development put heavy demands on contractors to be able to perform safe and efficient
installations, inspections and interventions. Al present many operations require benign
environmental conditions and are thus limited to the summer period. Time constraints may be
by increased efficiency, i.¢ by reduction of time for each individual operation. Alternatively,
the weather window may be increased by increasing the limiting significant wave height for
operation. In either case the structural load cffects may increase and proper control of the
structural response is prerequisile. Lift off, motion through the splash zone and landing of the
equipment are ¢specially challenging. Feed back from structural response to the control loop
may contribute to reducing the load effects in these phases. The hydrodynamics loads may not
be very well known of properly implemented in software used for analysis of the marine
operations and resistance formulas may not be adequate if impulsive type actions are
encountered.

The purpose of the work is 10 assess the applicability of USFOS and (possibly) alternalive
software to simulate selected lift operations. Focus will be placed on code checking of
structural response histories. The work is proposed carried out in the following steps:

1) Verify USFOS simulations of lifting operations in flat sea and regular waves. This may
comprise both lift off, through the splash zone and landing on sea floor. The
environmental conditions shall be varied. Extreme load cases shall be sought. Of
particular interest are intense, short duration load pulses caused by wave slamming, wave
and current forces in submerged conditions and contact forces during landing on sea
floor, this may cause slack in the slings and the wire.

Check the results with simple hand calculations for steady state conditions in air and in
water. Check whether it is possible to start simulations in statically so as to reduce start-up
oscillations and cope with some of the challenges identified by Matland in his master
thesis work. Investigate whether slack in slings may be simulated.

2) Simulate the same operation as in 1) when motion of the crane mounted on the vessel is
simulated. The vessel motion may be modelled by means of transfer functions or using
motion spectra. Compare the motion with that for flat sea. Perform repeated simulation
(by means of scripting techniques) n irregular seas with different random seeds and
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determine characteristic response values on the basis of response statistics. Establish
limiting sca states for operation.

3) In collaboration with supervisor select a larger structure and perform simulations as in pl
2) Monitor the load effects with respect o code capucity for selected response quantities.

4) To the extent time permits perform simualation with SIMO/RIFEX on a simple lift
operations and compare with USFOS results,

5) Conclusions and recommendations for further work

Literature studies of specific topics relevant to the thesis work may be included.

The work scope may prove to be larger than initially anticipated. Subject to approval from the
supervisors, topics may be deleted from the list above or reduced in exient,

In the thesis the candidate shall present his personal contribution to the resolution of problems
within the scope of the thesis work.

Theories and conclusions should be based on mathematical derivations and/or logic reasoning
identifying the various steps in the deduction.

The candidate should utilise the existing possibilities for obtaining relevant literature.

Thesis format

The thesis should be organised in a rational manner to give a clear exposition of results,
assessments, and conclusions. The text should be brief and to the point, with a clear language.
Telegraphic language should be avoided.

The thesis shall contain the following elements: A text defining the scope. preface, list of
contents, summary, main body of thesis, conclusions with recommendations for further work, list
of symbols and acronyms, references and (optional) appendices. All figures, tabies and
equations shall be numerated.

The supervisors may require that the candidate, in an early stage of the work, presents a written
plan for the completion of the work. The plan should include a budget for the use of computer
and laboratory resources which will be charged to the department. Overruns shall be reported to
the supervisors.

The original contribution of the candidate and material taken from other sources shall be clearly
defined. Work from other sources shall be properly referenced using an acknowledged
referencing system.

The report shall be submitted in two copies:
- Signed by the candidate
- The text defining the scope included
- In bound volume(s)
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- Drawings and/or computer prints which cannot be bound should be organised in a separate
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- The report shall also be submitted in pdf format along with essential input files for
computer analysis, spreadsheets, MATLAB files ctc in digital format.
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NTNU has according to the present rules the ownership of the thesis. Any use of the thesis has to be
approved by NTNU (or external partner when this applies). The department has the right to use the
thesis as if the work was carried out by a NTNU employee, if nothing clse has becn agreed in
advance.

Thesis supervisor
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Summary

The offshore oil and gas industry is applying more and more subsea equipment to the deeper
fields. One of the challenges of using subsea equipment is the installation process. The in-
stallation is very dependent on the weather window, and a better understanding and analysis

methods could help to expand the window of operations.

This thesis gives an introduction to the challenges regarding marine operations. The most
challenging phases identified were “lift-off from deck”, “lowering through the wave zone” and
“positioning and landing”. The focus of the majority of the thesis fell on the phase “lowering

through the wave zone”.

To assess USFOS’ capability to simulate marine operations, a series of verification studies
were done. In theory, USFOS does have the tools to calculate all the necessary forces in a

lifting operation through the wave zone.

Two main models were used: a simple model and an advanced model, both of which were
taken from a previous master thesis and worked on further. The simple model was a tubular
member suspended by two springs. All the verification analyses were run on this model. In
addition, a study of limiting sea states on the simple model were performed. The advanced
model was used to find the limiting sea state for a more realistic model. The advanced model
represents a spool, which was suspended by a single wire and four slings. A spreader beam

was used to distribute the forces in the spool.

The verification analyses proved that USFOS indeed was capable of calculating forces in the
wire, which is an important limiting factor, as slack forces are not desirable. The weight of
the module in air and water had a maximum error of 1%. When drag forces were studied, the
error was larger. One lowering velocity of the module generated an error of 40.29%. However,
the drag force contribution was only 0.9% of the submerged weight, so it was considered to

be irrelevant for cases to be run at a later stage.

The slamming force was harder to check against hand calculations. The reason for this was

that the measured forces in the wire were force responses, and not direct forces on the module
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itself. A slamming effect was observed, but it was not comparable to hand calculations. By
changing the eigenperiod of the system with 50%, new vibrations arose in the module when
it was lowered through the wave zone. They showed that USFOS probably was calculating

the slamming correctly.

A series of smaller studies were performed to determine the use of the spool wave function and
to ensure good results in the upcoming limit studies. A new time step for the simulations was
determined to capture the correct forces. The minimum forces were of the highest interest.
The effect of damping in wire was checked, and the resulting value appeared to have an
impact on the wire force. However, the importance of its impact was uncertain. The studies
conducted using the spool wave showed that it was a good method to obtain the minimum
wire forces without running a full 3-hour sea state. There was found a difference in the wire
force depending on when the module hit the water surface in a spool wave. This confirmed

the use of spool wave function as a valid method to obtain the minimum force.

To find the limiting sea states for the simple module, several analyses with different sea states
and different seeds were run. From this, statistical models were built, assuming the minimum
forces followed a Minimum Value distribution. This was the case for most of the simulations,
but simulations that produced both positive and negative minimum values or had some values
close to zero and others far away, showed that there may be a different distribution of the
results. However, for the simple model there weren’t any sea states for which it was necessary
to predict the probability of not exceeding the limit force in the wire. The limiting sea states

in which the module could operate were sea states with the parameters Hy =3 m,T, =5 s

and Hy =2 m,T, =4 s.

Before finding the limiting sea state for the advanced model, a new sensitivity study was
performed to ensure that the time interval gave good results and that the use of the spool
wave function was still valid. By doing these analyses over again, the best parameters could
be found so that the analyses used less computational time. When checked against limiting
sea states, 5 out of 8 sea states needed the use of probability paper to evaluate the results.
If the limiting probability of exceeding was set to 90%, the limiting sea state were H, =
2m, T, =4s.
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Sammendrag

Olje- og gassindustrien bruker mer og mer undervannsutstyr pa stadig dypere vann. En av de
stgrste utfordringene ved bruk av undervannsutstyr er installasjonsprossesen. Installasjon-
sprossesen er sveert avhengig av veervinduet. En bedre forstaelse og analytiske metoder kan

bidra til a utvide tidsvinduet for a utfgre operasjoner.

Denne tesen gir en innfgring i de utfordringer som oppstar ved marine operasjoner. Fasene
som regnes som mest utfordrende var “lgft av dekk”, “senkning gjennom bglgesonen” og
“posisjonering og landing under vann”. Hovedparten av fokuset i denne tesen falt pa fasen

“senking gjennom bglgesonen”.

For a vurdere USFOS’ evne til a simulere marine operasjoner ble en rekke verifikasjonsstudier
gjort. USFOS har i teorien verktgyene for a beregne alle de ngdvendige kreftene som star

oppstar i lgpet av en lgfteoperasjon gjennom bglgesonen.

To hovedmodeller ble brukt: en enkel modell og en avansert modell. Begge modellene ble
hentet fra en tidligere tese, og arbeidet videre pa. Den enkle modellen bestar et rgr op-
phengt ved hjelp av to fjeerer. Denne modulen ble brukt til verifikasjonsstudier. I tillegg ble
det gjort en studie for a finne den begrensende sjgtilstanden pa den enkle modellen. Den
avanserte modellen ble brukt til a finne begrensende sjgforhold for en mer realistisk modell.
Den avanserte modellen representerer en “spool”, som ble opphengt i en enkelt vaier og fire

stropper. En sprederbjelte ble brukt til a fordele kreftene pa “spoolen”.

Verifikasjonsanalysene viste at USFOS var i stand til a beregne viktige krefter i vaieren, som
er en viktig begrensende faktor, siden slakk ikke er gnskelig. Vekten i luften og vannet hadde
en maksimal feil pa 1%. Nar motstandskreftene ble studert oppstod noen store forskjeller.
En av senkehastighetene til modulen ga en feil pa 40,29%. Imidlertid er kraftbidraget sa lavt
som 0,9% av den neddykkede vekt, sa dette ble ansett for a veere irrelevant for resten av de

kommende analysene.

Slammingkraften var vanskeligere a sjekke mot handberegninger. Grunnen til dette var at

den malte kraften i vaieren var en kraftrespons, og ikke en direkte kraft pa selve modulen.
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Slammingeffekten ble observert, men den var ikke mulig & ssmmenligne med handberegninger.
Ved a endre egenperioden til systemet med 50% oppstod nye vibrasjoner da modulen ble

senket gjennom bglgesonen. Dette viste at USFOS sannsynligvis beregnet slamming riktig.

En rekke mindre studier ble utfgrt med bruk av “spool wave”’-funksjonen for a sikre gode
resultater i de kommende grensestudiene. Et nytt tidssteg ble bestemt for a fange de riktige
kreftene. Det var de minste kreftene i vaieren som var av steorst interesse. Effekten av
demping i vaieren ble sjekket, og resultatene sa ut til a ha en innvirkning pa kreftene i
vaieren. Omfanget av denne innvirkningen var imidlertid usikker. Studier utfert med “spool
wave”-funksjonen viste at det var en god mate a oppna minimumskreftene i vaieren uten
a matte kjgre en fullstendig 3-timers sjg. Det viste seg at vaierkraften var avhengig av
nar modulen traff vannoverflaten i en “spool”’-bglge. Dette bekreftet at bruken av “spool

wave”-funksjonen var gyldig for a finne de minste kreftene i vaieren.

