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Abstract:

The Ormen Lange gasfield is located 120 km west-north west of Kristiansund, and went in to production in
October 2007. Thefield is planned to be devel oped throughout 2015 including the installation of a subsea
compression station, SCS to boost well stream to maintain production. The challenges of installing the SCS
are the depth of 890 meters at the Ormen Lange field and the weight of 8000 tonne of the SCS.

Aker Marine Contractors, AMC has developed a unique method for lowering the SCS through the sea
surface and further down. The method involves the use of trapped air inside the suction anchors, SAsin
order to reduce the crane load capacity required. The compressibility of the trapped air however, means that
this buoyancy force will not be constant but reduce as the SCSis lowered down. The change in buoyancy
forceislargest closeto the sea surface.

A simple model of the lowering operation of the SCS has been developed and it formed the basis for the
design basis. The design basis was used to simulate the lowering operation in the time domain program
SIMO. Two simulations of the same lowering operation were performed, onein still water and one in worst
weather conditions. The SIMO models successfully included the change in behavior of the trapped air as
the SAs went from floating to submerged. The simulations showed that the reduction of buoyancy force due
to the trapped air as the SCS was lowered through the surface was smaller than the cranes could safely
handle.

A model test setup of the same lowering operation has been suggested. The test was divided into two
parts. Part 1 where amodel setup of the lowering operation of the SCS through the sea surface were
suggested but concluded to not be a good solution. Part 2 where amodel setup of the SCS which by
performing a decay test could find the hydrodynamics loads such as added mass and damping. This
model test was concluded not to be necessary in term of improving the SIMO model due the lowering
operation may be viewed as a static problem. To actually perform amodel test was not a part of this
thesis.
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Lowering operation of a subsea module using air féd suction anchors to
reduce the crane load capacity required.

AMC has developed a unique method for loweringlezsea module called SCS through the sea surface
and further down. The method involves the useagged air inside the SAs in order to reduce theecra
load capacity required. The compressibility of tfagped air however, means that this buoyancy force
will not be constant but reduce as the SCS is led/élown. The change in buoyancy force is largestecl
to the sea surface.

The main focus of this thesis will be to reducedbmplex lowering operation of the SCS to a sinmgdif
model for use as a design basis. This simplifiedehwill be used to simulate the lowering operaiion
the time domain program SIMO. A model test setughefsame operation will be suggested. To actually
perform a model test is not a part of this thesis.

Scope of work

1. Define the case to be modeled — the lowering ojeratf the SCS through the sea surface.

2. Develop mathematical models for predicting howttapped air will behave.

3. Describe a model test setup of the lowering opamati

4. Describe the SCS and the barges used in the loyveparation.

5. Develop a simplified model of the complex lowerimgeration for use as a design basis for a time
domain simulation.

6. Generate a time domain simulation of the loweripgration using SIMO.

7. Discuss the result from the SIMO simulation and tzomodel test would compliment, improve
or verify these results.

The report shall be written in English and incl@déescription of mathematical models and of a model
test set up, description of the design basis, dson of the SIMO simulation results and a conclusi
including a proposal for further work. Source cedk be provided on a CD code listing enclosed in
appendix.

The thesis should be well organized and give a gezsentation of the work and all conclusionss It
important that the text is well written and thdiles and figures are used to support the verbal
presentation. The thesis should be complete, bluasshort as possible.



The thesis will be submitted in two paper copigsed by the candidate and a third digital copy iwith
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Preface

This report is the result of my master thesis wapkng 2010, at the Norwegian University of Science
and Technology, NTNU and is the final step to catemy 5 year education to become Master of
Science. The topic of this thesis is to reducectimaplex lowering operation of the SCS through & s
surface to a simplified model for use as a desamsh This simplified model is then used to sineitae
lowering operation in the time domain program SIMOmnodel test setup of the same operation is
suggested. To actually perform a model test isarprt of this thesis.

The work was initiated autumn 2009 in the form @iraject thesis after suggestion by department
manager analyses and engineering Helge Johnsgdmasiglard 10] at AMC located at Fornebu. The
project thesis covered the static analysis of dineting operation of the SCS along with an invedian
into the compressibility of air and how to modestaffect correctly in a geometrical scaled dowrdeio
of the SCS.

During autumn 2009 and spring 2010 the projectlated master thesis was developed and refined in
cooperation with Stefan Schlomilch [Schiomilch 4@ Helge Johnsgards from AMC along with
professor Il Tor Einar Berg [Berg 10]. Tor EinarrBevas the supervisor both on the project and the
master thesis.

The software program SIMO developed at MARINTEH idifficult program to get started with as
correct physical modeling and not the pedagogiodays the main focus. Many hours was spent on
understanding what SIMO requires, what it does itk information, and how to treat error messages.

A time costly lesson was learned with modeling iIMS. Never start with a complicated model where
one has no way of checking if the answer is cortmgtrather start with an over simplified modedtth
one fully understand and slowly expand this mode&htlude new and more accurate physical effects.

I would like to thank Stefan Schlémilch and Helgédsgards from AMC for providing me with an
interesting conceptual marine operation methodrferto use in my project and master thesis and alway
finding time to help me with inputs and feedbackayyy assumptions and results from the analysis.

Thanks to Erik Lehn [Lehn 10], Knut Mo [Mo 10] aReter Christian Sandvik [Sandvik 10] at
MARINTEK for sharing their vast experience with piang and performing offshore model tests in the
Ocean Basin and for their invaluable guiding andsadg with the software program SIMO.

Finally, 1 would like to thank professor Il Tor EinBerg for being my supervisor for both the proptd
master thesis. His advices and network at MARINTE&ved very helpful.

Trondheim 14.06.2010

Henrik Kvadsheim
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Nomenclature

A A
Aload
ASA
ATrapped
A(ka)
A(w)
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Bg

BSCS

C55

dF
dHp

Dy, D,
f(x)
FBuoyancy

F, water surf

Fwaveload,amp

Fwire

g

GMjp

H

H(t)

Hpg

HDisp water
HHeave

Hg

HSA

HSCS
HStatic
HOP: Hll HlP
HZ' HZP
He, ..., Ha:
1

Issp

k

kAxial
K(x)

Added mass
First order wave load amplitude
Internal SA surface
Trapped added mass
Factor found from table
Frequency dependent added mass
Water particle acceleration
Beam barge
Beam SCS
Initial meta centric height of barge
Damping in roll
Stiffness
Added mass coefficient
Correction coefficient
Linear drag coefficient
Quadratic drag coefficient
Specific heat, constant pressure
Specific heat, constant volume
Roll stiffness
Local depth
Wave force on a small strip

Change in differential head between two water levels
Damping
Vector function
Buoyancy force from trapped air in SA
Pressure force acting on water surface inside SA
Total first order wave force amplitude
Load in wire
Gravity acceleration constant
Transverse metacentric height for barge
Wave height
Enthalpy, function of temperature only
Height of barge
Differential head of displaced water
Forced vertical displacement of SA
Significant wave height
Height of SA
Height of SCS
Static water height
Differential head between two water levels
Differential head between two water levels
Submerged depth of SA
Various numbering
Moment of inertia in roll for a barge
Wave number
Effective axial stiffness
Hydrostatic stiffness
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[-]
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K. K,
KBg
KGp

Ly

LSCS

m, my

M, My, M,

P1P11P1P1P2JP2P

Patm
Pinitial
Pwinch

Xscs
Yoes
Zscs Zscs

Greek symbols

&

Ca
Op
Op
by
K

Spring stiffness

Buoyancy height for barge
Mass height for barge
Length barge

Length SCS

Mass

Mass

Pressure

Atmospheric pressure
Initial Pressure

Position of winches in x - and y-coordinate on the barges

External force

Universal gas constant

Radius of a SA

Amplitude of oscillation

Time in model scale

Time in full scale

Time

Temperature

Dampened eigenperiod

Wave period

Maximum wire load allowed

Minimum wire load allowed

Internal energy, function of temperature only
Wind velocity at 10 m above sea level

Current flow

Displacement as a function of time

Air volume

Submerged volume per unit length

Volume model scale

Volume full scale

Release velocity of winch

Dry weight of SCS

Wet weight of SCS

Displacement, velocity and acceleration vector
Fetch

Strip velocity

Distance between center to center of SAs in x-direction
Distance between center to center of SAs in y-direction
Vertical displacement and acceleration of SCS

Phase angle

Wave amplitude

Heel angle of barge

Heel angular velocity of barge
Heel angular acceleration of barge
Specific heat ratio

Xl

—
E

|—|r—|r—|r—||—|'\r—|r—|r—|r—|r—|r—|
NN SEIEIEIENRS

2.8 5§

CHERPICY

tonne|
tonne|

e e M W e W Bl e W B e N |



A Scaling factor []

Wave length [m]
& Damping ratio []
p Density of sea water [kg/m3]
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Wgq Dampened eigenfrequency [rad/s]
¢ Velocity potential [m?/s]

Abbreviation list

AMC Aker Marine Contractors

DNV Det Norske Veritas

HydroD Graphic modeling program where WADAM is executed
MARINTEK Norwegian Marine Technology Institute

NTNU Norwegian University of Science and Technology

SA Suction Anchor

SIMO Time domain program Simulation of Marine Operations
SCS Subsea Compression Station

WADAM Hydrodynamic analysis software

Xl



XV



1 INTRODUCTION

1.1 Scope and objective

The Ormen Lange gas field located 120 [km] Westtheest of Kristiansund is under continuously
development and a compression station is plannbkd tostalled sometime between 2013 and 2016.
Several concepts are investigated, but one of the promising is the SCS. If this concept is choten
installation of the SCS poses many challenges altigetsize and weight of the SCS and the deptheof t
Ormen Lange field.

AMC has developed a unique method for lowering3ks through the sea surface and further down. The
method involves the use of trapped air inside the i order to reduce the crane load capacity requi

The compressibility of the trapped air however, ngethat this buoyancy force will not be constarit bu
reduce as the SCS is lowered down. The changeolyelngy force is largest close to the sea surface.

To investigate how the compressibility of the trapgpir affects the crane load, a time domain sitila
of the operation in a software program such as SHWY be performed. To simulate the operation is not
straight forward, but it is possible to include thmortant physics in a SIMO model.

Such a complex operation may also require a medeks verify the SIMO simulation result or to
complement and increase accuracy of the inputa&tMO model. To geometrically scale down the SCS
creates a problem with the compressibility of aga geometrically scaled down volume of the trdppe
air will behave much too stiff compared to the &dhle.

This thesis will address how to create a simplifisabel of the lowering operation of the SCS which
includes the important physical effects. The openatill be modeled in SIMO and simulated. A model
test of the same operation will be investigated disdussed, and the result from the SIMO simulation
will be the basis for determining which part of thedel test that should be or not be performed. To
actually perform a model test is not a part of thisis.

1.2 Contributions

When creating a model of the lowering operatiothef SCS in SIMO, a deep understanding of how
SIMO calculates the forces and moments are crubied.modeling of trapped air inside the SAs reguire
a depth changing and time dependent linear spriagjent, which accounts for change in air pressure
with depth and if air is added or released. At #tégye this is not an option in SIMO. After much
considerations and discussion with the develope8MO at MARINTEK, a satisfying compromise on
how to model the air spring was found. If a simolain SIMO requires modeling of air springs, the
work presented in this thesis may be used.



1.3 The lowering operation of the SCS through the sea surface
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Figure 1 - lllustration of SCS Figure 2 - Map of fjord of Trondheim

The SCS will, after completion and successful ngstit Aker Verdal at location A in Figure 2, bedsled
on to a semi submersible heavy lift vessel. Af@nf transported past the shallow depth at locaitm
location C, the SCS is floated out from the serbinsersible heavy lift vessel after the vessel hasnbe
sunk controllably. The SCS will now float on thagped air inside the SAs. The trapped air provides
more than adequate buoyancy force.

Figure 3 - The lowering operation of the SCS Figure 4 - SCS on semisubmersible heavy lift vessel

The floating SCS will now be held in place by tugsd two North Sea barges will be positioned on
opposite side. On each barge, two strand jack mgséee installed and wire is feed through thisesyst
and connected to the SCS. The strand jacks wi tlie operators the control to slowly release viAoIr
air compressors, two on each barge, will be comueoy hoses to valves located on the top of each SA
This gives the operators the opportunity to releage add air into the SAs. An illustration of tBE€S
when it has been lowered through the water is pteddn Figure 5.
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Figure 5 - Lowering operation of the SCS

The SCS is now floating on trapped air and conmketti¢he two barges located on opposite side by fou
wires. Trapped air will now be slowly released frtira SAs and the SCS starts to sink. As the SG& sin
lower, the tension in the wires starts to incredse. release of air is stopped when the tensiacchesaan
upper limit in each wire. The next step is to retewire, and the SCS will sink further down. Thasten
will start to reduce, and the release of wire épped when the tension reads a determined lowdtr lim
Next, air will be slowly released and so the operasequence continues until the top of the SAsimec
submerged. The buoyancy force of the trapped dlinav start to reduce as the SCS is lowered down b
releasing wire, and the tension will start to ims® When the tension has reached the upper limit,
compressed air must be added to reduce the tedswam to the lower limit before more wire is relegse
This sequence is repeated until the SCS reachegth df120 [m]. The remaining operation until the
SCS is installed on the Ormen Lange gas field igelevant to this thesis and will therefore not be
explained.

The most critical part of the lowering operatiortleé SCS is when the SAs goes from floating to
submerged, because of the change of behavior dfehped air. This will be one of the most impottan
physical effects to include in the simplified madel

1.4 Organization of thesis

The layout of the thesis is organized into thre@gnrparts. First the general theory is presentedose
the design basis on which the time domain simutatidl be modeled. Third and last, the SIMO model
and simulation along with the simulation resultd ardiscussion is presented along with a conclusion

Chapter 2describes the theory of compressibility of air amoblel test, along with the software programs
used and the SIMO theory.



Chapter 3states the design basis on which the time doniaiulation is created from. Key dimensions,
environmental conditions, simplified model of tlevkring operation of the SCS, added mass calculatio
and compressibility of air spring calculation aceered by this chapter.

Chapter 4explains the SIMO model and the SIMO simulationhaf lowering operation of the SCS.
Chapter 5presents and discusses the result from the SiviDIation.

Chapter 6presents the conclusion and further work.

The scope of work defined in the work descriptions answered in the following chapters

1. Chapter 1.3

2 Chapter 2.1, 3.3

3. Chapter 2.2.3-2.2.4
4. Chapter 3.1

5 Chapter 3

6 Chapter 4

7. Chapter 5

Table 1 - Scope of work

1.5 Published literature

Several literature studies were performed duriegthiesis. Mostly the searches were conducted on
Google Scholar [Google Scholar], and a large nurobére relevant articles were available for viegvin
as long as the search was conducted through théJNEYwvork. A small number of articles could
however not be viewed and the staff at the Libearyyholt NTNU were very helpful by retrieving
copies of these articles from paper editions kephe Library storage at Tyholt and Hovedbygningen
NTNU. Only the most relevant articles are mentiondtthe relevant articles are located in (Chapter
A.8).

There had been some work done previously on simjarations using open bottom cans to add
buoyancy to reduce draft for a gravity based stmgctowed over a shallow seabed. [Chakrabarti 8d] a
[Chakrabarti 95]. Should a model test of the pathe operation where the SCS is lowered through th
water surface and down be necessary, much of thie dame by Chakrabarti could be used.

When predicting the significant wave height wittmiied fetch a large number of articles was fourtte T
two most relevant were [Carter 82] and [Erwing @@jch both discusses how to estimate significant
wave height with limited fetch based on wave anddwvneasurements.



2 Theory
2.1 Compressibility of air

2.1.1 Introduction

To reduce the load on the lifting equipment, trapaie inside the SA will be used as additional
buoyancy. A valve on each SA will give the operstitre ability to release trapped air, and a conspres
will give the ability to add air into the SAs. Thsimportant because some trapped air must basete
for the module to be able to sink when the SAdlaeding. As the SAs becomes submerged, the
hydrostatic pressure increases and compresseash@&lgs will lead to decreased buoyancy and
compressed air must be added to maintain trappealaime to prevent too much of the SCS weight
being transferred to the barges. The problem gekirclose to the sea surface where the percentage
absolute pressure change is the largest.

2.1.2 Ideal air

Ideal gas and specific heat ratio, k.

The trapped air is assumed to obey the ideal gaeinoecause the internal energy of air at low itgns
depends primarily on temperature. This gives tiealidas model [Moran & Shapiro 06, pp. 100-104].

h(t)=u(T)+ RT 2.1)

Hence the specific heat is defined as a functidemmiperature alone:

d
C,(T) :d—$ (2.2)

Similarly, the specific enthalpy depends also arijtemperature, and hence the specific heat inetfi
as:

dh
C,(T) =77 (2.3)

By inserting (2.2) and (2.3) in (3.1), one can obthe specific heat ratia, for an ideal gas.

Cp(T)
K= —= 2.4
C, (2:4)
Polytropic process of an ideal gas

A polytropic process is described by a pressuresel relationship [Moran & Shapiro 06, pp. 112-113].

pV" = Constan (2.5)
Where n is a constant, and dependent on the plartiorocess. For a polytropic process between two
states



pl 1n = p2V2n (26)
Adiabatic process
For an isentropic process the specific heat istaohg\S = constant, and hence no heat is transferred to
or from the system. It can be showed that thisesponds t@ = k wherex can be found in [Moran &
Shapiro 06, p. 754].

Isothermal process
For an isothermal process the temperature is aonatB = constant, and heat is transferred to or from
the system. It can be showed that this corresptmnds= 1.

Actual process in the compressed air inside the SAs

The operation is planned to take place in the figr@irondheim during the summer, and so the
temperature of the water at the surface is asstinee somewhere betwe#f’C and20°C. Deeper
down the temperature is assumed to be betweaeto 10°C.

The air inside the SAs will have contact with twpéds of surfaces; water and steel. The specifit hea
transfer coefficients for steel and water as ationof air pressure and air temperature has nen be
found, but all the coefficients that were foundded to be in order of 10-100 times larger for w#tan
for steel. The trapped air is exposed to a stea aftRZ, + 2R, - H; and to a water area oRZ,.
Since water transfer heat so much more efficiethidy steel, the water plane will be the dominaat he
sink for the compressed air. This has been confirbyeProfessor Harald Valland from Department of
Marine Technology [Valland 09] and Associate PregeReidar Kristoffersen from Department of
Energy and Process Engineering [Kristoffersen 09].

When ideal air is assumed, the air can behaveonitays. An adiabatic process where no heat isfeans
from or to the system or an isotherm process wtheréemperature is constant and the same as tlee wat
temperature. The dry weight of the module is veghhand hence the speed of the lowering operation
will be very slow. Compressed air must also be pearipto the SAs as the trapped air pressure ineseas
to keep the buoyancy force from changing too ma®C indicated a lowering speed of 20 [m/h] as an
estimate. This slow lowering speed indicates thateat buildup in the trapped air will have tirndée
transferred into the water due to the high heatstiex coefficient, and so will the trapped air bahas an
isothermal process.

Compressor

To keep the buoyancy force close to constant aS@is lowered down, compressed air must be added
to the SAs. As the air is compressed by the comsprethe temperature of the air is increased. Hénise

air contributes to a temperature increase of thimside the SAs, but this temperature rise is wangall

due to the volume of the trapped air and the effficcooling to the water surface.

2.2 Model test

The use of air filled SAs on a subsea structureisnally not a preferred installation method, aodre
experience with this type of operation is limitdthe results from the time domain simulation maydtee

to be verified or the time domain simulation moately need complimentary or more accurate input. This
may be achieved by a model test. The following tdrawill explain how to correctly scale down the
compressibility of air effect, suggest a setuphefinodel test of the lowering operation of the S(ffg



with an example of modeling difficulty and descrhmw to find the hydrodynamic forces on the SCS
along with an example on model dimensions.

2.2.1 Scaling
The Ocean Basin run by MARINTEK in Trondheim, Noywes capable of handling test of offshore
structure and marine operations, normally to aisgdactor ofA=30 — 6C.

2.2.2 Scaling of trapped air

The trapped air inside the SAs must also be sadeah. The air is assumed to follow the polytropieal
air gas law (Eq. 2.6), but this poses well knowslbem. The volume of the air is correctly scaleddo
because the model is geometrically scaled down aiinespheric pressure however cannot be scaled
down unless the test facility can lower the airsptee, which is normally hard to accomplish and not
done. So the atmospheric pressure is kept. Herceolhme needs to be adjusted in order to keep the
polytropic relationship true.

Lets us consider a prototype can of unit crossa®gitarea and small thickness initially submeried
position 1. The internal pressurg,,, corresponds to a differential hea#,, + H,,, between the water
level inside and the surface.[Chakrabarti 94, 2d-333]

If P, represents the atmospheric pressure, then

I:>:I.p = Patm+ H0p+ Hlp (27)
and the air volume in the caniig,,
Vip = Hyp (2.8)
Pufm
Hop Hep
Hip dHp
Position 1 Hzp

Position 2

Figure 6 - Modeling of an open botton can

The volume is normalized by the cross area of éms.c
For the can in position 2, then



Py =
and the air volume in the can is nayy,,

P+ Hop+de+ H,, (2.9

2 (2.10)

2p =

Assuming that the relationshR¥™ is constant with n = 1 between position 1 and 2,

(R’ﬁm+ HOp + Hlp)( Hlp) = ( F;tm + H0p+ de+ H2p)( H2p) (211)

When the can is modeled with a scale factot,dhe gas law gives us

Fz“m+l_|°”+|_Ilp A | F‘?ﬂm+HOp+de+l_|2p (H2p+\/r) (2.12)
A A A A A A A

Wherel/.is the volume of air that must be added to thevcdunme to compensate for the fact tRgt,,
will not be scaled in model size. Solving for tliglad volume, we get

PRears
v - A2 )L a) H,

r (P +H0p+de+H2pj A

(2.13)

e A A

Modeling of compressed air with an external air tank
The setup of a model test requires an additionlainve of air if the compressed air should be modeled

correctly. This volume/, , must be stored outside the model, hence an eXtaintank is used. The

flexible hose that connects the added air tankéaiodel must not influence the flow around the ehod
or introduce forces into the model.