For a finne de begrensende sjgtilstander for den enkle modulen ble det kjort flere analyser
med ulike sjgtilstander og ulike frg. Pa bakgrunn av disse analysene ble det satt opp statis-
tiske modeller, forutsatt at minimumskreftene fulgte en minimumsverdi-fordeling. Dette var
tilfellet for de fleste av simuleringene, men noen simuleringer ga bade positive og negative
minimumsverdier, hadde noen verdier neer null, og oppstod sammen med andre store verdier.
Det var med andre ord stor spredning. Dette viste at resultatene naer null kunne ha en annen
fordeling i den aktuelle sjgtilstanden. For den enkle modellen var det ingen sjgtilstander som
gjorde det ngdvendig a forutsi sannsynligheten for a ikke overskride grensekraften i vaieren.
Begrensende sjgtilstander der operasjonen kunne utfgres hadde parametre H® = 3m, T, =5 s

ogHS:2m,Tp:4s.

For den begrensende sjgtilstanden for den avanserte modellen kunne finnes, matte nye folsomhetsanalyser
utfgres. Dette ble gjort for a sikre at tidsintervallet ga gode resultater og at anvendelsen av
“spool”-bglgen fremdeles var gyldig. Ved a gjgre disse analysene om igjen, kunne de beste
parameterne bli funnet slik at analysene tok kortere tid. Da det ble sjekket opp mot be-
grensende sjotilstander viste det seg at det matte brukes sannsynlighetspapir for a evaluere
resultatet for 5 av 8 sjgtilstander. Sannsynligheten for a evaluere resultatene. Dersom den

begrensende sannsynligheten for a overga minimumskraften i vaieren ble satt til 90%, ble den



begrensende sjgtilstanden funnet til & ha parametrene H® =2 m, T, = 4 s.
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m [m] Motion in surge
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Density
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Slamming coefficient
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number of observations
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Chapter 1

Introduction

As the offshore oil and gas industry is moving into deeper and deeper waters to find oil, the
use of subsea modules becomes more common. The understanding of forces and responses in
marine operations is important to be able to install and maintain the modules. The overall

goal is to increase the time window in which marine operations can be done safely.

In this thesis, the use of a program called USFOS to do crane lift simulations will be investi-
gated. This program is not usually used for this, as its main purpose is to calculate loads and
capacities in fixed marine structures, such as jacket platforms. However, the program can
calculate hydrodynamic forces and responses in hanging structures. By using this, it should

be possible to simulate crane operations in USFOS.

1.1 Scope

Initially, all the critical phases of the operation with their corresponding critical sea states
were intended to be simulated. However, familiarizing with the program and developing
good simulations took up most of the time, so the lowering through the wave zone ended up
being the only operation that was studied. In collaboration with the supervisor, the code
capacity check was considered less important to do if the time didn’t allow for it. It was also

anticipated that the verification analyses could be tested against another simulation program,
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e.g. SIMO. However, time did not allow for this to be done.
In summary, this thesis covers:

e An introduction to loads and mechanisms that are important to consider when per-

forming simulations of marine operations for the different phases.

e An introduction to probability calculations needed to determine the characteristic re-

sponse.

e A brief introduction to USFOS and its different functions which enable it to simulate

marine operations.
e Thorough verification of the simple model to establish the applicability of using USFOS.
e Studies of the use of the spool wave functions for doing marine operations in USFOS.
e Limit studies of the simple model and the advanced model

e An overview of models used in simulations



Chapter 2

Typical Subsea Equipment

In this chapter, the subsea equipment that is typically installed by a side-hanging crane is
briefly described.

2.1 Typical Models

Typical subsea modules were found to be (AkerSolutions, 2014f):
e Tie-in connections

Manifolds

Subsea trees

Power- and processing modules

Suction anchors

2.1.1 Tie-in Connection

The typical tie-in connection is a spool which connects the different modules together within
short distances. The module consists of a rigid pipe as shown in figure 2.1a. It is often

referred to as a “spool.”
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(a) Tie-in connection systems illustration
(AkerSolutions, 2014g)

2.1.2 Manifolds

Manifolds are often in system with each other, and are protected by a tubular frame. The
protective frame can be independent of the manifolds and can be used to protect other
systems, see figure 2.2c. Together, they make a highly complex module. The modules can

vary in size, see figure 2.2a and 2.2b.
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(a) Small manifolds system from AkerSolutions (b) Deepwater cluster manifolds from AkerSolu-
(AkerSolutions, 2014e) tions (AkerSolutions, 2014b)

(c) Satellite protection structure from AkerSolu-
tions (AkerSolutions, 2014d)

Figure 2.2: Pictures of different manifolds and protection modules

2.1.3 Subsea Tree

A subsea tree is a collection of control valves. The structure can be in connection with a

protective frame, see figure 2.3.
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(a)  Subsea  tree from  AkerSolutions (b) Unprotected subsea tree (Unknown,
(AkerSolutions, 2014a) 2014b)

Figure 2.3: Different subsea trees

2.1.4 Power and Processing Modules

These are large subsea modules containing power- and processing equipment inside a protec-

tive frame. See figure 2.4

Figure 2.4: Subsea production and power module (AkerSolutions, 2014c)
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2.1.5 Suction Anchor

A suction anchor is used to fasten the subsea modules and can also be used as an anchor for
different kinds of surface floaters. One example of a suction anchor is the cylinder which sits

under the module, which fastens it to the seabed, see figures 2.5

(a) A typical suction anchor  (b) A frame with subsea an-
(EniNorge, 2014) chors (Unknown, 2014a)

Figure 2.5: Different subsea anchors

The structures shown in this section are highly complex in terms of modeling and analysis,
maybe with the exception of the tie-in connections. The interaction between the members
of the structures creates dynamic forces that are hard to predict. The regulations and
guidelines provided by classification societies such as Det Norske Veritas GL (DNVGL) are
very conservative in many cases. (Kimiaei, Jiajing, & Yu, 2014) showed that the guidelines
from (DNV, 2011b) could be overestimating the Dynamic Amplification Factor (DAF) by

51% for a flat frame structure compared to numerical analysis.
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Chapter 3

Loads in subsea lifts

DNV-RP-H103 divides lifting operations into two categories (DNV, 2011b):

e A light lift is when the object is very small compared to the crane vessel. The weight
is less than 1-2% of the displacement of the crane vessel. The motion of the crane tip

is not affected by the lifted object.

e A heavy lift is when the object is more than 1-2% of the crane vessels displacement.

Coupled dynamics must be considered.
According to (DNV, 2011b) chapter 3, the typical phases of a subsea lift are:
e lift-off from deck and maneuvering the object clear of the transportation vessel
e lowering through the wave zone
e further lowering down to sea bed
e positioning and landing.
Further, (DNV, 2014) states that the important loads to consider in a subsea operation are:
e Weight and center of gravity
e Weight of rigging
e Special loads

11
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— tugger line loads

— guide line loads

wind loads

— hydrostatic loads
— hydrodynamic loads
e Skew loads
— sling length inaccuracies
— fabrication tolerances of lift points
— deflections of lifted object
— crane hook geometry
— multi hook lifting
— doubled slings
— difference in sling elongations

In this thesis, the focus will be on the light lifting operations. This means that the crane
boom can be treated as a stiff structure (DNV, 2011b). The motion of the crane tip is thus

governed by the crane vessel’s Response Amplitude Operator (RAO).

3.1 Lift-off from Deck

When lifting a module off the deck of a transport vessel or a barge, the relative motions

between the crane vessel and the transport vessel can lead to snap loads and impact loads.
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3.1.1 The Relative Motions between Two Ships

The position s at any point (x,y, z) of the ship can be written as (Faltinsen, 1990):

s=(m + 205 —yne)i+ (M2 — 2ms +xm6)j + (M3 + yna — 2m5)k (3.1)

where n; are the motions in surge, sway, heave, roll, pitch and yaw. i, j and k are unit vectors

along the z-, y- and z-axis.

The vertical motions of the ship are of most interest. If the ship is assumed to be stationary

under the operation, the vertical displacement s3 at any point can be written as:

S3 =13+ Yns — T (3.2)

If a harmonic wave is assumed with the profile

((z,y,t) = (usin(wt — kxcos(B) — kysin(B)) (3.3)

where (, = wave amplitude, w = wave frequency and § = angle of wave attack.

The different motions are then given by:

ni = |H(w)l|iC where i = 3,4,5 (3.4)

where |H (w)]; is the RAO for the ship in the different degrees of freedom.

Ship 1 Ship 2

Figure 3.1: Lift off operation from separate vessels
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The relative motions between two ships can be calculated by using two coordinate systems,

see figure 3.1. For Ship 1, the wave elevation at the center can be written as:

C(a,b,t) = (usin(wt — a keos(B) — b ksin(f)) (3.5)

and for Ship 2:
(o t) = (usin(wt’) (3.6)

The relation between the wave elevations is:

wt' = wt — a kcos(B) — b ksin(B)

Where a and b is the distance between the ships’ centers. The motions are now:

B = |H() Lsin(t (3.7
nfhip 2 _ |H(w)|fhip Qsin(mf —a keos(f) — b ksin(pB)) (3.8)

The relative motion between the two ships is then:

ship 1 ship 1 ship 1 ship 2 ship 2

N3r = (773 + Yerane tip Ty — Zcrane tip 5 ) - (773 + Ymodule pos M4 — Zmodule pos 15

(3.9)

From this, the relative acceleration for the crane and the module can be derived. This way,

the snap loads that may occur can be calculated using Newton’s 2. law:

anap = Mmodule 7.73R (310)

From the equations for the motions of the ships it is apparent that their respective RAOs are
what make their motions different. This means that two ships with near equal RAO will have
an equal response to the incoming waves, which is beneficial for doing e.g. crane operations

safely. The phase difference between the time where the waves hit the two ships will vary with

)
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the heading of the ships and the distance between them. In head sea (5 = 0 [deg]), the phase
difference plays a small role in the relative motion. However, in beam sea (8 = 45 [deg]),
the effect from the phase difference is much greater. The placement of the module on the
transportation ship relative to the placement of the crane on the crane ship influences the

phase difference.

3.2 Lowering through the Wave Zone

According to (DNV, 2011b), an object lowered into or lifted out of water will be exposed to

a number of forces. In general, these forces are:

Fiine = force in hoisting line/cable

Wy = weight of object (in air)

Fg = buoyancy force

Fe = steady force due to current
F; = inertia force

F,q = wave damping force

F; = drag force

F, = wave excitation force
F, = slamming force
F, = water exit force

where the force Fj;,.(t) in the hoisting line is the sum of the means of the forces Fy and Fyy,

due to the motion of the crane tip and the wave excitation on the object.
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3.2.1 Slamming

The vertical slamming force including the hydrostatic forces can be expressed as (Faltinsen,
1990):

d
Fy = %(Aszv) + pgsd (3-11)

Where ) is the submerged volume and Ass is the high-frequency added mass in heave.