Airtank vy

Patm

“TAir hose

Figure 7 - Added air volume setup

To figure out the dimension of the hose, the maxmwolume flow is assumed. The connection between
the volumes and time in model scale and full staés follows
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> (2.14)

(2.15)

Modeling of the compressed air by using a membrane

A different way of modeling the properties of thapped air is by using a membrane as shown in &igur
8. Springs can be fitted to the top of the SAs, andumsi static approach the dynamic properties heave
motion can be examined. The springs must be desiigne given depth, so the result will only be
accurate close to the design depth.

Air tank
Fuim

-Air hose

- Springs

™ Membrane

Figure 8 - Spring supported membrane setup

The membrane would need to be water tight to kestierfrom leaking in to the air section, but this
membrane has its own damping, stiffness and eiggnéncy, which may introduce unwanted influence
in to the result. As the membrane is displacedytteme of air must also be displaced, so the ehgk
with added air is not solved by use of a membrane.

2.2.3 Model test setup of the lowering operation of the SCS

The lowering operation of the SCS through the sefase is one of the critical parts of the operato
transport the SCS from the construction site talfinstallation site at Ormen Lange. The reasdhas
change of how the trapped air behaves with regpdmioyancy as the SAs goes from a floating pasitio
to a submerged position. For the compressibilitgioeffect to be included in the geometrical sdale
down model test, external air tank must be added.

Model test setup suggestion

To model the lowering operation of the SCS throtighSea surface, a geometrical scaled down model of
the SCS with external air tanks connected is uBbig. will capture the correct scaled down depth
dependent compression of air effect requires a&cbmodeling of the trapped air. The two bargeshean



represented by four springs and four electricalamrsotOne spring will represent half the heel stiffs of
one barge. The larger the tension in the wiresiinespthe more the springs extend which correspiands
larger barge heel. One electric motor represerasobthe two strand jack systems onboard each parge
and is used to release wire.

Electric motors
/{,_'_,,-o-‘/ ﬂ-\\_\_\‘-\-\-
Springs
External pring External
air tank / \\\ air tank
7 _ N =
Hose Hose

Figure 9 - Suggestion of model setup for the lowergy operation of the SCS

After discussing this setup of the model of thedowg operation with Erik Lehn [Lehn 10] and Peter
Sandvik [Sandvik 10] at MARINTEK which have vaspexience with offshore model testing, they did
not recommend this setup. The electric motors thice some unwanted damping, but the show stopper
is the modeling of trapped air by the use of extkair tanks. The flexible hoses connecting the ®As

the air tanks will be to stiff and affect the matiof the SCS model considerably. However, the cbrre
modeling of the compressibility of air is the imfzort key part of the model test. So the suggestatbn
setup is not a god solution, and no alternativatsmis on how to include the correct compressibdit

air effect in a geometrical scaled down model ef 8CS has been found. The following example which
shows unwanted viscous damping caused by the fiair through the hoses connecting the trapped air
to the external air tanks, illustrates one of trebfems with the modeling setup.

Example

This example is intended to show one of the chg#terof using external air tanks in a model scdte. T
challenge is unwanted viscous damping of air flgatimrough the hoses, and how the challenge incsease
with decreasing model size.

A full scale can is assumed to have a diamet@0din] and a height of2 [m]. The top of the can is just
below sea level and the can has a buoyancy forea €aj1000 [tonne]. The can moves downwards 1
[m] in 60 [s], no air is released or added. Thda@lows isotherm ideal gas law, and the surfa@sgure

is standard pressure at 20 [deg]. Key values filiff8rent scaled down models is showed in Table@ a
are calculated with (Chapter A.B)hite 05, pp. 24,361-362] [Steen & Aarsnes 08.4.
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Dimension

Volume of trapped air 36.1 10.7 4.5 [Liter]
in one SA
Added air volume 315.0 145.1 83.0 [Liter]
Fraction added air over 8.7 13.6 18.4 [-]
trapped air
Time 11.0 8.9 7.8 [s]
Volume displaced 2.1131 0.62612 0.26414 [Liter]
Volume flow 0.1929 0.07000 0.03410 Liter
S
Overpressure 1015.5 677.0 507.7 [Pa]
Pressure drop, D =0.05 0.008626 0.0014636 0.00041572  [Pa]
m hose
Pressure drop, D =0.01 18.0268 3.05857 0.868784 [Pa]
m hose

Table 2 - Model scaling ratio key values

The pressure drop from the 1 [m] of hose is lowd& [cm] diameter hose, but very high for a 1 [cm]
diameter hose. The problem is that a 5 [cm] diantatee would be very impractical to use in theehre
model sizes due to the size of the hose is so @oggared to the models. The pressure drop indke h
will give unwanted viscous damping to the dynanyistem, hence should it be kept as low as possible.

2.2.4 Model test of the hydrodynamic forces on the SCS

The SCS module consists of a very complex geonsétagture along with four compressor trains and
four SAs. The hydrodynamic forces are due to thepiexity not easy to predict, and if the time domai
simulation of the lowering operation of the SCSwtthat dynamics play a vital role, a model test to
more accurately determine the hydrodynamic foropatito the time domain model may be needed.

Added mass and damping from potential theory

The hydrodynamic loads are added mass and dangang bn the SCS, which are steady state forces and
moments due to forced harmonic rigid body motidme Butgoing waves are not a result of the incident
waves but the forced motion of the SCS resultssiillating fluid pressures over the SCS surface.
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Integration of the fluid pressure forces over theysurface gives resulting forces and moment en th
SCS. These outgoing waves transport energy awayttie oscillating SCS and so acts as a damping.
The shape of the SCS, the frequency of the ogoillathe depth of the SCS, the lowering speed®f th
SCS, finite water depth and restricted water aoitant with respect to the added mass and the
damping. [Faltinsen 09]

Determining added mass and damping through a model test

To determine the added mass and damping of theageical scaled down model, a decay test may be
performed. The model is attached to a rig, wheigdbnnected to a linear spring. First the eigenpen
air of the model is found. The model is displacdehawn distance, and released. The oscillatiorss as
function of time is then measured, and analyzefthtbthe eigenperiod g;;--

C

a)(z),air = M (2.16)

whereC is the spring stiffness ad is the mass of the SCS model

The model is lowered into water and the same sgstiformed again to find the new eigenperiod. The
model is displaced a known distance and releadeslo$cillations as a function of time is then measgu
and analyzed to find the eigenperiogl,, 4t

C

a)(z),water = M +A_ (2.17)

Solving both (Eqg. 2.16) and (Eq. 2.17) for stiffe€sand setting them equal to each other

(‘)(Z),water(M + A) = (‘)(Z),airM (2-18)

And solving for the added mads

2
A=M ( Poair ) -1 (2.19)
a)o,water

The damping of the SCS is found by assuming treab#tillations followu(t).

u(t) = e @R, cos(wyt + €) (2.20)

wq is the dampened natural frequency, given by

Wy =/ 1- 52 (221)
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The relation between the damped frequency and ddupgdod iSTy = 21/ wg
An expression for the damping ratio is achievediégiving the relation between two maximatd

i +n). The damping ratio is assumed to be small so \t,@t— &2 =~ 1.

Ui u(t;) e ~$@otiR, cos(wyt; + €) e—$woti
Uipn Uty +nTy) e $@otitnTAR, cos(wy(t; + nTy) +€)  e~$@oltitnTa)

= gfwonTa  (2.22)

2mé

w
¢ \/1%52711= mzhf (2.23)

$woTy =

£ = izn( ac ) (2.24)

2mn

Two maxima, at the timgandt; + T, and the number of oscillations between them,ustrbhe gathered
from a plot of the oscillations.

Model test setup suggestion

To determine the added mass and damping of theaSféSay test of the geometrical scaled down model
of the SCS may be performed. However, the compidisgiof air will not be correctly scaled as the
scaled down air volume means that the air will ehauch too stiff. The use of external air tank as
discussed in (Chapter 2.2.2) will introduce unwdrgred false damping and stiffness to the modeltaue
the flexible hoses, so external air tanks cannatdesl.

In air In water

il

LN LN
BN —

Figure 10 - Decay setup of SCS model

The magnitude of the added mass inside and undartteaSAs will probably not change dramatically if
the trapped air is not modeled correctly, but thase difference may be interesting.
A solution would then be to model one SA alone, imstkad of trying to connect the trapped air to an
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external air tank by a hose, one can simply matlié/SA by extending it upwards and so increase the
volume to the correct amount.

Air tank

H
W Modified SA

Figure 11 - Modeling of SA with correct compressillity of air effect

Example
To get a physical understanding on how large sutlodified SA could be, the same three scaling satio
A = 30,45 and 60 are chosen.

A=30 A =45 A =60 Unit

Volume of trapped air in one 54.2 16.1 6.8 [Liter]
suction anchor

Added air volume 297.6 139.9 80.8 [Liter]
Fraction added air over 55 8.7 11.9 [—]
trapped air

Diameter of geometrical scaled 0.67 0.44 0.33 [m]
model of SA

Height of geometrical scaled 0.40 0.27 0.2 [m]
model of SA

Added air volume divided by 0.85 0.90 0.93 [m]
Ag, 0f model

Height of modified model of SA  1.25 1.17 1.13 [m]
Fraction height modified model 1.87 2.66 3.42 [-]
over diameter geometrical

scaled model of SA

Table 3 - Example of modified SA

The correct modeling of trapped air inside a SAndifying the height of the SA is fully possiblexch
should give clear results. The difference betwéerthree scaling rations is not very large andoof n
importance with regards to test results, so thdlestanodel could be preferred because it is tisgeesato
build and handle in the test rig. If for some read®e amount of trapped air should be reducedcane
simply attach a cylinder of very light and stiffafim inside the top of the model of the SA and sacid)
the air volume. An interesting problem would begduce the trapped air volume in the model
systematically, but keeping the water level inghiee SA and find the added mass and damping. This
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would establish if correct modeling of the trappéds important with respect to added mass and
damping. One important notice must be taken, theehi@st of a modified SA is a two mass dynamic
system.

K1 Kz
_/\/\/_ M — Mz
—(F—— E

Cs Ca
Figure 12 - Illustration of a two mass dynamic sysgm
where
M1 Mass of SA
M2 Added mass inside and underneath the SA
K1 Linear spring
K2 Trapped air spring
C1 Damping
C2 Damping

2.3 Description of Software

To simulate the lowering operation of the SCS thtothe surface in time domain, the time domain
simulation program SIMO was used. Due to modelifiicdlties of wave forces on the SAs, the
resulting first order wave force amplitude foundnfr SIMO, was compared with the resulting first orde
wave force amplitude found from hydrodynamic analgaftware WADAM and hand calculations. The
goal was to be able to model the first order waweds on the SAs in the SIMO model correct using
slender elements. This chapter will give an ovanad the software tools SIMO and WADAM.

2.3.1 SIMO

SIMO is a time domain simulation program for midtiely systems allowing non-linear effects to be
included in the wave-frequency range. Flexible nlindeof station-keeping forces and connecting force
mechanisms (anchor lines, ropes, thrusters) isidied.

The results from the program are presented asttames, statistics and spectral analysis of afidsrand
motions of all bodies in the analyzed system. & ieodular and interactive computer program wittchba
processing options. Typical applications includdPTibstallations, offshore crane operations, flaatin
production systems and dynamic positioning syst¢8iMO user manual]

SIMO is divided into 6 separate modules. In additothese, a 3D visualization program SimVis, &xis
INPMOD - Input data manipulation
STAMOD - Initial condition and static equilibrium

DYNMOD - dynamic response calculations
OUTMOD - output module

15



S2XMOD - export of time series
PLOMOD - plotting module
SimVis - visualization

Different kinds of files are needed to run SIMO fiDiéion of body types, coupling and environmer
data is described in the system description fikSEL. The SYSFIL is read by STAMOD and an init
condition file NIFIL is generated. The INIFIL contains a complsystem description where t
environment and initial positions is defined. DYNNQ@iilizes the INIFIL to execute the time dom:
simulation. Both STAMOD and DYNMOD can write visiztion files VISFIL to imVis. Pos-
processing or export of results is done by OUTMOI32XMOD. Graphic presentation of the result
possible using PLOMOD where the DYNMOD generatatttilg files PLOFIL is reac

Figure 13 - Program flow in SIMO

INPMOD- input data manipulation

The purpose of the module is to read and manipuiptg from external data sources, for exan
hydrodynamic programs, and to modify the systencrijetson file, SYSFIL.

STAMOD- initial condition and static equilibrium

Initial conditions for the system are needed tdgrer a dynamic simulation. STAMOD defines these
reading the SYSFIL and writes the INIFIL that conssthe complete description of the system suc
definition of the environment and the initial tion. It is possible to modify the present systerq,
specification of environment, positioning or regtgrforces. Before writing the INIFIL, stat
equilibrium may be calculated which in turn upddtesinitial positions. A visualization file may |
written which can be viewed in SimVi
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DYNMOD-dynamic response calculation

DYNMOD performs a time domain simulation of thetgys with initial conditions as defined by the
INIFIL. Responses are calculated by starting a fimegration of the equation of motion. Before tinee
domain simulation can start, main simulation partansemust be specified. A visualization file may be
written which can be viewed in SimVis

OUTMOD- output module

OUTMOD presents results from the time domain sittiotteby generating print and plot of time series
and statistical parameters created by DYNMOD.

S2XMOD-export of time series

S2XMOD presents results from the time domain sitmaby generating export files to external
programs in formats such as .m-files (MatLab), ASil#s and DIRECT ACCESS-files. S2XMOD gives
an overview of all series generated by SIMO andatana produce simple statistics and plot of these.

PLOMOD- plotting module
PLOMOD gives the possibility of generating an iafgive real time 3-dimensional plot.

SimVis-3D visualization program

SimVis is a stand alone program based on GLView te&isualize the time domain simulation. A
useful application of SimVis is the fact that modglerrors are more easily detected when the system
visualized. STAMOD is only capably of generatingtatic picture of the system, where DYNMOD
creates the entire time domain simulation. Thequtdijle system, (filename.svp) contains the maput

to SimVis such as body locations, which bodiestatee visualized, which geometry describes eacly bod
and description of the sea floor and ocean flodirth® bodies and couplings modeled in SIMO can be
visualized. Coupling elements and slender elermemetshown automatically, but the other geometries
have to be visualized from geometry files or byimaf simple body shapes in the project file.

2.3.2 WADAM

WADAM is a general hydrodynamic analysis softwaredalculating wave-structure interaction for fixed
and floating structures of arbitrary shape. WADAdbased on widely accepted linear methods for
marine hydrodynamics using the 3-D radiation-ddfi@n theory and employs a panel model (created in
GeniE) and Morison equation in linearized form emgpig a beam model. WADAM is often executed
from HydroD where graphic modeling of the enviromtnis done.

GeniE is a tool for designing and analyzing offghand maritime structures made of beams and plates.
Modeling, analysis and results processing are pedd in the same graphical user interface. Fotifiga
structures, GeniE can perform static and dynamgali analysis for structures subjected to wavedwin
current, ballast and equipment layout. The loadkaatelerations from the waves and compartment
content are defined by HydroD and they are autaalhyiapplied to the structure model independent of
the hydrodynamic panel model.

2.4 SIMO theory

The process of modeling the lowering operatiorhef$CS involves the time domain simulation program
SIMO. SIMO requires different input parameters def@nt on the body type chosen and which physical
effects one wishes to include. To understand aedlcthe results, it's important to understand which
assumptions are made, which formulas are usedgdltirencalculations and how SIMO uses these
formulas.

SIMO’s main objective is to solve the equation aftion to find the load and response history giveth w
respect to time.
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2.4.1 Equation of motion
In a simplified form, the equation of motion fosgstem of one or several bodies may be written:

(m+A(w))X+ Cx+ Dyx+ D f(x) + K(x)x = q(t,x, %) (2.25)
where
. 1 2
q(t, X, %) = qui + Qyyy + Qygn + Geu + Gexe (2.26)
and
m Body mass matrix
A(w) Frequency dependent added mass
c Frequency dependent potential damping matrix
D, and D, Linear and quadratic damping matrix
f(x) Vector function where each element is given by f; = x;|x;|
K Hydrostatic stiffness matrix
X, XX Positioning, velocity and acceleration vector
qwi Wind drag force
ql(/;,)q 1. order wave excitation force
ql(;,)q 2. order wave excitation force
dcu Current drag force
Qext Any other forces (wave drift damping, specific forces and forces from station-

keeping and coupling elements, etc.)

2.4.2 Modeling capabilities

Environmental forces

Wwind, waves and current are important environmebotakes that SIMO can include in the simulation.
Several wind spectra, wind gust spectra and cupmfile can be modeled, together with regular and
irregular wave spectra. The irregular wave spezrabe described by one and two parameter JONSWAP
spectrum and the two-parameter Pieson-Moskowitetgp@. Linear wave potential theory is used where
the undisturbed, incoming wave field is determibgdhe wave potentiad, expressed by Airy’s theory.

© = (A_gcosh(k(z +d))

©  cosh (k) cos (ot — kx cos B — ky sin B + ¢, ) (2.27)

where

P Velocity potential

{4 Wave amplitude

k Wave number

z Specified depth

d Local depth

W Angular wave frequency

Slender Elements
Slender elementsan be used to model jacket legs and bracinggami pieces. The modeled structure
may consist of several slender elements, each gipedcific properties like hydrodynamic coefficients
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rotation stiffness and mass data. Each elememtitged into a specific number of strips of equaildéh
where the induced forces are calculated on thelmmfdeach strip. The external load on slender etegm
consists of buoyancy forces, wave forces and slagfioirces. The result force on an element is theefo
contribution from each strip, and the total bodycéois the sum of contributions from all elements.

The buoyancy and gravity force acts in the globkdiraction, through the center of buoyancy and igyav
The gravity and buoyancy load vectors for a sekpressed in the global coordinate system:

0
Fpuoyancy = 0 ] (2.28)
pVsgds
0
Feravity = 0 ] (2.29)
—mgds
The wave load vector for a strip, expressed irldbal strip coordinate system:
Fys = (pVs + mp)as + Co{(Xs — Us — vg)|Xs — Us — vs|} + €, (X5 — Us — v5) (2.30)
where
Vs Submerged volume per unit length, calculated toz = 0
my Hydrodynamic mass of the element
ag Water particle acceleration in local strip coordinate system
Cq Quadratic drag coefficient
X Strip velocity in local coordinate system
Ug Current flow in local coordinate system
Vg Water particle velocity in local strip coordinate system
C; Linear drag coefficient

The first term contains the Froude-Krylov force aliffraction forces. The second term is the quadrat
drag term of Morison’s equation. The third termresggents linear drag. A close observation of eqoati
(Eqg. 2.30) and the Froude-Krylov term show thairié do not want the buoyancy force from a slender
element, one can simply set the submerged volgnie zero and adjust the added magsso the term
(pVs + my,) remains constant. This is an important trick usettie SIMO model of the lowering
operation of the SCS. The result is that the Grder wave force remains constant but the buoyéorce
becomes zero.

Coupling points

Coupling pointds used to define a point on a body where couglinges can be attached. Specific
properties such as a winch can be added to a ogupdiint, giving the user the ability to hoist inaut
wire.

Position system

Thefixed force elongatiopositioning system may be used to hold a bodynrean position such as a
moored barge in waves or to represent the buoytamcyg of the trapped air inside the SAs on the SCS.
As a coupling force, any force-elongation relatlipsnay be specified. The curves for increasing and
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decreasing elongation may be different in ordentalel hysteresis effects. Damping may be specified
a force proportional to any exponent of the retatrelocity of the end points. SIMO will interpolate
between elongations to estimate the force.

Coupling forces

The forces acting on the lifting wires used in linering operation of the SCS are important aspects
load handling with regards to dimensioning and k@nSIMO offers three main alternatives to reprise
the coupling forces, and ondymple wire couplings used in modeling of the lowering operationtaf t
SCS. The simple wire coupling is modeled as a tispang according to:

F. .
Al = 2vired (2.31)
kAxial
where
Fyire Wire tension load
kaxial Effective axial stiffness

2.4.3 Solution

The equation of motion (Eqg. 2.25) can finally bé&ved when the external forces have been determined
and the structural mass and stiffness matrixes hage defined. For solving the equation, two
approaches are used; solution by convolution iategrby separation of motions. The solution by
convolution integral is used to find the harmonitput due to harmonic input with the impulse-res@on
method. However, this is only of interest if a fueqcy dependent added mass or damping is modeled.
The solution by separation of motions separatesxh#ing forces and position vectors into a high
frequency interval and low frequency interval. Tigh frequency motions are solved in the frequency
domain and the low frequency motions are solveatiertime domain.

2.4.4 Numerical integration

To solve the equation of motion (Eqg. 2.25) fromdistep to time step, numerical integration is uBgd.
using the values on time step as initial valuesassdiming how the acceleration term will behave, th
next time step can be approximated. These new valigethen set to initial values, and so step dyy ah
approximate solution is found for any given poihtime. The accuracy is determined by several facto
but the length of the time step is among the nmaopbrtant. SIMO offers three different methods when
approximating how the acceleration is estimated awéne step:

1. Modified Euler Methodvhere the initially acceleration is used as cartstaceleration.

2. 3"-order Runga-Kutta-like methoslhere the average acceleration over one timeisteged.

3. NewmarkB-Predictor-Corrector Methodvhere the3-value determines different types of
accelerations.
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3 Design basis

3.1 Key dimension

The dimensions and weight of the SCS is among #ie motivations for using trapped air as buoyancy
force to reduce the crane load. Only the dimensifitise SCS and a standard North Sea barge relevant
for this thesis are included. As the SCS is stitha planning phase, changes to the dimensiomaight
should be expected. All the dimensions are providedMC and Aker Solutions.

3.1.1 Key values of the SCS

Key figure Value Dimension

Length LSCS 74 [m]
Beam BSCS 80 [m]
H6|ght HSCS 27 [m]
Dry weight Wgcs p 8000 [tonne]
Wet weight Wgcs 6000 [tonne]
Height of SAHg, 12 [m]
Radius of SARg, 10 [m]
Internal water surface area of SAAg, 314 [m?]
Distance from center to center of the SAs

X direction Xg¢s 30 [m]
Ydirection Ygcg 50 [m]

Table 4 - Key values of SCS

Figure 14 - SCSillustration
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3.1.2 Key values a North Sea barge

Key figure Value Dimension

Length Lp 91.5 [m]
BeamBp 27.4 [m]
Height Hp 6.1 [m]
Moment of inertia in roll Issp 729991 [tonne - m]
Maximum tension in each wire 500 [tonne]
Tmax

Minimum tension in each wire 300 [tonne]
Tmin

Winch lowering speedV winch 20 [m/h]
Coordinate of winches (£22,13.7) [m]

(x -,y - coordinates)Py inch

Table 5 - Key values of a standard North Sea bargend pretension value

3.2 Environmental conditions

The environmental conditions at the lowering ogeraare not known, but a rough estimate of the wind
and waves will be made. This is intended to reprieaestorm occurring during the lowering operation,
and the resulting environmental loads on the SGi%wistudied. First the wind will be studied using
wind data from weather stations nearby and the \kaight and period will be estimated using fetch
limitied waves theory.