If the vertical velocity is assumed to be constant, the dynamic part of the equation 3.11 can

be rewritten to:

d  dA

A OV) = — 2V (3.12)
By introducing a slamming coefficient (Cs):
dA2D
d;f V% =0.5p2C,RV? (3.13)

The slamming coefficient for cylinder is found experimentally by using figure 3.2

(DNV, 2011b) presents the equation of motion of lifted objects subjected to the combination

of buoyancy, inertia, wave exitation, slamming and drag damping forces:

(M + Asa)it = B (03 — i) + Big) (s — )| (03 — )] (3.14)
., dASS
H(pV + Agg)is + —2(C = 1)” + pgV (t) — Mg + Fiine(1)
where
B:%) = the linear damping coefficient
Bé? = the quadratic damping coefficient
v = Water particle velocity

Fline = force in hoistion line
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Figure 3.2: Slamming and added mass coefficients for cylindrical structures. Retrieved from
(Faltinsen, 1990)

3.3 Loads on Different Geometries

There are different types of geometry to consider. For simplicity, the module can be de-
fined as either a square or a set of cylinders. The reason for doing this is that analyzing
complex structures such as a subsea tree or a production module (see figures 2.3 and 2.4)
involves Computational Fluid Dynamics (CFD) or model testing to be able to determine the
hydrodynamic coefficients. (@ ritsland, Lehn, & Reitan, 1986) present key data for some
complex geometries such as added mass, linear and quadratic damping at a 2 second period

of oscillation.

3.3.1 Slender Cylinders

On a cylinder in cross stream, the force can be calculated using Morrison’s equation:

nD?
dF = pTC’mawdz + 0.5pCqulu|dz (3.15)

where D is the diameter, C,, is the mass coefficient and Cj is the drag coefficient. Cy and C,,

can be found in (DNV, 2011a). Cy varies when the cylinder is moved towards the seabed. If
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the current is taken into account, the equation becomes

wD?
dF = pTC’maxdz + 0.5pCq(u + ue)|(u + ue)|dz



Chapter 4

Stochastic Theory

4.1 Wave Spectrum

To describe the waves that are used in a irregular sea state a sea spectrum is used. Commonly
used in Norway is the Joint North Sea Wave Observation Project (JONSWAP). The spectrum

describes the energy of the wave in a certain frequency range.

(1)
5 Wy\5 _5(wp)5 B
(W) = —— HST, (—”) 1) 1-02 e o 41
Sulw) = - HT, (£2) e 1) (1 - 0.287in()y (11)
where:
0.7 for w<uw
o for w<wy (4.2)
0.5 for w>uw,
and

Hs significant wave height.

19
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Tp spectral peak period .

~ peakiness factor .

4.2 Minimum Value

The type I Extreme Value model Cumulative Density Function (CDF) is given as (Bury,
1978):

Fimas(Xis pt,0) = exp {—emp (—xe — “)} (4.4)

g

where: z. is the extreme value of the realization of x, y is the mean value and o is the

standard deviation.
Using the method of moment to determine p and o

The moment function of the reduced variable Z; = X—g_’ﬁ is given by:

o0

M fr ) = /_ Cxp(t2) frman(2)d (4.5)

[e.9]

where f7 mq. is the probability density function and ¢ is the order. Further,

w=o+7Tu (4.6)

where T = Euler’s constant = 0.57722 giving:

1= o+ 0.0577224 (4.7)

and
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The type I smallest extremes are:

min(x;) = —max(—x;)

where z; is individual smallest value, giving

Fl,mm<X€;,u,o') =1- exp |:—€l’p (l’e — :u>:|
o

with corresponding

1= o —0.057722u

and

Q
Il
Sl
=

4.2.1 Probability Paper

21

(4.10)

(4.11)

(4.12)

“The method of probability plotting provides a convenient check of the distributional as-

sumptions F7q.. In addition, this method detects ”outlying“ observations and furnishes

preliminary parameters estimates.” (Bury, 1978)

To make a probability plot the CDF has to be linearized:

X
MMJMEWM%MU%JD:—§+;

This makes the axes:

(4.13)

(4.14)

F min 1s replaced with its expected value i/(n+ 1), where i = [1,2,...,n| and n is the number

of observations. The sample of x; has to be sorted.
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When checking whether the lowest force is exceeded, the probability paper can be transformed
back to an S-curve, where the y-axis is in the range from 0 to 1. The values for exceeding a

given force are then read:

Fz)=P(X <z)=P(X >z)=1-F(x) (4.15)

4.3 Monte Carlo Simulation

By running Monte Carlo simulations on the Minimum Value distribution (F7 ;) an un-
certainty band can be obtained within a given probability. This means that the “Monte
Carlo simulation implies that realizations of each source variable X; are “sampled” from the

corresponding distribution function F;(z;).” (Bury, 1978). By inverting

u" =F(z) =z =F1(um) (4.16)

Where u is a uniform random set of numbers between 0 to 1, a statistical equivalent random

set of realization of x is obtained. The F7 ,,;, can be then be inverted to:

r=p+aolnln(l—u™)] (4.17)

By running multiple Monte Carlo simulations and plotting the results on the probability
paper and removing the values outside a given confidence level, a confidence interval or error

bound is obtained corresponding to the sample.



Chapter 5

USFOS

According to (SINTEF, 2001), “USFOS is a numerical tool for ultimate strength and progres-
sive collapse analysis at space frame structures. The formulation includes nonlinear geometry
and nonlinear material properties. The basic idea of the program is to use only one finite el-
ement per physical element of the structure, i.e. to use the same finite element discretization

as in linear, elastic analysis.”

USFOS was developed by SINTEF Marintek and NTNU through a joint industry project.
USFOS AS was established in 2003 by prof. Jorgen Amdahl, dr. Tore Holmas, dr. @Qyvind
Helland and dr. Ernst Eberg. The marketing and sales are done by DNV software. (USFOS,
n.d.-b)

“The USFOS program has been in commercial use since 1985 by oil companies and engineer-
ing consultants all over the world. The program has proved significant cost savings in areas
such as inspection planning, lifetime extension and integrity assessment of ageing structures,
and in fire protection assessment for new designs. It is verified through participation in ex-
tensive benchmark activities both in Europe and USA, through comparison with experiments

and through extensive scientific publication.” (USFOS, n.d.-b)

23
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5.1 Hydrodynamics

All the basic hydrodynamic calculation methods and theory are presented in (USFOS, 2010).

5.1.1 Waves

Airy waves theory can be applied for infinite, finite and shallow water depth in USFOS. The
wave profile can be given by:

O = @e_kzcos(wt — kx) (5.1)
w

where ¢ is the gravitational acceleration, h is the wave amplitude, w is the circular wave

frequency and k is the wave number.

The deep water assumption holds when: % > 0.5, where X is the wave length and d is the

water depth.

The hydrodynamics on the free surface (z = 0) can be calculated using extrapolated Airy

theory, see figure 5.1

TN L

Figure 5.1: Extrapolated Airy wave. Retrieved from (USFOS, 2010)
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5.1.2 Slender Cylinders

Hydrodynamic forces on slender members are calculated with use of Morrison’s equation.
The theory can be found in section 3.3.1. Both the drag (C,;) and mass (C,,) coefficients can
be specified for individual elements or by depth. The default values of the coefficients are

(Cy) = 0.7 and (C,) = 2.0.

5.1.3 Slamming

To account for slamming forces USFOS, corrects the drag term in Morrison’s equation with
respect to the graph obtained by Campbell and Weinberg. See figure 3.2 and 5.2. It uses the
von Karman method, which means that it doesn’t account for wet surface rising around the

cylinder as it hits the water. See section 3.2 for more extensive theory on slamming.

Cd Jii
S From completely submerged
and further, the user defined
drag coefficient 1s used
2 i
i a -
0.5 10 SD

Figure 5.2: Cy based on instant surface/diameter ratio, up to 1. Retrieved from (USFOS,
n.d.-a)

5.2 Irregular Sea

USFOS used JONSWAP spectrum to simulate irregular waves. Hg, T, vy, Tjower, TP,
number of different frequency and seed was the different parameters needed to bed set. By
changing the seed number the sea state parameters is kept the same but a different sea was

generated.
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5.3 Spool Wave Function

The Spool wave command in USFOS takes out one of the largest waves in a given sea state
within a time interval. The order of the largest wave is chosen by the user. This shortens
the analyses by only running a few hundred seconds, instead of a full 3 hour sea state/storm.

Inputs to the “spool wave” command were:
e Length of the sea state.
e Time before largest wave.
e End time of the simulation

e Which of the five largest waves the simulation should be run over.

Start Time Peak elevation

Ib'f_:fore Peak z
|

1 I I

Wave height [m]

_15 1 1 |
2360 2380 2400

2420 2440 2460 2480 2500 2520 2540
Time [sec]

0 Analysis Time

Figure 5.3: Spool wave illustration. Retrieved from (USFOS, 2014)
To ensure the right values were selected, a series of smaller sensitivity studies were done.
The following questions arose:

e How long should the time before peak be so that the module has the right response
before the peak hits?

e For how long should the simulations run? The largest force/response could occur after

the peak.

e When should the module be lowered in a Spool Wave to capture the minimum/maxi-

mum forces?
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e Does the minimum/maximum force in the wire occur at the peak?

5.4 Running Analyses

USFOS can be run in two ways: through the terminal or the graphical user interface Xact.
Xact is where the model and simulations of the work are displayed. Xact also contains
plotting tools, the ability to see the node and element numbers or generate a animation of a

dynamic simulation.

USFOS requires two input files. A model file and a head file, both with file extension “.fem”.
The model file contains specifications of the node coordinates, materials, geometry, boundary
condition and loads. The head file tells USFOS what kind of analyses should be run. They
can be static, dynamic or a combination. In this file the hydrodynamic properties like wave,
drag and mass coefficients are specified, as well as which elements to consider in the analyses.
These saved effects can be found in the dynamic plot function in Xact or extracted by the

simple program “Dynres”, which can be run with USFOS as a postprocessing tool.

¢

The two input files create two new results files. The “.raf” is the simulation file that can be
imported to Xact. The “.res” is the result file which contains the results for each calculated
step. This file also contains the error information if USFOS fails to run or crashes under an

analysis.

5.4.1 Multiple Runs and Scripting

Using the Linux operating system or corresponding programs in Windows, USFOS can be
scripted to run multiple analyses. This way, more of the computer’s power can be used, and
the user can easily run multiple analyses without submitting each one manually by making
a script that makes different input files based on the user’s specifications. These may be
different wave heights, lengths of the analyses or seed numbers. Each different case is then

run with different input files in series or parallel, depending on the capacity of the computer.
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Chapter 6

Models

The two models used in this thesis can be classified as a “simple model” or an “advanced
model”. The simple model was used to verify and get familiar with the program. The ad-
vanced model represented a Tie-in connection or commonly know as a Spool, with a spreader
beam to distribute the load on the spool. Both these models where taken from (Matland,
2014) and worked on further.

6.1 Simple Model

The simple model consists of a tubular member with two springs acting as lifting wires, see
figure 6.1a. The dimensions and properties for the module and water are given in table 6.1.
The global axis system has its origin in the bottom left node, see figure 6.1b. In addition,
the structural damping (Rayleigh damping) was set to ay = 0.01 and as = 0.01. The spring
damping was set to be 10° [Ns?/m]. More on reasonable wire damping choices can be found

in section 7.1.2.

29
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Table 6.1: Technical data for the simple model

Parameter Symbol Value  Unit
Length L 45 [m]
Diameter D 1 [m]
Thickness t 0.4 [m)]
Density ps 7890  [kg/m?
E-modulus E 2.1 x 101 [Pa]
Yield stress o, 3.30 x 10®  [Pa]
Water density p, 1024 [kg/m?]
Wire stiffness  k 1.69 x 105  N/m

eeeeeeeeeeeeee

51m,
50m

5555555555

szszszszszszsz
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(a) Simple model (b) Simple model with coordinate system

Figure 6.1: Simple model

The model was used for estimating;:

e Drag

Weight in air and water

Slamming

When the maximum/minimum force in 3 hour sea state occurred

Use of the spool wave function in USFOS
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6.2 Advanced Model

The model was kept the same as in (Matland, 2014), the only changes done were applying
the soft start function and adding the spool wave function to the input files. The technical

specifications can be seen in table 6.2.
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Table 6.2: Technical data for the advanced model, retrieved from (Matland, 2014)

Spool Value Unit
Outer steel diameter 0.3239 [m]
Wall thickness 0.0127 [m]
Coating thickness 0.003 [m]
Cross-sectional area * 0.0124 [m?]
Total cross-sectional area ** 0.0155 [m?]
Modulus of elasticity 210 |G Pa
Yield stress 550 [M Pal
Material density 7850 [kg/m?]
Inner fluid density 1100 [kg/m?]

Spreader bar

Modulus of elasticity 210 |G Pal
Yield stress 355 [M Pal
Material density 7850 [kg/m?]
Main part

Outer diameter 0.6604 [m)]
Wall thickness 0.0254 [m)]
Cross-sectional area 0.0506 [m?]
Length 30 [m)]
Connections

Outer diameter 0.4064 [m)]
Wall thickness 0.0159 [m)]
Cross-sectional area 0.0195 [m)]
Length 1.33 [m]
Wire data

Outer diameter 0.08 [m)]
Wall thickness 0.03 [m)]
Elastic modulus 8.80E+010 [Pa]
Cross-sectional area 4.71E-3 [m?]
Initial length 10 [m]
Stiffness 4.15E9 [N/m]

* Area of cross section without coating
** Area of cross section with coating
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Figure 6.2: Advanced model retrieved from (Matland, 2014)

6.3 Wire Modeling

To be able to model a wire element a spring system needed to be modeled. The reason for

this is that USFOS could increase the length of the spring with a given time history.
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The spring needed to be connected to the beam elements. For analysis purposes a monitor
element was placed at the top of the spring. The monitor element has a very high stiffness
so it doesn’t contribute to the motions of the module. From the monitor element the forces

could be read.

The spring element was defined by using a tension spring material (TensSpri) in USFOS.
Here the spring stiffness could be defined as well as the time history of its elongation. The
geometry of the element from this time on does not matter in the analyses. From the same
nodes between the monitor elements a spring damping element was modeled. This was
defined by setting a material to the function (MREF), which is used for non-linear damping,.
The parameters were set to 0 in all dofs. The (spriDamp) parameters could then be assigned
to an element. This parameter can assign damping to elements in a chosen dof. The damping
was only assigned to work in the axial direction. The damping from the water was calculated

and added separately by USFOS.

The elongation history of the spring element could be chosen from three types of S-curves or
a user defined history. The different types of S-curves were linear curve, S-curve in power of
2 and S-curve in power of 3. The elongation of the spring was the initial length of the spring
element (distance between the monitor element and the module) multiplied by a user defined
factor. The initial choice was an S-curve with power of 3 was to prevent initial vibrations

when the analysis started. The effect of using a linear S-curve is shown in (Matland, 2014).

6.3.1 Soft Start

Problems with lowering the module with constant velocity arised due to large accelerations
in the beginning, which lead to large forces at the start of the analyses. There are no built-in
time history functions in UFSOS to elongate the spring element, with the ability to start
softly and then maintaining a constant velocity. The S-curve function generated a soft start,
but did not provide an accurate way to control the lowering velocity of the module. One
solution was to set a linear length increment of the wire element and run the first part of the

simulation in quasi static mode, only solving kz(t) = F(t) for the motion. However, when
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introducing a spring element into the system, simulations could only be run in dynamic
mode. The solution was to use a user defined time point history for the length increment.
By transforming equation 6.1 for acceleration to displacement, a soft start was obtained with
the constant lowering velocity. The system now accelerated and decelerate slowly until it

had reached the desired lowering velocity.

The chosen formula for the acceleration where:

t t—t?
a_Qﬁ%Z—l (6.1)

Where t.,4 is the time when a = 0 again and Cj is the peak factor. Cs is preferably larger

than t.,4 to avoid a high peak value. t.,q for a constant lowering velocity was found by:

; t? 3
= [adt =tepq | —= — — 6.2
vconst /a d (202 302) ( )

By assuming the acceleration is equal to zero when t = t.,4:

l 1 3

v = —t 6.3
const 602 end ( )
Based on the required lowering velocity and peak factor the acceleration time became:
tend = (602Uionst)% (64)
The displacement of the wire was then described as:
144
Ly 0<t<toma
S = /vdt =™ (6.5)

tx vl t> tend
Based on the equations 6.3, 6.4 and 6.5, a MATLAB script was made that generated a string
of displacement points in time based on lowering speed, peak factor, initial length and total

lowering length. see ... The MATLAB-generated acceleration can be seen in figure 6.3
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Figure 6.3: Start acceleration
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Figure 6.4: Difference in displacement from USFOS and theory

The small difference in the displacement from MATLAB and USFOS seen in figure 6.4 is due

to activation of the deadweight in the first five seconds. This lead to an initial displacement

of the wire in the results from USFOS. The resulting effect on start forces in the wire can be

seen in figure 6.5
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6.4 Ship Motion

The ship motions were defined by transfer functions which were taken from (Matland, 2014).
The transfer functions were for sea with an incoming heading of 45°. The functions described
some sort of ship, but the details of the ship were not provided nor known by the supervisor,
who provided it to (Matland, 2014). The relevant plot over the motions heave, pitch and roll
can be seen in figures 6.6. For the advanced model, the crane tip was located at (0, 38,72) [m]
from the ship’s center of gyration. By using the formula 3.1 and basic geometry, it was found
that the heave motions affected the crane tip motions the most. Hence larger wave periods

were more likely to lead to slack in the wire.
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Based on the report (Eik & Nygaard, 2003) the spectral peak period (7},) given a significant

wave height (Hy) over 43 years were:

H, SPECTRAL PEAK PERIOD SUM
0-3 | 3-4‘ 45 | 5-6 ‘ 67 | 78 | 8.9 |9-10 IlO-l]|11-12‘12-13|13-14|l4—15|15-16|16-17|17-18|18—l9‘ 12?]-|<20
0121 179 529 859 977 889 701 503 337 217 135 82 49 29 17 10 6 4 5 | 5550
12| 5 141 959 2762 4683 5644 5411 4430 3245 2193 1399 855 507 294 167 94 53 29 36 [ 32909
23] 0 9 168 956 2604 4359 5230 4964 3980 2819 1822 1099 629 346 185 97 50 25 25 29368
3 4] 0 0 9 127 634 1629 2633 3053 2777 2109 1398 835 461 239 118 56 26 12 9 |16126
4510 0o 0 8 8 397 955 1460 1593 1349 941 566 303 148 67 29 12 5 3 | 7924
56| 0 0 0 0 7 66 268 594 838 836 639 397 210 97 41 16 6 2 1 [ 4019
6710 o0 o0 0 0 6 49 177 352 445 393 263 141 63 25 9 3 1 0 [ 1928
510 0 0 0 0 0 5 36 111 192 209 159 90 40 15 5 1 0 0 | 863
89l 0 o0 o 0 0 0 0 5 25 64 93 8 54 25 9 3 1 0 0| 363
910l 0 0 0 0 0 0 0 0 4 16 33 39 29 15 6 2 0 0 0] 145
w11l 0 0 0 0 0 0 0 0 0 3 9 15 14 8 3 1 0 0 0] 55
12l 0 0 0 0 0 0 0 6o 0 0 2 5 6 4 2 1 0 0 0] 20
213 0 0 0 0 0 0 0 o 0 o0 ©0 1 2 2 1 0 0 0 0 7
B4 0 0 0 0 0 0 0 6o 0 0 ©0 0 1 1 0 0 0 0 0 2
415 0 0 0 0 0 0 0 0 0 0 0 0 0 0O 0 0 0 0 0 1
SUM| 25 [329[ 1667 [ 47128993 [12991]15255[15222]13262]10243[7075]4403]2495]1312] 657 [ 322 [ 158] 78 | 81 | 99280

Table 6.3: Joint frequency table retrieved from (Eik & Nygaard, 2003)

In collaboration with the supervisor, the chosen 7}, corresponding to H; should be a short

and a long T,,. Based on table 6.3 the T}, was chosen so it would have at least 100 occurrences

over 43 years. The chosen values for the sea state can be seen in table 6.4. When using these

values in the JONSWAP spectrum, the v parameter was set to 3 for the simple model and

3.3 for the advanced model.

T

p

Cﬂ»-lkwl\l)b—‘m

Table 6.4: Chosen T,|H,

4 and 12
4 and 16
5 and 16
7 and 15
7 and 15
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Chapter 7

Simple Model Analyses

7.1 Sensitivity Studies

7.1.1 Time Interval

The time interval used in the studies was established at an early stage to ensure correct
results. In the verification of the model, the time interval from (Matland, 2014) dt = 0.01 s
was used, as the module was lowered in flat sea or hanging still. However when ship motion

and waves were introduced, a new study was necessary.

The module was hanging still in the water surface and the sea state parameters were H, =
4 m, T, =8 s and 7 = 3. The spool wave function was used to ensure a large wave was

hitting the module. Based on figures 7.1a and 7.1b, the new time interval was 0.009 or less.

41
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Figure 7.1: Time interval studies for simple model

7.1.2 Effect of Wire Damping

The damping coefficient for the damping element was not found in any literature. There is,

however, damping in the wire due to the fibers. However, the magnitude was not known.

Therefore, a study of the effect the wire damping had on the force in the element was

conducted. This was done by lowering the module with the spool wave function and various

sea states with different values for the damping coefficient, see table 7.1.

With a damping value of 10°, the damping gave a contribution to the resulting wire force.

Therefore, this value was used in the simple model simulations.
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Table 7.1: Maximum and minimum forces in wire when subjected to different wire damping

Damping value [N/s] ~ Maximum force in wire [N] Maximum force in wire [N]
Hs=1m,Tp=3s

1 2.71E+6 1.92E+6
10 2.71E+6 1.92E4-6
100 2.71E+6 1.92E+6
1000 2.71E+6 1.92E+6
10000 2.70E+6 1.94E4-6
100000 2.62E+6 2.03E+6
1000000 2.63E4-6 2.13E+6
Hs=2m,Tp=4s

1 3.06E+6 1.78E+6
10 3.06E+-6 1.78E4-6
100 3.06E4-6 1.78E4-6
1000 3.06E4-6 1.78E4-6
10000 3.06E4-6 1.80E+-6
100000 2.95E+6 1.95E+6
1000000 2.81E+6 2.04E+6
Hs=4m,Tp=8s

1 4.64E4-6 -2.54E+3
10 4.64E4+6 -2.52E+3
100 4.64E4-6 -2.30E+3
1000 4.64E+6 -4.04E+2
10000 4.60E4-6 -3.03E+3
100000 4.34E+-6 1.60E+5
1000000 3.92E4-6 1.07E+-6
Hs=10m,Tp=12s

1 1.31E47 -6.55E+4
10 1.38E+7 -0.59E+4
100 1.67E+7 -6.91E+4
1000 1.39E+47 -8.39E+4
10000 1.11E+47 -1.38E+5
100000 1.07E+47 -6.80E+5

1000000 1.26E+7 -5.20E+-6
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7.1.3 Time Before and After Peak when Using the Spool Wave

Function

A study was first conducted to determine the minimum duration required to develop the
largest wave when using the spool wave function. It was found that 70 s were needed to

obtain the correct value for the largest wave.