3.2.1 Wind conditions at lowering site

The wind condition in Sgr-Trgndelag can be foumtnfla number of weather stations. A wide variety of
wind data from the early 50’s until present datearailable on [Eklima]. This is free information
available on the web. The problem is to choose athveg station that experiences the same wind
velocities and profiles as the site where the S@8lavis to be lowered.

First the weather station at Voll in the city obhdheim was chosen. It is located approximatelyn4 k
from the fjord, but the wind measured here will eleg strongly on the wind direction due to the shafpe
the landscape surrounding the weather stationnfdesured wind values must be transformed from
onshore values to mid fjord values, but the refetiop is not known.
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Figure 15 - Weather station at Voll
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Figure 16 - Weather station at Veernes

A much better weather station is one located atiéseAirport in Nord Trgndelag which provides much
more usable wind data. The station is located erséme line as the longest fetch in the fjord of
Trondheim to the location of the planned operatéon due to the landing strip on the air port treeee
very few obstacles such as buildings or treesatiald obstruct the wind flow when the wind comes
along the longest fetch.

The weather stations provide a large amount affital data with a short list presented in Tahle 6

Main observations
Average of wind velocity
Lowest wind velocity
Highest wind velocity

Average of highest average wind values
Table 6 - Weather station main obersvations

As a rough estimate of the strong wind the “highést] velocity” was assumed to represent a
continuously high wind. Wind gust are neglectedastgements month by month for the last 60 years
was chosen. (Chapter A.5). The wind is measurddnl@bove ground and 12 [m] above sea level, so it
is assumed that the wind velocity at this altitddes not change significantly from over sea to ¢eved.
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Figure 17 - Plot of highest continuously wind montlby month

The highest wind velocity for each month indepenaéryear is plotted in Figure 17. The figure clgar
shows a trend where the highest wind velocity vgest in the summer months May to August, and the
operation is planned to be conducted in this tirmelaw. A maximum wind velocity of 18™/¢] is
therefore assumed to be a rough estimate for higth during bad weather in the summer. The actual
direction of these winds has not been analyzedit miassumed that the high wind has the sametibre
as the maximum fetch line.

3.2.2 Wave conditions at lowering site

The waves inside the fjord of Trondheim will be @wind generated waves with limited fetch, as no
swell from the open sea will be able to reach tiveering operation site. The maximum fetch to this
location is roughly measured to be 50 [km]. Tleiteh will be used to estimate the wave height.

A [ more. || map | Sateliite | Terrain |

ormmebek
lm_|_l Goog I
Sk s ] 192010 Gosgle - Map dats 82010 Tele Aties - 111 o1

Figure 18 - Maximum fetch to the lowering operationsite
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As a rough estimate of the wave height and waviegdris assumed that the waves can be descriped b
the two parameters

1. Significant wave heighti; - the mean wave height of the one third highestesa
2. The wave period corresponding to the peak frequehtye spectrunt,.

The two parameters are estimated using the emipioicaulas found in [Carter 82] which discussesavin
generated sea with limited fetch.

H, = 0.0163X%5U (3.1)
T, = 0.566X93y04 (3.2)
where
X Fetch in km
U Wind speed at 10 m above the sea surfaae/in
Estimating locally generated wind sea
U 16 mi/s <= INPUT
X 50 km <= INPUT
1.71*U”2 593.92 <= limit fetch
type JONSWAP <= OUTPUT
Hs 1.84 m <= OUTPUT
Tm_01 55 s <= OUTPUT

Table 7 - Wind generated sea with limited fetch

By assuming deep water waves, the wave length mastimated from the peridy,.

Wave data Value ~Dimension |
Significant wave heightH 1.84 [m]

The mean wave period’,, 5.5 [s]

Wavelength4 47.2 [m]

Water depth at location C in Figure 2~ 200 + 20 [m]

Table 8 - Estimated wave conditions at lowering sit

3.3 Simple model of lowering operation of the SCS through the sea surface

The lowering operation of the SCS is a complex afp@n, and to be able to simulate this operationgus
software, simplifications need to be made. The §insplification is to reduce the 6 degrees of di@a to
the heel motion only. This heel motion of the barigethen represented by two dynamic one mass
systems. The second simplification is to reducebti@yancy force from the trapped air in the SAs to
nonlinear vertical springs. The third simplificatits to reduce the environmental loads to firseordave
forces on the SAs.
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Barge heel stiffness

Trapped air sprmg
Winch ﬂr f Winch

Figure 19 - Simple model of lowering operation oftte SCS

3.3.1 Modeling the compressibility of air

The compressibility of air effect of the trappediaicrucial for the lowering operation of the S@ith
respect to the buoyancy force. The first stepnidlesstanding the behavior of the trapped air iscfloee

to establish the buoyancy force and investigate thiswchange as the SAs is displaced up and down. A
second step is to establish how the trapped asspre changes if the water surface inside the SA is
displaced up and down when keeping the SAs fixed.

It is assumed that the rate of which the trappe@a@iompressed and expanded can be separateal into
high frequency and a low frequency compressionepénsion. The high frequency compression and
expansion is due to the first order wave motiom, #ue low frequency compression and expansionés du
to the motion of the SCS which is assumed to behnstmwver than the wave period. The result from each
analysis will be a set of linear force equationstfie high frequency compression and expansioraset
of linear buoyancy force equations for the low freqcy compression and expansion.

High and low frequency compression and expansion of trapped air

The motivation for trapping air inside the SAslie tesulting buoyancy force contribution. The puess
and volume of the trapped air is crucial with regaio the magnitude of the buoyancy force, and the
amount of compression and expansion of the trappad therefore of great importance. The trapped a
is assumed to follow the ideal gas law (Eq. 2.8)fdlly understand the physics involved, first onlye
SA will be studied. The amount of trapped air nekiekeep correct buoyancy must first be estaldishe
The dimensions of a SA are listed in (Chapter 3,here one SA has a heidgt#t [m] and a radius

10 [m]. The internal water plane area is:

Agy = mréy = 314.16 [m?] (3.3)

The weight load on one SA is the dry weight of 8&S divided by four, but the pre tension of the fou
wires from the two barges must also be subtracted the weight. The dry weight of the SCS is
8000 [tonne] and the pretension in one wire is se50@ [tonne]. The steel volume of one SA is
assumed to be neglectable in terms of buoyancy fdiee weight load on one SA:

Wscs,dry 8000

Wy = — Fpretension = —,— — 500 [tonne] = 1500 [tonne] (3.4)
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The initial over pressure inside the SA in ordertfe SA to carry the weight load must then be

103k . m
o Whg 1500 - 103[kg] 9-81[sz]
initial Asy 314.16[m?]

— 46839[Pa] = 0.4622[Pye] (3.5)

This over pressure is equal to a hydro static wditearential head:
Piniti ~ 46839[Pa]

N kg m

P9 1025 [W] 9.81|35]

H Dispwater —

= 4.66 [m] (3.6)

So the differential head of watéfy;s,water iS the amount of water that must be displacedientlie SA
in order for the SA to carry the weight load. Thsa@ute pressure inside the SA is directly relateithe
hydrostatic pressuré,;,;;. as illustrated in Figure 20.

Case A
H]{ Pl - Caze B
me = )
-~ m Hstatic
Hstatic I Pl

Figure 20 - Initial conditions

High frequency compression and expansion

The high frequency compression and expansion iass to be directly linked to the first order wave
motion and the vertical excitation of the watelidesthe SA. This compression and expansion wilhbe
the same order as the first order wave period sitfterefore assumed to be an adiabatic process with
n=x=14.

The SA is assumed to be fixed because the high amssmoment of inertia of the SCS is assumed to
give a very small acceleration over one wave pefib@ water plane arel, inside a SA will be
displaced up and downwards a known distance anckthiting absolute pressure will be calculated Th
force acting on the water plane is then found bitipiving the over pressure by the water plane area
The water plane area is assumed to be constant.

For each initial depth selected, the buoyancy fe@ssumed to be equal to the weidlyj, before the
SA is displaced. The initial conditions is

P, (3.7)
and

H, (3.8)
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The water plane surface is then displaHgg,,. where downwards is defined as positive. The new
internal trapped air differential head will then be

H; = Hy + Hpeqve (3-9)

The pressur®, is found by the ideal gas law (Eg. 2.6).

Hi1"*
p,o=|=L| p 3.10
2=l ~ (3.10
wherex = 1.4
The force acting on the water surface plan:
Fwatersurf = APAgy = (P; — P1)Asy (3.11)

The force will be 0 when the displacemdtfi}, .. iS zero, negative thi;, ... IS positive and positive
whenHy.qe 1S Negative.

Low frequency motion

The low frequency motion is linked to the motiortlod SCS and more accurately the vertical and roll
displacement of the SCS. This motion will be mulchwer than the first order wave period and is
therefore assumed to be an isotherm processmith.0.

The SCS will have a heave or roll motion, but amig SA is modeled so the SA is assumed to only have
a vertical motion. The motion of the SA is assurtellave a much longer period than the first order
wave motion and therefore the first order wave omotiill be averaged out.

The behavior of the buoyancy force due to the dmar changes as the SA becomes submerged, and
two methods of calculating the buoyancy force dbatrons are shown. Case A where the SA is floating
and case B where the SA is submerged.

For each initial depth selected, the buoyancy fe@ssumed to be equal to the weildlyy;, before the
SA is displaced. The initial conditions is

P (3.12)
and

H, (3.13)
The initial conditions are now established andSRecan be displaced a distarig, ;.. in z-direction.
The ideal gas law (Eg. 2.6) is used to find the dédferential headi,, but then a problem occurs. The

new pressur®, and internal trapped aff, are both unknown, and they are both dependenacim @her.
So by assuming that the differential hégdis equal tadH;, the new pressui®, will be
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Py = Py + pgHpeave (3.14)
The new differential heaH, is then found by using the ideal gas law.

1
P 1n
H, = _1] H, (3.15)
P,
wheren = 1.0
The pressur®, can now be estimated more accurately using théyreadculatedH,

Py = Py + pg(Hyeqve + H, — Hy) (3.16)

The process is continued until the solution conesrg
The new buoyancy force from the trapped air dudeadisplacemertfy,,. .., Will now be the over
pressure multiplied by the internal surface atgafor the case A - floating SA

FBuoyancy = (PZ - Patm)ASA (3.17)
And the weight force due to the displaced wateccise B — submerged SA

Fpuoyancy = PgH2As4 (3.18)
Initial positions
To illustrate the change in trapped air stiffnessh& SA is lowered down, 9 different initial pamits are
chosen. The buoyancy is assumed to be in balanbelve weight/s, at the initial position and the SA
is displaced up and down 2 [m]. The different alippositions are listed in Table 9 and shown iruFeg
21. It is assumed that these 9 positions illusttademportant changing behavior of the trappedAsir
important notice must be taken, the water levassumed to be at= 0 and changing water elevation in
form of waves is not taken into account. This ig#y linear theory, and therefore the initial gam at
12 [m] is split into two cases dependent on thedation of the heave motion since the SA will indtan
go from floating to submerged as the SA is subneergere thari 2 [m].

Name Depth of SA Dimension

Hg 6 [m]
Hg 8 [m]
Hyo 10 [m]
Hi;HSA 12, only displacing shallower [m]
Hi;”s” 12, only displacing deeper [m]
Hqy 14 [m]
Hye 16 [m]
Hqg 18 [m]
Hyp 20 [m]
H,, 22 [m]

Table 9 - SA depths
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Figure 21 - SA depths
Result high frequency compression and expansion
FHigh frq force = aZ+b (3.19)

WhereZ is the vertical displacement of the SA andndb are defined in Table 10.

Name _Initial depth [m ~ Gradient,a [MN/m ~Constant, b [MN,
Hg 6 -6.1149 0
Hg 8 -7.5279 0
Hyp 10 -9.7904 0
H,, 12 -13.998 0
Hyy 14 -15.898 0
Hqq 16 -17.798 0
Hig 18 -19.698 0
H 20 -21.598 0
H,, 22 -23.498 0

Table 10 - Gradient and constant for high frequencyinear spring

30




Spring stiffness for one SA as function of depth
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Figure 22- Plot of gradient for high frequency lin@r spring

Figure 22 shows that as the SA is lowered deepdaaper, the trapped air volume becomes stiffér an
stiffer.

Result low frequency compression and expansion

Fpuoyancy = ¢Z +d (3.20)

WhereZ is the vertical displacement of the SA anandd are defined in Table 11.

Name Initial depth [m] Gradient, ¢ [MN/m] Constant, d [MN] |
Hg 6 1,5703 14,715
Hg 8 1,9078 14,715
Hyp 10 2,1572 14,715
Hi;HSA 12, only displacing 2,3915 14,715
shallower
Hi;”” 12, only displacing deeper ~ -0,75285 14,715
Hq, 14 -0,68784 14,715
Hye 16 -0,62903 14,715
Hig 18 -0,57949 14,715
Hyp 20 -0,53718 14,715
Hy, 22 -0,50063 14,715
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Table 11 - Gradient and constant for low frequencyinear spring

Spring stiffness for one SA as function of depth

2.5

2 A
L

=== Spring stiffness as function of
0.5 depth

Spring stiffness [MN/m]

-1.5

Submerged depth, distance from surface to bottom of SA

Figure 23 - Plot of gradient for low frequency linar spring

Figure 23 shows the in trapped air stiffness and ihchanges dramatically when the SA becomes
submerged.

3.3.2 Estimating hydrodynamic forces

Figure 24 - lllustration of the SCS
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The SCS module consists of a very complex geonsétagture along with four compressor trains and
four SAs. The hydrodynamic forces are due to theplexity not easy to predict, but a rough estinudte
the added mass of the SCS will be estimated. Thegihg is neglected in order to keep the model stmpl

Estimation of added mass of a SA
The magnitude of the added mass of the SAs in\mtiical and horizontal direction are large duéh®
SAs size. To roughly estimate the magnitude af dliided mass, [DNV 08] and estimates are used.

Figure 25 - lllustration of a SA
Figure 26 - Rough estimate of the distribution of dded mass of a SA

The added mass of the SA can be separated intesdspendent on the direction of motion.

As the SA is oscillated in the z - direction, tlielad mass area A and B will be oscillated along wie
surface of the trapped air. However, the accelmmaif added mass A and B does not need to be gepha
with the acceleration of the SA. The excitatiorcis and the compressibility of air effect of thepped

air determines how large the phase difference reay b

The added mass C gives a pressure distributiohetop of the SA which is in phase with the
acceleration of the SA in z-direction. However, thp of the SA is attached to the subsea struetodeso
the added mass C will be included in the added esslation of the SCS structure.

The added mass A is the internal volume of the @#racted of the trapped air volume. The volumé wil
change as the trapped air is compressed or expd@utiéar small displacements the volume is close to
constant. The trapped air volume will also changgethdent on what level the SCS floats.

Azz = p(Hsy — H1)7TR52A (3.21)
The added mass B is assumed to be a half sphdre¢hsitradius same as the SA.

2
Azzp = §.07TR53A (3.22)

The added mass D is assumed to equal the addedfraflat plate which is oscillated in non regieidt
deep water where the flat plate is the projectiothe SA in the same direction. The acceleratioadufed
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mass D will always be in phase with the accelenatiothe SA. The general formula for calculating
added mass in x- and y-direction along with thededecoefficients according to [DNV 08, pp. 96-9] i
then

Aji = pCyV (3.23)
which then becomes

A11,p = Azzp = pCaVR (3.24)

Added mass coefficent
All,D = AZZ,D = 0.62 T[RSZ'AHSA

Table 12 - Added mass coefficients from [DNV 08 pf26-97]

Results

Added mass One SA Four SAs Dimension
A 2864 11456 [tonne]

B 2147 8587 [tonne]
A+B 5011 20044 [tonne]

D 2396 9583 [tonne]

Table 13 - Added mass estimation for the SAs

Estimation of the added mass of the SCS structure

To find the added mass to the SCS without the $#laed is a very difficult task without making larg
simplifications. First simplification is that ontiie center box marked with red in Figure 27 conteb to
added mass. Secondly, this box is assumed to hii’eatio of 50% which means that half the box is
trapped water and the rest is equipment and stalatamponents. Third the loss of surface areden t
low side of the box due to the presence of thesS&ctounted for by including a loss of area coieffic
Ccorr,sa Which is estimated.

Figure 28 - Rough estimate of added mass distributh of the
Figure 27 - SCS simplification SCS
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Dimension of red box Value Dimension

Loy 30+2-10 =50 [m]
Bbox 80 [m]
Hpox 27-12=15 [m]

Table 14 - Dimensions of simplified SCS

The added mass C is assumed to equal the addedhz8at plate which is oscillated in non redteit
deep water where the flat plate is the projectiothe SCS in the same direction. The general eguati
(Eqg. 3.23) is then used. However, the water clegigdun the box must also be included and is estiaat
to be

Atrappea = PLscsBscsHsesCrin (3.25)
whereCy;;; is assumed to be 50%.

The added mass in x- and y-direction is then

All,total = Atrapped + A (3.26)
A22,total = Atrapped + Ay, (3.27)

The added mass in z-direction consists of A anlilBtrated in Figure 28. A and B is assumed to equa
the added mass of a flat plate which is oscillaeabn restricted deep water where the flat plathé
projection of the SCS in the same direction, how®ves corrected due to the presence of the SAs.

Azz = pCpVrCororr sa (3.28)

whereC,,,rsa tries to correct for the surface area lost dudégpresence of the SA.The correction is
estimated by subtracting the top area of all folyss 8om the total surface area on the top and botto
combined, and divided by the total surface area.

(2 . Lbox . Bbox -4 ASA)

C = 3.29
corr,SA 2. Lbox R Bbox ( )

The total added mass in z- direction with accelenah phase with the acceleration of the SCS aribo
then

A33,total = Atrapped + Asz (3-30)

Added mass coefficent

~ ; 4

A11 0.900 2 HSZCSBSCS
— T

AZZ = 0.757 2 H_SgCSLSCS
= T

A33 0.704 2 L_%CSBSCS

Table 15 - Added mass coefficients from [DNV 08, p®6-97]
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Results

Atrapped 30750 [tonne]
A1q 13041 [tonne]
A11total 43792 [tonne]
Az 6856 [tonne]
A22 total 37606 [tonne]
Az3 95213 [tonne]
A33 total 125963 [tonne]

Table 16 - Added mass estimation for the SCS

3.3.3 Modeling barge heel stiffness

The heel motion of the barges is an important plattie lowering operation of the SCS. As the SCS is
lowered down and the buoyancy force of the tragedhange, the barges must change the heel angle t
account for this change in buoyancy force. Effedtithe weight of the SCS is transferred between th
buoyancy force of the trapped air and the wirethéobarges.

The dynamic heeling motion of a barge is assuméx tdescribed as

(Iss + Ass)0 + Bss + Cs56 = Fyire BZ—BG (3.31)
where
Isc Moment of inertia in roll
Ass Added mass in roll
Bss Linear damping in roll
Css Linear stiffness in roll
Fyire Downwards force in wire
Bg Total width of barge
0,0,6 Heel angle, velocity and acceleration

N

F_wire
Figure 29 - Heel motion of barge

DampingBss and added magk;s is unknown and is for simplicity assumed to beoz&toment of
inertialss was supplied by Aker Solutions for a standard N&wa barge. Stiffnesg; is calculated
using linear stability theory. Excitation mome%)t;,.. 3736 is due to the weight load from the SCS. (Eq.
3.31) can now be simplified to
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.. B
1559 + C559 = Fwire7B9 (332)

The angled can be related to the vertical displaceniggt of the wire connection point of the SCS.
Small angles and displacement are assumed.

By 2
Zscs =—0 >0 =—"Zscs (3.33)
2 Bg
Inserting (Eq. 3.33) into (Eq. 3.32)
2 . 2
Iss B—Zscs + Css B—Zscs = Fyire (3.34)
B B
The mass term will then be
M=1 2 3.35
=lssp (3.35)

The linear stiffness is found using linear stapiliieory. The derivation is shown in (Chapter A.1)

2B% — 3H3
e ——_ 3.36
GMs 12Hg (3:36)
Bp
VppgGMpOp = Fyire ) (3.37)
The stiffness ternd is then when inserting (Eq. 3.36) and (Eq. 3.37)

A 2 Fyire 4‘VngIWB
C=Cs5—= = 3.38
By Zscs Bj (3.38)

The mas$7 will be suspended in the spring, so the spring rhasttiffened to account for this.

C=CZsys+ Mg (3.39)
Result
Name Value Unit
[ 7778.4 [&kN/ml]
M 53284 [tonne]
Mg 522716 [&N]

Table 17 - The one mass dynamic system input reprasting heel motion of barge
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4 Modeling in SIMO

4.1 Modeling wave forces on SAs

To model the SAs on the SCS requires an analysteeofvave forces the SAs experiences. Only first
order wave forces are considered and SIMO'’s sleglgenents will be used due their simplicity and
versatility through the user specified input. Hoee\the first modeling problem in SIMO occurs when
the SAs are to be modeled with the correct hydradyin properties. Normally, a SA would be modeled
by one slender element. However, slender elemesatdiorison’s equation, which finds wave forces on
small volume submerged structures. The probleimedarge diameter of a SA, as the requirement for
validity of Morison’s equation i§D /1) < 0.2, but for the SA the ratio iRs, /1) = 20/47.2 = 0.42 if
the environmental conditions found in (chapter &2)sed. The significant wave heightis = 1.84 [m]
and the corresponding wave periodjjs= 5.5 [s].

4.1.1 First order wave forces in surge and sway

If slender elements is to be used to model the 8wsresulting first order wave forces needs to be
compared with other methods. The result from SIMiDtherefore be compared with the results from a
model created in Genie and analyzed in HydroD aitid mand calculations. To establish if the numbfer o
slender elements affects the results, two SIMO nsoathere the SAs are modeled with one or six slende
elements are tested. All the models are assumiee fiked because the response motion of the S8& is
known and so by setting the models to be fixed mékeasier to compare them.