The study was taken further to find how much motion had to be induced to the system before
the peak wave hit the module. The study was conducted with the module hanging in the
water surface. The parameters in the JONSWAP spectrum were set to H;, =1m, T, =2 s

and v = 3, and the simulation was set to run for 500 s in total.

The simple model needed to run for 250 s before reaching peak wave. See figures 7.9. The
times when the maximum /minimum forces occur were the same for all the analyses, see table
7.2. However, the maximum/minimum forces did not occur at the peak wave. This raised
the question of the validity of using the spool wave function for still-hanging structures. See

subsection 7.1.4 for further discussion.
Table 7.2: Results of length of spool wave function

Time before [s| Forcenqa, [N] Time [s] Forcem, [N] Time [s]

100 2770631.4 176.936 1902063 177.456
150 3494753 243.704 1223758 244.2

200 3510556 293.704 1215634 294.192
250 3514123 343.704 1212458 344.192
300 3512376.4 393.704 1214758 394.192
350 3510716.2 443.704  1212854.4 444.192

400 3511037 493.704 1213645 494.192



7.1. SENSITIVITY STUDIES 45

3.6e+06 1.95e+06 -
3.50+06 3 . . -
3.4e+06 —; 1.9e+06
3.3e+06
Z.3.20+06 3 Z
o ] @ 1.85e+06
5 3.1e+06 5 {
[ ] w
3e+06 1.22e+06 -
2.90+06 ]
] 1.21e+06 o
2.82+06 |
2.70+06 ‘ , , ‘ , ‘ 1.2e+06 : : : : : :
100 150 200 250 300 350 400 100 150 200 250 300 350 400
Time before peak wave [s] Time before peak wave [s]
(a) Maximum force in wire (b) Minimum force in wire

Figure 7.2: Time to start before peak wave with moving ship
7.1.4 Maximum/Minimum Forces in a 3-Hour Sea State

The objective of the study was to confirm if the spool wave function gave lower or equal
minimum forces compared to the full 3-hour simulation. If so, the spool wave was more

conservative and would be considered used further. The results are shown in table 7.3

To compare the use of the spool wave function instead of a full 3-hour sea state, the mod-
ule was set to be lowered. The simple model was placed so that half of the module was
submerged.The idea was that this would be the worst place for the module to hang. If the
module were to have descending motion, there would have had to be done a lot of simulations
where the module started to be lowered at different times in a 3-hour sea state. This was

considered to be too time consuming.

By running eight full 3-hour sea state and eight “spool wave” simulation over the 5 largest
waves in the spectrum, a comparison between the maximum/minimum forces in the wire
could be made. This showed the whether running the spool wave function was a valid

method to determine the maximum/minimum force in a 3-hour sea state.

The same sea state parameters were chosen for both the full 3-hour and spool wave simula-
tions. The chosen sea state was Hy; = 1 m, T, = 2 s and v = 3, with eight different seed

numbers.



46

CHAPTER 7. SIMPLE MODEL ANALYSES

Table 7.3: Maximum and minimum forces in wire in 3 hour sea state and the spool wave

Seed nr Full 3 hour Spool Dift

max [N] min[N] max[N]  Order[N]  min[N]  Order[N] max[N] min[N]
10 3.54 x 10°  1.24 x 106 3.4 x 10° 2 1.32 x 108 2 2.13%  6.866%
20 3.59 x 105 1.10 x 105  3.59 x 10° 3 1.11 x 108 3 0.02%  0.22%
30 3.55 x 105 1.25 x 105  3.33 x 10° 3 1.41 x 106 4 6.21% 12.75%
40 3.56 x 10°  1.23 x 10°  3.38 x 10° 4 1.29 x 10 4 5.03%  4.91%
50 3.58 x 10°  1.25 x 10°  3.41 x 10° 1 1.35 x 10° 4 4.66%  8.03%
60 3.49 x 105 1.26 x 105  3.46 x 10° 2 1.28 x 10° 4 0.84%  1.85%
70 3.53 x 105 1.27 x 105 3.32 x 10° 2 1.27 x 108 4 591%  0.23%
80 3.47 x 105 1.20 x 105  3.42 x 10° 2 1.32 x 10° 2 1.47%  10.01%

Sometimes the spool wave function gave valid results, but the error depended on the sea
state. It was also observed that the maximum and minimum forces only occur twice within
200 seconds, meaning that running only one of the peak waves would not capture both the

maximum and minimum in the wire.

Further, the same analyses were run with different lowering times to investigate whether the

time of the module hitting the surface relative to the peak would produce more conservative

results.

7.1.5

The parameters in the JONSWAP spectrum were set to H;, = 1, T, = 2 and 7 = 3. The

module was lowered with a constant velocity of 0.5 [m/s].

Table 7.4: A selection of lowering start times with moving ship

Start lowering time [s] Forcemq, [N] Time [s| Forcem, [N] Time [s]
100 2786231 107.1 1307166 281.4
200 3021765 2204 1307637 281.4
225 3062622 247.8 1132882 251.7
250 3103507 253.4 1285533 282.6

The lowest minimum force was of interest, as the slack condition was considered to be the
limiting factor in choosing a sea state in which the operation could be done. When 225 s was

used as the lowering start point, the maximum and minimum force occurred right before and

after the peak wave, see table 7.4, figures 7.3b and 7.9b.

When to lower the module when using spool wave function
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Table 7.5: Comparing the spool wave to full 3-hour analyses

Seed nr  Full 3 hour Spool
min[N] min[N] Order[N]
10 1.24 x 106 1.132 x 106 1
20 1.10 x 108 1.268 x 106 1
30 1.25 x 106 1.293 x 106 1
40 1.23 x 105  1.173 x 10° 1
50 1.25 x 105 1.264 x 10° 1
60 1.26 x 105 1.185 x 10° 1
70 1.27 x 105  1.081 x 10° 1
80 1.20 x 106 1.132 x 106 1

47

The minimum force in the wire in the conservative case occurred at 251.7 s, which is 1.7

s after the spool wave hits the module. Knowing this, the simulations could be shortened

down to 260 s to save computational time. The same start time is also found for simulations

without ship motion.

Again, the lowest force in the wire was considered to be the most concerning force, so the

225 s option was taken as the conservative case. Comparing the results with the full 3-hour

analysis to the results from running the spool wave function with order 1 showed that the

minimum force could not always be obtained by running the spool wave function. This can

be seen in table 7.5. However, the error produced by using the spool wave function is small,

and is still considered valid throughout this thesis.
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7.2 Verification of Simple Model

Some verifications of USFOS’ capabillity to simulate marine operations were performed. This
was done by simulating the simple model in different situations and comparing the results
with hand calculations. How the forces act in the wire and how it was used to read the
results its shown in 7.5. The results were obtained with the lowering displacement of the
module to be an S-curve or with constant lowering speed. The soft start application was
discovered at a later point see section 6.3.1. By using the S-curve for lowering displacement,
the module lowering velocity was constantly changing, see figure 7.6. Using constant lowering
speed created unwanted responses in the beginning, see figure 7.7b. The small decreasing
force in the “in air“ condition shown in figure 7.5 appears because of the change in velocity.

The same for is the case for the “fully submerged” condition.

3e+06

2.5e+06 _: i \ Fully submerged \ :—Z.Se-v-Oﬁ

[~ 2e+06
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Figure 7.5: Force in monitor element
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Figure 7.6: Displacement and velocity of module lowered in verification simulations

7.2.1 Weight

The weight in air was found by reading the force from the “in air” condition seen in figure
7.5, or by running the simulation with the module hanging still in the air. The submerged
weight was found by hanging the module in water with no lowering velocity, or by doing the
simulation without drag, see figure 7.7a. The calculated hydrodynamic forces were limited

to the pipe only. The rest of the model was set to having no hydrodynamic properties.

The weight in air has an error of 0 when hanging still. When it’s lowered with different
velocities, the error was between 0 and 0.63%. When the module was hanging still submerged,
the error was as small as 0.03%. There was a larger error when the module was lowered,

however this was also very low. The error was in the range of 0.31 — 0.82%.

Table 7.6: Weight in air and water, with module hanging still

Force in single wire USFOS Hand calculations
In air [N] 2.74 x 10°  2.74 x 10°
In water [N] 2.03 x 10% 2.03 x 10°

7.2.2 Drag

In drag simulation the velocity was set to be constant. As mentioned, this created large

responses at the beginning of the simulation. However, the last part of the simulation,
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[90-100] s, could be used, see figure 7.7a.

The module was fully submerged from the start of the simulation, and the drag forces were
taken as the difference between results of simulations with and without drag contributions.
This was done by setting Cy = 0 and C,, = 0 in the simulations. USFOS was then only
calculating the buoyancy force acting on the module. Next Cj and C,, was set to 1 and
2 respectively. In principle, the module was passing through water with constant lowering
velocity, and therefore the Morrison 3.15 equation could be applied to calculate the forces

acting on the module.

The simulations were done with different lowering velocities, as a difference was discovered
a in USFOS’ results compared to hand calculations. As the lowering velocities increased, so

did the difference between the theoretical and experimental results, see table 7.7.
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Figure 7.7: Force and velocity of module lowered in drag simulations

Table 7.7: Results from drag simulations

Theory velocity [m/s] Theory Drag [N] Experimental Drag [N] Difference [N] Error %
0.20 1.85E4-03 1.82E4-03 3.00E4-01 1.63
0.25 2.88E+03 2.56E+03 3.26E4-02 11.30
0.31 4.50E+03 3.65E+03 8.58E+02 19.05
0.45 9.53E+03 6.81E+03 2.72E+03 28.57
0.63 1.80E+04 1.18E+04 6.20E4-03 34.43
1.00 4.61E+404 2.75E+04 1.86E+4-04 40.29

As the largest difference was only 0.9% of the weight in water, the error was considered to

be insignificant.
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7.2.3 Slamming

The slamming effect was difficult to determine. There was a slamming effect, but the mag-
nitude was inconclusive. This was because of the way the forces were detected in the model.
The forces detected in the monitor element were force responses, and not the direct force
from the sea on the module. This can be seen in figure 7.8b. The impact of slamming on
the wires” minimum force was very small compared to simulations without slamming. The

simulations were run with a constant lowering velocity of 1 m/s.

Based on the slamming force described in 3.2.1, the total force and the slamming force alone

are presented in figure 7.8a
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Figure 7.8: Calculated slamming and slamming from USFOS

A different simulation was done to confirm USFOS’ capability to calculate the slamming
force by changing the eigenperiod of the model. This way the oscillations observed when the
module was passing through the water surface should change. This was done by changing

the spring stiffnesses kyire1, Kwirez in the model and reducing the eigenperiod T, with 50%,
see figure 7.8b.

The eigenperiod for the module is:

05xT, = 27‘[‘\/ (Ruirer & Kuircz) (7.1)
m
4 . .
Te _ 27T\/ X (kwlrel +kum“e2) (72)
m
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7.2.4 Regular Sea

A series of simulations with regular sea were performed to check which regular sea state limits
the operations by inducing slack. This was checked by seeing if the minimum force was zero
or negative for the respective case. The parameters were varied between a short and a long
period to increasing H,. A T, corresponding to H, was chosen by consulting table 6.3 in the

same way as done in section 6.5. The ship was assumed to have motions.

All the analyses done for regular waves did not lead to the forces reaching their limit in e.g.
slack, not even by setting Hy, = 11 m and Tp = 10 s. It was therefore concluded that Airy

waves were not good to use for simulating regular waves in marine operations.

Table 7.8: Minimum forces in wire in regular waves

Sea parameters Minimum force in wire
Hy=1m,T,=4s 1.931 x 10°
Hy=1m,T,=12s 1.945 x 10°
Hy=2m,T,=4s 1936 x 10°
Hy=2m,T,=16s 1.846 x 10°
Hy=3m,T,=5s 1.895 x 10°
Hy=3m,T,=16 s 1.577 x 10°
Hy=4m,T,=7s 1849 x 10°
Hy=4m,T,=15s 1.287 x 10°
Hy=5m,T,=8s 1810 x 10°
Hy=5m,T,=155s 9.941 x 10°
Hy=6m,T,=10 s 1.179 x 106
Hy=7Tm,T,=10 s 1.051 x 106
Hy=7m,T,=13s 1.587 x 10°
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7.3 Limiting Sea State

Based on the results from section 7.1.4 and 7.1.5, the model was run with the spool wave
function over the largest wave in the sea state with 30 different seeds. The resulting wire
forces in the two cases, the ship with and without motion, were compared after simulating

with the chosen sea states from section 6.5.

The limit of the wire force was considered to be Flire 1imit = 2030424 N x 0.1 = 203042 N =
2.03 x 10°> N, which is 10% of the submerged weight of the module. 10% of submerged weight
as a limit was found in (DNV, 2011b). The minimum/maximum value of the minimum force

in the wire is presented in table 7.9. See appendix A.1 for all the results plotted in probability

papers.
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Table 7.9: The highest and lowest minimum force in the wire

Analysis F"9 IN]  Flw [N]  Under limit
With ship motion

Hy=1,Tp=14 1820941 1639810 No
H,=1,Tp=12 1456244 681137 No

H, =2 Tp = 1617378 1350683 No
H,=2,Tp=16 322864  -124948 Maybe
H,=3,Tp = 1470335 1057236 No
H,=3,Tp =16 -157232  -230108 Yes
H,=4Tp=7 768214  -87205 Maybe
H,=4,Tp=15 -186355  -295966 Yes

Without ship motion

Hy=1Tp =4 1954674 1814386 No
Hy=1Tp =12 1940349 1890457 No
H,=2Tp=4 1889466 1477637 No
H, =2 Tp =16 1957356 1798022 No
H,=3,Tp=5 1900272 1462947 No
Hy=3,Tp =16 1951508 1522992 No
Hy=4Tp=7 1890500 1428143 No
Hy=4,Tp =15 1901006 1155525 No

There were two sea states in which the results could be over the limit. See figure 7.10 and
7.11. For sea state Hy, = 2 m, Tp = 16 s one value was over the limit, while the rest were
negative. The conclusion is that this sea state creates too low forces in the wire. The other
sea state, H;, = 4 m, Tp = 7 s, was more interesting. Most of the results were under the limit,
see the probability paper in figure 7.11a. Only 9 out of 30 simulations gave results above
the limit. Since there were negative values from the simulation, the minimum probability is
indeterminable. 4 out of 30 results were inside the 95% confidence interval. The same was

observed for every analysis that had negative values.

By removing the minimum values under 10® N, the probability of exceeding the limit became
readable, see figure 7.14. 14 remaining values was not enough to give a good estimation of

the minimum force in the wire.

Reasons for the bad probability papers when there are values under 10> N could be that
USFOS has a numerical difficulty handling low or negative values for this case. It could also

be that the lowest values have a different probability distribution than the rest of the results,
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which seemed to be the case for simulations where H;, =2 m, Tp = 16 s.
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Figure 7.11: Results for sea state H, = 4, T}, = 7 with ship motion
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Figure 7.12: Results for sea state H; = 2, T, = 16 without ship motion

2. 1

] 0.9 -
14

] 0.8
0‘; 0.7
-1 §0.6 =

] i
-2 =05+

] £
-3 304*

] 03
-4 3

] 0.2 H
'5_; 0.1
B ol R R
1.4e+06 1.5e+06 1.6e+06 1.7e+06 1.8e+06 1.9e+06 1.2e+06 1.4e+06 1.6e+06 1.8e+06 2e+06

Force [N] Force [N]
(a) Probability paper (b) S-curve
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Figure 7.14: Results for sea state H, = 4, T, = 7 with ship motion and results above 103
With and Without Ship Motion

Comparing the minimum force in the wire with and without ship motions showed the highest
factor of difference was 3261.371 and the lowest was 0.002. The sea states that gave values
under the limit or negative values produced the largest factor of difference. The other sea
states produced an average difference of less than 1. However, as the factor of difference
between with and without ship motion in the same sea state is so large, there is no clear

correlation between the results in these two cases. See table 7.10

Table 7.10: Factors of difference with and without ship motion in same sea state

Analysis Lowest factor Average factor Highest factor
H,=1,Tp =4 0.033 0.074 0.131
H,=1,Tp=12 0.327 0.682 1.824
H,=2Tp=4 0.002 0.151 0.259
H,=2,Tp =16 -35.939 -20.733 5.006
H,=3,Tp=5 0.130 0.367 0.656
Hy,=3,Tp =16 -13.115 -10.449 -8.592

s =3
Hy=4,Tp =7 -426.355 186.805 3261.371
Hy=4Tp =15 -10.266 -7.505 -5.811
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Chapter 8

Advanced model

Before starting with the limit studies of the advanced model, a series of sensitivity analyses
had to be done. As for the simple model, when the model had more elements the analyses
started to take longer time. Therefore, choosing a good time interval and proper length of the
spool wave function could reduce the computation time significantly. The advanced model

was also larger and higher, so the time when it hit the wave surface had to be re-examined.

By hanging the module still over and under water, the forces in the wire and slings were

found. See figure 8.1 and table 8.1.
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Figure 8.1: Force in wire
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Table 8.1: Initial weights and forces

Fair [N} Fsubmerged [N]
Wire 6.225 x 10°  4.4704°
Slings
600 2.8882 x 10° 2.3217 x 10°
601 1.0444 x 10° 5.4387 x 10*
602 1.0828 x 10°  5.7147 x 10*
603 2.8764 x 10° 2.3073 x 10°

8.1 Sensitivity Studies

8.1.1 Time Interval

The original simulations done in (Matland, 2014) used a time interval of 0.05 s. Based on the
results in table 8.2, a time interval of 0.08 s seemed sufficient. However, when using the spool
wave function and lowering the model in the worst case, some of the simulations crashed. So

an interval of 0.01 was chosen until the module was lowered, and then the time interval was

set to 0.005 s.
Table 8.2: Time interval study. Advance model

Time interval [s] F®re [N]  Fwire [N]

max min

0.01 647763.7  163076.03
0.008 648622 163133.5

0.005 649007.93 162937.01
0.003 649211.1  162997.93

8.1.2 Time Before and After Peak when Using the Spool Wave

Function

First, the same analyses as for the simple model were run. This was done to determine how
long before the peak wave the simulation needed begin to capture the lowest force in the wire.
This was necessary because of the different dynamics of the system. However, the same time
before peak, 250 s, was used. When checking for the worst place to lower the module over a

peak wave, the time of the minimum force occurred close to the peak. Hence the end time
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of the simulation was set to 260 s.

8.1.3 When to Lower the Module when Using the Spool Wave

Function

Since the module had a different geometry and the wire length was different, a new study

had to be done. A sea state with Hy, = 2 and 7}, = 4 was chosen.
The module now had to start being lowered at 175 s, see figure 8.2

It was discovered that having the module hit the waves 15 s before the peak and being fully
submerged 5 s before the peak wave gave the lowest force in the wire. This is illustrated in

figure 8.3
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Figure 8.2: Minimum force in wire with different start time
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Figure 8.3: Surface elevation with corresponding force in wire

8.2 Limiting Sea State

From the maximum and minimum of the minimum forces in the wire or the slings in the
different sea states, a preliminary evaluation could be done. In table 8.4, the result from each

4

sea state and forces in the wire and slings are classified as “yes”, “no” or “possibly”. The
sea states denoted “yes” indicates that none of the 30 different seeds in a sea state produced
a force exceeding the limit force. For sea states denoted “no”, the opposite was the case: All
of the 30 different seeds in the sea state produced a force exceeding the limit force. The sea
states containing the limiting forces were classified as “possibly”. These were then checked

and verified by checking the probability paper for the given sea state and the S-curve to see

if the minimum force could occur.
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Based on Fiypmerged from table 8.1, the limiting forces became Fiypmerged X 0.1:

Table 8.3: Limit forces for Advanced module

Wire 4.47044
Slings

600 2.3217 x 10*
601 5.4387 x 103
602 5.7147 x 103
603 2.3073 x 10*

Table 8.4: Results from preliminary exceedence check

Slings

Analyses Wire 600 601 602 603
With ship motion

Hy=1m,T,=4s No No No No No
Hy=1m,T,=12s No Possibly No No No
Hy=2m,T,=4s No Possibly No No Possibly
Hy=2m,T,=16 s Possibly Possibly Possibly Possibly Possibly
Hs=3m,T,=5s Possibly Possibly No No Possibly
Hy =3 m,T, =16 s Possibly Possibly Possibly Possibly Possibly
Hy=4m,T,=7Ts Yes Yes Yes Yes Yes
Hy=4m,T,=15s Yes Possibly  Possibly  Yes Yes

All the sea states containing a wire or a sling that had the highest minimum force under the
limit could be disregarded (indicated by “yes”). As was the case for the analyses containing
H; = 4 m, the parameters H;, = 1 m,T, = 4 s produced forces over the limit in both the
wire and the slings, so this was considered to be a safe sea state to conduct the operation

(indicated by “no”).

As for the other sea states, by checking the probability plots found in appendix B.1 describing
the forces in the wire, all the sea states above Hy = 3 m,T,, = 16 s could be disregarded.

Hence too many of the results were under the limit.

After checking the forces in the slings for the remaining sea states, the sea states that needed
to be further investigated were Hy, =1m, T, =12s, Hy=2m,T,=4s, H,=2m,T, =16 s
and H, =3 m,T, =5 s, see appendix B.3 for relevant S-curves. Equation 4.15 was used to

calculate the probability of not exceeding the limit force.
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Table 8.5: Probability of not exceeding limiting force in percent

Analyses Wire 600 601 602 603
Hy=1m,T,=12s 6.02 - - - -
Hy=2m,T,=4s - 6.35 - - 5.92
Hy=2m,T,=16 s 15.05 19.40 9.70 10.37 19.06
Hy=3m,T,=5s 1338 1271 - - 11.61

If the acceptable limiting probability is set to be 90% of exceeding the limiting value, the
remaining sea state was Hy, = 2 m,T, = 4 s, see table 8.5. Hence the limiting sea state for

this case was Hy =2 m, T, = 16 s.