Name of model One SAmodel Four SAs models Theory Fixed/floating
SIMO - simple 1 Slender 4 Slender Elements  Morrison’s equation  Fixed
model Element
SIMO - complex 6 Slender 24 Slender Elements Morrison’s equation  Fixed
model Elements
Hydro D - 1 solid cylinder Resultingload from  Radiation- Fixed
model created in 1 Solid cylinder diffraction theory
Genie extrapolated to four employing a panel

cylinders model
Hand 1 solid cylinder Resultingload from Linear wave Fixed
calculation 1 Solid cylinder potential

extrapolated to four

cylinders

Table 18 - List of the four SA models

To compare if the submersion of the SA affectsréisailts between the different methods, four difiere
depths were chosen.

Name Depth Dimension
Hg 6 [m]
Hg 8 [m]
Hq, 10 [m]
Hy, 12 [m]

Table 19 - Chosen depths of SA
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4.1.2 SIMO- simple model

& Simvis - SimVisHLA {MarineOp) [playing log file: vis.Idat (federation: vis-simo)]

Playback Info Wave Pipe Temain Routing & Intervention Plot Advanced Window Help - ~ o B
FEW ¢ hes «+[0E ¢ RAy¥oT~EBT@ 0DER SR |[dm e p——33mK @
o

[ Setting up long crested wave surface from HLA object LongCrestedWave'... |
‘ Long crested wave surface configured (1=600.00, w=200.00, Hcalc. points=600)
i> |

Figure 30 - SIMO simple model

4.1.2.1 Slender element
Each SA is modeled by one slender element witlséinee disk area as the SA defined through SPEVOL.
SPEVOL = m x1? = m » 10%[m?] = 314.16[m?]

The weight of the element is of no importance ag las the model is set to fixed.
DSTMAS = 0 [Tonne/m]

The force is integrated to actual wave elevation
IFOADD =1

The gravity and buoyancy force is of no importance
IVOL =1

Wave particle velocity and acceleration is included
IWDHF =2

The number of strips is set to 10
NSTRIP =10

All drag forces are assumed to be zero.
C2X =C2Y =C2Z=C1X=C1lY =C1Z=0

The added mass per unit length is found from clmafXe All these units are given in the local cooralie
system.
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AMX =0
Total added mass in global x — or y — direction

AMY = AMZ =
Height of SA
2864 + 2396 [tonne] [tonne]
AMY = AMZ = = 438.33
12 [m] [m]

DISTRIBUTED ELEMENT FORCES

' Descriptive text, 2 lines
SA represented by one
slender element

'SLENDER ELEMENT

'SPEVOL DSTMAS IFOADD IVOL IWDHF NSTRIP
'XEL1 YEL1 ZEL1 XEL2 YEL2 ZEL2 XREF YREF ZREF
'C2X C2Y C2Z C1X C1Y CIZ AMX AMY AMZ

'Suction Anchor #1

SLENDER ELEMENT

314.16 0. 1 1 2 10

-15. -25. 0. -15. -25. -12. -15. -36. -12.

0. 0. 0. 0. 0. 0. 0. 438.33 438.33

4.1.2.2 Environmental data specification
The wave load is defined as a regular wave witheArmightHs; and wave perio,,.

Thkkkkkkhkkkkkkkhkhkkkkhkhkhkkkkkkkhkhkkkkkhkhkkkkkkkkkkkkx kkkkkkkkkk
ENVIRONMENT DATA SPECIFICATION
Thkkkkkkhkkkkkkkhkhkkkkhkhkkkkkkkkkhkhkkkkhkhkhkkkkkkkkkkkx *kkkkkkkkk

'‘Descriptive test, 3 lines
Regular wave
Waveheight 1.84 m
Wave period 5.5 second

REGUIlar WAVE SPECification

1input line
CHREWA - Regular wave condition identificator
CHREWA
'NREGWA
1
'WAVAMP WAVPER PHASE DIR
0.92 5,50 0.0 0.0

Tkkkkkkkkkkkkkkkkkkkkkhkkkkkkkkkkkkkkkkkk en d Of E nv | ronme ntal
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4.1.3 SIMO - complex model

22 Simvis - SimVisHLA (Ma )p) [playing log file: vis.ldat (federation: vis-simo)]
L Routing & Intervention Plot Advanced Window Help

g EGEERIERE R L R L e e—r

X

Setting up long crested wave surface from CrestedW; WY Al
Long crested wave suface corfigured (=600 00, Hcale. points=60D) |
> bl

Figure 31 - SIMO complex model

Each SA is now modeled by six slender elements thighsame total disk area as the SA defined through
SPEVOL. The load for each SA will now be distritditen 6 Slender Elements instead of 1. For this case
the wave elevation is almost uniform over one swlisk, which indicates that the result from the
complex model should be more able to capture thgngwave loads over the diameter of the SA than
the simple model. The only change in input fromgtmaple model is th6 PEVOL and the added mass
AMY andAMZ.

mxr?:  mx*10?

SPEVOL = T ¢ [m?] = 52.36[m?]
Total added mass in global x — or y — direction
AMY = AMZ = Helghéof SA
2864 + 2396 [tonne]
t
aMY = amz = — 2 (] _ 7306 1207
6 [m]
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' Descriptive text, 2 lines
SA represented by one
slender element

'SPEVOL DSTMAS IFOADD IVOL IWDHF NSTRIP
'XEL1 YEL1 ZEL1 XEL2 YEL2 ZEL2 XREF YREF ZREF
'C2X C2Y C2Z C1X C1Y CIZ AMX AMY AMZ

'Suction Anchor #1

SLENDER ELEMENT

52.36 0. 1 1 2 10

-25.0 -25.0 0.0 -25.0 -25.0 -12.0 -25.0 -24.0 -12.0
0. 0. 0. 0. 0. 0. 0. 73.06 73.06
SLENDER ELEMENT

52.36 0. 1 1 2 10

-20.0 -33.7 0.0 -20.0-33.7-12.0-20.0 -34.0 -12.0

0. 0. 0. 0. 0. 0. 0. 73.06 73.06
SLENDER ELEMENT

52.36 0. 1 1 2 10

-10.0 -33.7 0.0-10.0-33.7 -12.0-10.0 -33.0 -12.0

0. 0. 0. 0. 0. 0. 0. 73.06 73.06
SLENDER ELEMENT

52.36 0. 1 1 2 10

-5.0 -25.0 0.0 -5.0 -25.0-12.0 -5.0 -24.0 -12.0

0. 0. 0. 0. 0. 0. 0. 73.06 73.06
SLENDER ELEMENT

52.36 0. 1 1 2 10

-10.0 -16.30.0-10.0-16.3-12.0-10.0 -16.0 -12.0

0. 0. 0. 0. 0. 0. 0. 73.06 73.06
SLENDER ELEMENT

52.36 0. 1 1 2 10

-20.0 -16.30.0-20.0-16.3-12.0-20.0 -16.0-12.0

0. 0. 0. 0. 0. 0. 0. 73.06 73.06
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4.1.4 HydroD-model
A 3-D panel model of a cylinder with the radius dmight of a SA is created in GeniE. The cylindas h
closed top and bottom.

Figure 32 - GeniE model

igure 33 - HydroD model
The model was exported to HydroD, and the lineBrr@&diation-diffraction theory employing panel
model was used to find the first order wave fofidee regular wave peridf,, = 5.5 s and the four

depths listen in Table 19 were used. The cylindes get to fixed and the result from the analysdtze
first order wave force on a single SA for each Hepb account for all the four SAs, the load ddtayn
first SA to back SA was calculated using the knavave speed and the known distance from center of
front SA to back SA. The result is multiplied byd®account for the other two SAs.

Fwaveload,amp = 1.5214;p4q (4.1)

The derivation of the equation (Eq. 4.1) is show(Ghapter A.2).
The command files to Genie and HydroD is locate(Cimapter A.7).

4.1.5 Analytical model

When the cylinder is as large as one SA relatiwgaeelength, Morrison’s equation becomes invalid as
pointed out in the beginning of this chapter. Hoereto find the first order wave load on such a
structure, one may use MacCamy and Fuchs theoryifi\a& pp. 2.44-2.45]. This method is analytical
and deals with the spreading of a sinus wave fraincallar cylinder located at the sea bottom and
reaches up through the sea surface. As long & lpagential theory is used, the method is accdcate

all diameters of the cylinder.

If the cylinder is greatA/D is small) the method gives the total load because thefdrag neglectable,
and for smaller cylinderst{D is great) the method gives the same result as the massiterm
Morrison’s equation. To show that the drag forcedmees very small, one can assume that the wave
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motion around the cylinder consists of one reguiave and an infinite sum of reflected ring shaped
waves that spread from the cylinder.

Figur 2,34 Innkomne og reflekterte helger fra sylinder

Figure 34 - Wave pattern [Marin 07, figure 2.34]

By demanding that no fluid shall penetrate thentér surface, one can find the velocity potentaliie
ring shaped waves (diffraction potentfg}). The potential for regular incoming waves ), together
with ¢p, gives the total potentigl; = ¢; + ¢p. When the total potential is known, one can calieuthe
pressure distribution around the cylinder and sdhibrizontal load per unit lengtiF.

_ 2pgH cosh(k(z + h))

p cosh(kh) A(ka) cos(wt — €) (4.2)

dF

WhereA(ka) is a load amplitude factor amds the phase delay from wave to load.

The values fod (ka) ande is found from table 4 in [Marin 07 pp. 2.46-2.48]

2
w
ka = Fr =1.61 (4.3)

which gives the value$(ka) = 1.5496 ande = 8.86

The total load for one cylinder can then be foupdimply integrating the loadFover the height of the
cylinder. The total load on all the SAs are incldidbgy

Fyavetoada = 1.52141044 (4-4)

The derivation of the equation (Eq. 4.4) is showfGhapter A.2).
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4.1.6 Results

Total force amplitude
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Different models at four different depths

Figure 35 - First order wave force amplitude

The Figure 35 shows clearly that increasing thebmmof slender elements from one to six elements pe
SA reduces the total first order wave load on@lrfSAs. The results from the HydroD-model and hand
calculations are close to each other and closdbet8A represented with six slender elements.She

is therefore assumed to be best represented Isjesider elements each, still the result will be
conservative compared to the HydroD and hand caionl. The depth does not seem to affect the
difference between the different results. The redepthat the complex model gives a better rethait

the simple model may the assumption that the wawmditions are constant over the diameter of the
slender elements is pore for the simple model.

4.2 Procedure - SIMO

When the necessary input values had been founglwéee inserted into the system description file.
SIMO could then execute a time domain simulatioseldeon the system description file and calculage th
environmental induced loads and motions on theispeédodies and wires. The operation was visudlize
in SimVis.

The following chapter explains the input to thetegs description file and what parameters SIMO tges
numerically calculate the time domain simulatiohe®ystem description files and visualization fites
located in (Chapter A.8).

4.2.1 Lowering operation of the SCS

The goal of the SIMO simulation of the operatiomadind the heel angle of the barges, the forchén
wires and the buoyancy forces from the trappedsathe SCS is lowered down. The initial depth ef th
SAs is set to 11 [m], meaning that the SAs are JIfgmbeing fully submerged. The SCS is then lowlere
slowly down by releasing 2 [m] of wire from the whes on the two barges. It is assumed that at the
initial depth of the SAs of 11 [mh000 [tonne] of theB000 [tonne] dry weight of the SCS is carried by
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the trapped air inside the SAs. The 2800 [tonne] is carried through the four wires. No air is added
released as the SCS is lowered down and as discims@€hapter 3.3.1), the air is assumed to folkow
isotherm process. The end result is presentedmn &b graphs and discussed.