Table 8.5 also shows that the wire and slings with corresponding element numbers 600 and

603, were the ones most prone to experience slack.



Chapter 9

Conclusion

The scope of this thesis was to assess the applicability of USFOS with respect to simulations
of marine operations. One of the phases that is recognized as the most challenging when

doing a marine operation was selected: lowering through the wave zone.

Two models were used in the process. A simple model consisting of a tubular member
suspended by two springs, and an advanced model, representing a more realistic subsea

module.

The wire elements had to be modeled as spring elements, as this was the only way to incor-
porate wire elongation in the simulations. There were some problems when the elongation
was modelled as either an S-curve or a linear curve. There was either an uncontrollable
lowering velocity or large forces in the beginning of the simulation, as the wire elongation
was set to follow a linear displacement. The solution was to make user-defined points for the
displacement history. This was done by expressing the displacement by deriving a function
for acceleration that didn’t create sudden accelerations in the simulations. This way, the
module started with a soft motion and maintained the desired constant lowering velocity for

the rest of the simulation.

The verification of the model showed that USFOS solves the equilibrium equations correctly.
For drag, the difference between the hand calculations and the results from USFOS increased

with increasing lowering velocity. However, the drag’s contribution on the resulting force in
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the wire was so small that it could be neglected.

When investigating slamming, USFOS gave no values corresponding directly to the hand
calculations. This was because the force measured in the monitor element at the top of the
spring was a response force. There was no way of obtaining the direct forces acting on the
module while it passed through the water surface in USFOS. However, a difference in the
response forces was observed when slamming calculations were turned on and off. By reducing
the eigenperiod by 50%, a different vibration pattern was obtained when the module passed
through the water surface. Because of this, it was concluded that USFOS takes account for

the slamming effect.

A series of sensitivity studies were performed for both models. The most important finding
was that the spool wave function could be used for finding the minimum forces in the wire
or slings. This means that the analyses could be reduced from a full 3-hour analysis to an
analysis with a duration of only 260 s. This saved considerable computational time. However,
the spool wave function didn’t give the minimum values for all the cases. Compared to a full
3-hour analysis with the module hanging still in the water surface, there were a few cases
where the spool wave function gave a relative difference in wire force of 10%. However, the
limiting studies showed by use of probability plot that the minimum values obtained were
inside the 95% confidence interval. It was only when the results were negative or relatively

close to zero that the results seemed to have another distribution.

Negative forces were observed in the monitor element. A tension spring element was used for
the wire, so there shouldn’t be negative forces in the monitor element. These forces occur
because of errors in the numerical method of USFOS. These cases should probably have
represented slack in the wire. However, there were no values that indicated that snap load

was reached.

All the analyses done for regular waves did not lead to the forces reaching their limit in e.g.
slack, not even by setting Hy, = 11 m and Tp = 10 s. It was therefore concluded that Airy

waves were not suitable for simulating regular waves in marine operations.

By finding the minimum values in different sea states with different seeds, a statistical model
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for predicting the minimum value could be developed. It was based on a transformed Gumbel
distribution. In most of the cases it was not necessary to use the probability paper to
determine if the module would experience slack. However, it was a good way to see if the
results were inside a confidence interval or error bound. For the advanced model in the

limiting studies, 5 out of 8 cases had to be checked against the probability papers.

There was an attempt to simulate the “lift off deck” phase, but there was no possibility to
include two ships, and the author was not able to make two independent members in USFOS

interact with each other.
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Chapter 10

Further Work

Only the “lowering through wave zone” phase was studied in this thesis. Even if the “lift off
deck” phase can’t be simulated, the lowering processes under water and hitting the surface

seem more likely to work in USFOS.

Testing the results of USFOS against another program like SIMO should be done. This is
considered by the author to be one of the most conclusive ways to determine the applicability

of USFOS in simulation of marine operations.

USFOS has the possibility to define shadow members or different hydrodynamic diameters of
the tubular members. This could be used for doing a much more complex model, where there
is interaction between the members and the added mass coefficients have to be set manually

for each member.

Investigation of USFOS’ ability to calculate slack should be done. Negative forces were
observed in the tension spring (wire element), even though it has no capacity to take up
forces in compression. There were also no signs of any snap loads in the response forces
induced in the system, even though it experienced negative forces and there probably was

slack.

Further investigation of using the spool wave function to find the maximum/minimum force

in a full 3-hour sea state is recommended. If the spool wave function is confirmed to be
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valid to use, considerable computational time could be saved. This would provide a good

argument for using USFOS to simulate marine operations.
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Results Simple Model Limit Sea
States

A.1 With ship motions
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A.2 Without ship motions
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B.2 Probability paper for Sling Forces
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B.3 S-curves for Sling Forces
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Appendix C

MATLAB-scripts

./Appedix/acceleration_of_wire.m

%% Calculatin acceleration of wire elongation:

% The pupuse is to create a function of displacement of the start phase of
% the wire, so the acceleration goes for zero to zero in a continius

% motion.

clc

; clear;

%% Defined paramters

c.2 = 100; % Peak parameter for acceleration
v = 1; % The derired lowering velocity

1 = 100; % The desired lowering length

li = 49; % Initial length of wire

%% By formulase presented in .... displacement ,acceleration can be given as:

)

vel = @(c-2,t) 1/6 % t.73 /(c-2);

)

a =@Q(c.2,t,t_end) (t_endx*xt—t."2)/(c-2);

S =0Q(c2,t) 1/24 % t."4 /(c-2);

t_end = nthroot(c_-2x6xv, 3);

t=0:0.1:t_end;

t(length(t)+1)= t_end;

XVII
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velo = vel(c.2,t);
Disp = S(c_-2,t);

acc = a(c-2,t,t_end);

APPENDIX C. MATLAB-SCRIPTS

%% constant lowering velocity after ended acceleration to a defined lenght

Disp_end = Disp(length (Disp));

t_simulation = ((1-Disp_end)/v) 4+ t_end;

t(length(t)+1) = t_simulation;

%Displacement factor
Disp.-fac = Disp/1i;
Disp_fac (length(Disp_fac)+1) = 1/1i;

%% Save the result to a file
time_disp = [t;Disp_fac];
acc_wire =[t(l:end—1);acc];

)

fileID = fopen(’start_disp.plo’,’w’);
fprintf(fileID , '%f %f\r\n’,time_disp);

fclose (filelD );

)

fileID2 = fopen(’acc_of_wire.plo’,’w’);
fprintf(fileID2 , '%f %f\r\n’,acc_wire);

fclose (fileID2);
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./Appedix/Slamming_general.m

close all; clear all;

%% Formulas

f_.C_.s1 =@(h,R) (5.15./(1+8.5%xh./R)) + 0.275xh./R; % Exprimental slamming coff

% Coefficients:

pl = 1.3325;
p2 = —12.763;
p3 = 49.248;
p4d = —97.585;
pb = 103.37;
p6 = —51.53;
p7 = 1.6097;
p8 = 10.371;
P9 = —6.5627;
pl0 = 3.14;

y-theroy = @Q(x) pl*x."9 + p2xx."8 4+ p3*x."7 + pd*x."6 + pbxx."5 + pb6xx."4 +

p7xx."3 4+ p8*xx."2 + p9xx + pl0;

% coefficients:
apl = 0.35247;
ap2 = —1.5803;
ap3d = 2.7379;
ap4 = 0.035908;

y2 = Q(x) aplxx"3 + ap2xx"2 4+ ap3*x + ap4;

% Coefficients (with 95% confidence bounds):

a0 = 1.994;
al = —1.503;
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bl = —0.2733;
a2 = —0.462;
b2 = —~0.01653;
a3 = —0.0231;
b3 = 0.1697;
w = 1.231;

% General model Fourier3:

f =@(x) a0 + alxcos(x*w) + blxsin(xxw) + ...

a2xcos (2xx*w) + b2xsin (2xx*w) + a3xcos(3*x*xw) + b3xsin (3xx*w) ;

%% Plot
% % Experimental slamming coefficent pr unit R and length
% h=0:0.01:2.5;
% R=1;
% figure
% plot (h/R,f_C_s1(h,R))
% hold on
% fplot (y_theroy ,[0,2.5])
% hold on
% fplot(y2,[0,2.5])
% hold on
% fplot (f,[0,2.5])

%% Slamming in still water experimental Cs

%
v
R
L

Assumtions:

= 1; %mn/s konstant velocity
= 1; %m

= 45; %m

h=0:0.01:2xR;




% Parameters
rho = 1025;
g = 9.81;

% Calculations

% changing area/Volume

y = sqrt (8.+xhxR—4.xh."2);

¢ = atan2((y/2),(R-h));

A = 0.5%xR"2 %(2.xc—sin(2.xc));

Vol = AxL;
time = h/V;

F_buoy = Volxrhoxg;

F_slam = rhoxf_C_s1 (h,R)*R«V"2xL;

F_tot = F_slam + F_buoy;

Res =[h;F_slam |;

figure

plot (h,F_slam)

figure

plot (h,F_buoy)

figure

plot (h, F_tot)

fileID = fopen(’Slamming.plo’, 'w’);
fprintf(fileID , '%f %f\r\n’ ,Res);
fclose (fileID);
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./Appedix/postpromain.m

clc; clear all;

[W_water, lim_slack] = model();
[Result] = reader();
[aa bb] = size(char(Result.name));

if exist(’Surf_elev’) ==

maxsurf(Result) ;

end

[F_monitor_201 ,F_monitor_201_max , F_monitor_201_min ,x_min] = force(Result);
%[lanalyse| = slack_limit (F_monitor_201 , Result , W_water) ;

if aa>l1

[coeff_table ,gumby_aks] = Gumbel(x_min);

montecarlo(coeff_table ,gumby_aks,x_min,lim_slack);

end

save( 'postpro.mat’)




./Appedix/reader.m
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function [Result]=reader ()

direction = ’../ Results/’;

dummyl = dir(direction);

dummy2 = char (dummyl.name) ;

[a b] = size (dummy2) ;

Foldernames = dummy2(3:a,:) ;

[a b] = size(Foldernames);

disp(’Folders_to_postprosses’)

Foldernames

dummy5=regexprep (Foldernames (i ,:) , .’ ,"");

dummy3=dir ([ direction ,dummy5, ’ /*.plo’]) ;

[aa bb] = size (dummy3);
k=0;

0=0;

p=0;

if (aa > 0)

plot file

for j=l:aa

%it exist ([direction ,dummy5,’/’ ,dummy3(1) .name]) ==2 %%If there exsist a
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dummy4 = load ([direction ,dummy5,’/’ ,dummy3(j).name]) ;

Result (i) .name = dummyb;

%saves the time to struct

Result (i).values.time = dummy4(:,1);

%rules for sorting results

matchStrl = regexp (dummy3(j).name, ’\wElement_Force’, 'match’);
matchStr2 = regexp (dummy3(j) .name, ’\wNodal_Displacement ’, *match’) ;
matchStr3 = regexp (dummy3(j).name, ’\wNodal_Velocity’, 'match’);
matchStrd = regexp (dummy3(j).name, ’\wSurface_Elevation’, ’match’);

% saves the elemet foce to struct
if strecmp(matchStrl,’ _Element_Force’)
k=k+1;
¢ = regexp (dummy3(j).name, ’\wElement_Force\wx’, "match’);

c=char(c); c(:,1)="";

Result (i).values. forces (k) .element= c;
Result (i).values. forces (k).value= dummy4(:,2) ;

end

% saves the nodal diso to struct
if strcmp(matchStr2,’ _Nodal_Displacement ’)
g=g+1;
¢ = regexp (dummy3(j).name, ’\wNodal_Displacement\w*’, "match’) ;

c=char(c); c(:,1)="";

Result (i).values.Displacement(g).element= c;
Result (i).values.Displacement(g).value= dummy4(:,2) ;

end

% saves the nodal vel to struct
if strcmp(matchStr3,’ _Nodal_Velocity )
0=0+1;




end

end

¢ = regexp (dummy3(j).name, \wNodal_Velocity\wx*’, 'match’);

c=char(c); c(:,1)="";

)

Result (i).values. Velocity (o) .element= c;

Result (i).values. Velocity (o) .value= dummy4(:,2) ;
end

% saves the Wave elevation vel to struct
if strcmp(matchStrd,’ _Surface_Elevation’)
p=p+1;

c =

regexp (dummy3(j ) .name, '\ wSurface_Elevation\wx’, ’match’);
c=char(c); c(:,1)="";

%Result (1) .values.Surface(p).element= c;

Result (i).values.Surf_elev= dummy4(:,2) ;
end

end

else

disp ([ ’Simulation_unstable_at’,’.’ ,Foldernames(i,:)])
end
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./ Appedix/force.m

function [F_monitor_201, F_monitor-201_max ,F_monitor_201_min ,x_min]=force (

Result)

Elem = 18;

[aa bb] = size(char(Result.name));

F_monitor_201=zeros (aa,length (Result (end) . values. forces (Elem) . value) ) ;

dt = Result(1).values.time(2)—Result(1).values.time(1);

%% lag en sort funksjon som finner Force in monitor
YITTTTTTTS o
9%

for i=1:aa

for j=1:length(Result(i).values.forces(1l).value)
F_monitor_201(i,j) = Result(i).values.forces (Elem).value(j);
end

end

for i=1l:length (F_monitor_201(:,1))
a=length (Result (i) .values. forces (Elem).value);
dt = Result(i).values.time(2)—Result(i).values.time(1l);
start = floor (20/dt);

F_monitor-201 _max (i) = max(F_monitor_201(i,start:a));
F_monitor_201_min (i) = min(F_monitor_201(i,start:a));

I_.max(i)= find (Result(i).values.forces (Elem).value=F _monitor_201_max(i));
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I_min(i)= find(Result(i).values.forces(Elem).value=F _monitor_201_min(i));

end

b = char (Result.name);

fileID=fopen(’result_psotpro.dat’,'w’);

fprintf(fileID , ’analyse\tForce_max\tTime\tForce_min\tTime\n’);

for i=1:length(F_monitor_201_max)

fprintf(fileID , %s\t%f\t%f\t%f\t%f\n’ ,b(i,:) ,F_monitor_-201_max (i) ,Result (i

).values.time(I_max(i)),F_monitor_-201_min (i) ,Result(i).values.time(

Lmin(i))):;
end

fclose (fileID );

if aa>1

F_max_min = {’Analyse’, ’Fomax’, ’F_min’};

for i=1:aa

F_max_min{1+i,1}

char (Result (i) .name);
F_max_min{1+i,2} = F_monitor_201 _max(i);
F_max_min{1+i,3}

F_monitor_-201_min (i);

end
k=0;
g=1

for i=2:aa
%% Sort after analyse
f1 = char(F_max_min(i,1));
f2 = char (F.max_min(i+1,1));
if (stremp(fl(l:end—3),f2(1l:end—3)) =— 1)
k=1+k;
x-min{l,g} = f1(l:end-7);
x_-min(k+1,g) = F.max_min(i,3);
x_min (k+2,g)=F_max_min(i+1,3);

else
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g=g+1;
k=0;
end

end

temp2 = sort (temp,1);
for i=1:length (temp(:,1))
for j=1l:length (temp(1,:))

end
end
else
x_min=1;

end

end

temp=cell2mat (x_min (2:end,:) );

Y%temp2 = sort (temp,1,’ descend’) ;

x_min{l+i,j} = temp2(i,j);

APPENDIX C. MATLAB-SCRIPTS
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./Appedix/Gumbel.m
function [coeff_table ,gumby_aks] = Gumbel(x_min)
%% Makes Gumbel data
%Cumulative distributution
[Nsmalest_responce Nanalyses] = size(x_min(2:end,:));

N=Nsmalest_responce;
i=1:Nsmalest_responce;

Fx=i./(Nsmalest_responce+1);

%Construct y—axsis

gumby _aks=log(—log(1-Fx));

%% Finds the coefficies for all the responses:(a and b)
for j = 1:Nanalyses

a=cell2mat (x_min (2:end,j));

mean_exdata(j) = mean(a);  %Mean of extreme responce

std_exdata (j) = std(a); %Standard dev. extreme responce

%Appendix F, Statoil (Haver)

%but valid when m goes towards infinity .
beta_.G(j) = std_exdata(j)/1.28255;
alpha_G(j) = mean_exdata(j) + 0.57722xbeta_G(j);
coeff_table (1,14 *2) = x-min(1,j);

i-1)
—1)%2} = 0;

(i
coeff_table {1,2+4 (]
coeff_table (2,14(]

(

coeff_table (2,2+4(]

x2) = {’alpha’};
x2) ={"beta’};

coeff_table{3,1+(j—1)*2} = alpha_G(j);
coeff_table{3,2+(j—1)*2} = beta_G(]);

end

end
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./Appedix/montecarlo.m

function [] = montecarlo(coeff_table ,gumby_aks,x_min,lim_slack)
N_mont_sim=10000; % Have to be in 10
grid = 400;

for j =l:length(cell2mat (x_min(2,:)))
x_data = cell2mat (x_min (2:end,:) );
low = floor (x_data(1l,j));
high = ceil(x-data(end,j)):

%% montecarlo
Y%Makes axes for Gumbel plots
alphal = cell2mat (coeff_table (3,14+(j—1)%2));

betal = cell2mat (coeff_table (3,2+(j—1)%2));

u = alphal + betal x log(—log(rand(1,length(gumby_aks),N_mont_sim)));

x=low:1000: high;

Y%Makes Gumbelfunktion
Gumbel _reg= @(alpha, beta, x) (x—alpha)/beta;

%% Montecarlo simulering

for i=1:N_mont_sim

mean-mc = mean(u(:,:,i));

std.me = std(u(:,:,1i));

beta(j,i) = std_mc/1.28255;
alpha(j,i) = mean.mc + 0.57722xbeta(j,i);

%plot (x,sort (Gumbel_reg(alpha, beta, x)));
% scatter (sort (u(:,:,i), descend’) ,gumby_aks);

end




% 90% conf.int lines
regline_c¢c = @(alpha_m ,beta.m,x) (x./beta_m) — (alpha_m./beta_m);
dgrid =(high — low)/(grid*1.3);
for g=1:gridx1.3
x_conf(j,g) = low + dgridxg;
a(j,:) = sort(regline_c(alpha(j,:) beta(j,:),x_conf(j,g)));:

topconf(j,g) a(j,0.95%xN_mont_sim) ;

bunconf(j,g) = a(j,0.05«* N_mont_sim);

end

figure
title (char(x-min(1,j)));
hold on

plot (x_conf(j,:),topconf(j,:),—k’, LineWidth’,1)

plot (x_conf(j,:),bunconf(j,:),—k’, LineWidth’ 1)

scatter (x_data (:,j),gumby_aks, k)

plot (x, Gumbel_reg(alphal , betal ,x),’—r’,’ ’linewidth’,3);
scatter (lim_slack , Gumbel_reg(alphal, betal,lim_slack),’b’);
hold off

figure
x_scurve = min(x)—le6 :1000: max(x)+1le6;

plot (x_scurve,l —exp(—exp (Gumbel_reg(alphal , betal ,x_scurve))));

%% Save resutlt to plot files

Res = [x_data(:,]j) ’;gumby_aks];

Confint = [x_conf(j,:);bunconf(j,:);topconf(j,:)];
Line = [x;Gumbel_reg(alphal, betal x)];

Limit = [lim_slack , 0;

lim_slack , Gumbel_reg(alphal, betal,lim_slack)];

XXXI

S_curve = [x_scurve; (l—exp(—exp(Gumbel_reg(alphal, betal,6 x_scurve))))];

fileID1 = fopen ([ ’Res’,char(x_min(1,j)), .plo’],
fileID2

w’);

fopen ([ ’Confint ’ ,char (x-min(1,j)), .plo’ ], 'w’);
’W’

) ;

fileID3 = fopen (][ ’Regline’,char(x-min(1,j)), .plo’],
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fileID4 = fopen ([’Limit’,char(x-min(1,j)),’.plo’],’'w’);

fileID5 = fopen ([’Scatter’,char(x_min(1 ,J)) “.plo’], 'w);
fileID6 = fopen ([ ’Scurve’ ,char(x_min(1,j)), .plo’], ’'w’);

fprintf(fileID1 ,’Confint\n’);

fprintf(fileID1 , 'x\tylow\tyhigh\r\n’);

fprintf(fileID1 , "%f %f %f\r\n’,Confint);

fprintf(fileID2 , 'x\tylow\tyhigh\r\n’);

fprintf(fileID2 | '%f %f %f\r\n’, Confint) ;

fprintf(fileID1 , ’Regression_line\n’);

fprintf(fileID1 , ’x\ty\r\n’);

fprintf(fileID1 , '%f_%f\r\n’,Line);

fprintf(fileID3 , 'x\ty\r\n’);

fprintf(fileID3 , '%f_%f\r\n’, Line);

fprintf(fileID1 ,’Limit\n’);

fprintf(fileID1 , ’x\ty\r\n’);

fprintf(fileID1 , '%f %f\r\n’,Limit) ;

fprintf(fileID4 , ’x\ty\r\n’);

fprintf(fileID4 , '%f %f\r\n’,Limit);

fprintf(fileID1 ,[ "Results:’,char(x-min(1,j)),’\n’]);
fprintf(fileID1 ,’Scatter\n’);

fprintf(fileID1 ,’x\ty\r\n’);

fprintf(fileID1 , '%f %f\r\n’,Res);

fprintf(fileID5 , 'x\ty\r\n’);

fprintf(fileID5 |, '%f %f\r\n’,Res);

fprintf(fileID1 ,’S—curv\n’);
fprintf(fileID1 , ’x\ty\r\n’);
fprintf(fileID1 , "%e _%e\r\n’,S_curve);
fprintf(fileID6 , 'x\ty\r\n’);
fprintf(fileID6 , "%e %e\r\n’,S_curve);

fclose (fileID1);




end

end
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