The SIMO model is a simplified model of the fulbde lowering operation of the SCS. Figure 36 shows
the final model, and although the model does reially resemble the SCS and barges, the important
physical properties are included. Three bodieslafmed; one body for each of the barges and odg bo
for the SCS.

4.2.2 Barges
The main motion of the barges that is of intereshe heel motion. As a simplified model, the offinex
degrees of freedom is neglected and the bargeeagpbesented by a dynamic one mass system.

Body type 3

The barges are simulated as body types 3, whickhhes degrees of freedom. The body is free to move
in x—,y —andz — direction, but is not allowed to rotate. This reduces thewm of input required and

is the simplest model when a dynamic one massrayistenodeled. To model the barges as body type 3
requires the following data groups:

= Body location data

* Body mass data

= Position system data
= Body components
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Dynamic one mass system representing heel

motion of the two barges
/ \

Figure 36 — Comparison between the full scale bargeand SIMO barges models
For each barge the long red line represents thestifiressC (Eq. 3.39), while the long black element
represents the mass (Eq. 3.35). The two short wires represent the sviennecting the strand jack to
the SCS.
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Body location data
The two bodies are positioned alongside the SCS as illustrated in Figure 36

Body name Global X- Global Y- Global Z- Dimension
coordinate coordinate coordinate

Bargel 0 38 5 [m]

Barge2 0 -38 5 [m]

Table 20 - Barge bodies global coordinates

Body mass data

Both bodies are given the madgEq. 3.35) which represents the moment of ineftiaof the barge
multiplied with the arm from center of barge to thieches. Because a body type 3 cannot rotate,
moment of inertia is set to zero.

rm rixx riyx riyy rizx rizy rizz
53284. 0.00 0.00 0.00 0.00 0.00 0.00

Position system data

The hydrostatic heel stiffness of a barge is matiblea fixed force elongation spring attached betwe
the body and a fixed global point. If the body ddamnove in x- and y-direction, a short spring would
give considerable forces in the same direction Wwigmot wanted. The spring length is thereforgaty
set to 50 [m] to avoid this. The spring carries\eéghtM g when it is elongated 50 [m].

The force of the spring is found using (Eq. 3.39).

‘DIST FORCE DAMP (Resulting heel angle of barge [ deq))
47.6 504054.4 10. (-10.0)

50. 522722.6 10. (0.0)

52.4541390.8 10. (10.0)

SIMO assumes a linear relationship between thee$oas the spring is compressed or expanded, and
extrapolates or interpolates if the displacemebeisveen or outside the given data.

However, output from SIMO gives the force in th@ection points of the spring and the resulting hee
angles must then be back calculated from thesétsesuclever trick is to add a second very wealrgp
in parallel where the force for a given displacehigithe actual heel angle in degrees. By plottirege
results, the heel angle of the barge as a fundtitime is directly found. Since the spring is seek, it

will not affect the result.

'DIST FORCE DAMP (Resulting heel angle of barge [ deq))
47.6 -10. 10. (-10.0)

50. 0 10. (0.0)

52.4 10. 10. (10.0)

Body components

Two coupling points was assigned to each body, eéitha fixed winch. These represent the stranHd jac
system onboard the barges.
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Name Bargel / Barge2 Local X-coordinate  Local Y-coordinate Local Z-coordinate  Unit
COPO_1 / COPO_3 22 0 0 [m]

COPO_2 / COPO_4 -22 0 0 /m]

Table 21 - Coordinates of winches

All four winches are assumed to release 2 [m] séwimultaneously over a time of 360 seconds which
corresponds to the suggested lowering spgeq.;, = 20 [m/h] = 0.00556 [m/s].

‘tstart tstop runvel
120. 480. 0.00556
4.2.3 SCS

The SCS is modeled as a large body where the bagyarce from the trapped air in the SAs is of
interest as it is lowered down. The upper structdithe SCS along with the compressor trains ate no
modeled as only a small part of this structure béitome submerged and it is assumed that the beypyan
contribution from this part is small compared t@yancy from the trapped air.
Body type 1
The SCS is defined as a body type 1, with six degof freedom. To define the SCS as body type 2
would not work, because body type 2 requires aaleulated linear response for a given load. When
body type 1 is selected, SIMO calculates the respdor a given load. To model the SCS as body type
requires the following data groups:

= Body location data

* Body mass data

= Distributed element forces

= Position system data
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Springs representing the buoyancy force
from the trapped air in the four SA's

/ \

Figure 37 - Comparison of the full scale SCS to th8IMO SCS model
For the SCS the four red lines represent the buxyyomce from the trapped air in the four SAs.
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Body location data
The body is positioned in the center of the glalwairdinate system.

Body name Global X- Global Y- Global Z- Dimension

coordinate coordinate coordinate

Table 22 - SCS body global coordinates

Body mass data

The dry weight of the SCS is 8000 [tonne]. The bbdy the possibility to rotate, however the rotatid
the body is very small as long as all four wincredeases wire simultaneously, so the size of theemd
of inertia needs only to be larger than zero tacimamerical problems.

rm rixx riyx riyy rizx rizy rizz
8000. 1000. 1000. 1000. 1000. 1000. 1000.

Distributed element forces
The lower frame where the SAs are connected t&€® is modeled with four slender elements. These
are only for visualization purposes and are modtlatbt give any force contribution.

The SIMO model of the SAs was found to give saitgf\first order wave forces when each SA was
modeled by 6 slender elements evenly spaced aaieaglin (Chapter 4.1). To avoid unwanted buoyancy
contributions, the specific volume is set to zand the added mass per meter is adjusted to inthele

loss of specific volume as discussed in (ChapteR}.

Position system data

The buoyancy forces from the trapped air insideSAe changes with depth and is modeled by foudfixe
force elongation springs. These are attached apgheximate center of the internal water surfasele

a SA and a fixed global point above. If the bodgidtd move in x- and y-direction, a short spring Vaou
give considerable forces in the same direction lvismot wanted. The spring length is thereforgaly
set to 50 [m] to avoid this. When the spring isnglated 50 [m], each spring carries 1500 [tone] of
weight. The initial condition is set to a depthldf[m] marked with a black dot in the graph. Noisir
added or released and the buoyancy force is cééclissing (Chapter A.4) which displace the SA 1 [m]
up and 3 [m] down.
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x 10 Buoyancy force from trapped air as the SA is displaced vertically

Buoyancy force [kN]

12 I \ \ I I I I |

10 105 11 115 12 125 13 135 14
Displacement in z-direction, positive defined downwards [m]

Figure 38 - Buoyancy force from one SA with depthfoll m as initial position

DIST FORCE DAMP
49. 12439.9 30.
50. 14715 10.
51. 16990.1 10.
52. 16240. 10.
53. 15510. 30.

4.2.4 Running SIMO

A time domain analysis of the lowering operationttef SCS was made using SIMO modules STAMOD,
DYNMOD and OUTMOD. Batch files for each of the méekiwere created and can be found in (Chapter
A.8).

The SIMO model is highly specialized for the lovngrioperation of the SCS, and is valid only for arsh
vertical displacement of 4 [m] due to the trappidrside the SAs. The most important results ivdlthe
tension in the wires, the reason is that the vansibns along with how much wire is released agetily
direct control the operators have over the motiith® SCS. As the SAs becomes submerged, more and
more of the weight of the SCS will be transferraahf the buoyancy of the trapped air to the barges.

STAMOD

Using the pre-generated batch file, STA.MAC, thetem description file was read simultaneously
defining the bodies and the couplings between theitral positions for all the bodies and body
components are established. Static equilibriumagdsulated for the entire system, and the initiaew
force is updated along with the initial positiontbé SCS and the heel angle of the two bargesrédust
is described in ini.sam file which is read by DYNRO
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Initial conditions - Barge 1 and 2 Value Dimension
Heel angle 2.8 [Deg]

Wire load in one wire 262.8 [tonne]

Table 23 — Updated initial conditions for barges aér equilibrium calculation

Initial conditions - SCS Value Dimension
Vertical position of top of SAs 0.7 [m]
Buoyancy load from one SA 1730.1 [tonne]

Table 24 — Updated initial conditions for SCS afteequilibrium calculation

DYNMOD

Using the pre-generated batch file, DYN.MAC, anel tbsult from STAMOD, ini.sam, DYNMOD can
perform a time domain simulation. The simulationd atorage parameters are chosen so SIMO will not
encounter numerical problems. For each oscillatiom body, SIMO requires that enough points are
calculated so the motion can be described withoupg. This means that the time step must be seffici
small enough to cover the highest eigenfrequendlge@fvhole system. The time step was sétte

1 [s] and the number of subdivision for each step wawsE0. The length of the time simulation was
set to600 [s] and the Runge kutta integration method applyireyaye acceleration over one time step
suggested by SIMO was used. A visualization fils,ldat, was created and a copy is located in A.8.

OUTMOD

This module was used to extract the results frartithe domain simulation. Wire force, heel angle of
barge and buoyancy force were saved as ASCIIitesa copy is located in (Chapter A.8). The result
was analyzed by MatLab.

4.2.5 Limitations

The motion of the barges was simplified to only bieel motion which was represented by a dynamic one
mass system. This is a very simplified model, antbés not account for many important effects. No
wave or wind loads on the barges are includedhiscstmplified barge model will give poor resultben
environmental conditions are applied.

Only the first order wave load on the SAs of theSS€modeled. For more accurate environmental loads
on the model of the SCS, higher order waves and Wiads should be included.

The modeling of the trapped air buoyancy forcehgyuse of springs should be valid, but one must
assume how this spring will behave. It may thaeetake some trial and error if a specific resalt i
desired since the springs are dependent on ho®GiSbehaves.
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5 Results

5.1 SIMO simulation

The two SIMO simulations presented are both simaratf the same lowering operation of the SCS
through the sea surface. The difference is thafitbtesimulation, Case 1 — still water, is donehaeiut
any waves, and the second simulation, Case 2 -t weether condition, includes regular waves with
heading in the x — direction in the SCS coordirsgttem defined in Figure 14. The wave height and
period used is estimated in (Chapter 3.2).
The results from the two simulations show how tbellangle of one of the barges, wire loads and
buoyancy loads changes as 2 [m] of wire is releé®®d the winches. The top of the SAs are initid@lly
[m] above the water surface and the SCS is in aililequm position. As the SCS is lowered down, no
air is added or released. The result from eachi®] [lang simulation is presented in form of thraamhs.

1. First graph shows the barge heel angle and oneledck plotted versus time

2. Second graph shows the buoyancy load from one $/ne wire load, plotted versus time.

3. Third graph shows the total buoyancy load fronf@lk SAs and the total wire load from all four

wire loads, plotted versus time.

5.1.1 Case 1- Still water

Change in wire tension and barge heel angle
600 T T T 10

500 =

=
=]
=

T
1

w
=1
=
T
|
)

Heel angle of barge [Deg]

Wire force in one wire [Tonne]

5]
1=}
=

T
1

100 - —

| | | | | 0
0 100 200 300 400 500 600
Time [s]

Figure 39 - Heel angle of one barge and the wiredd in one wire
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Transfer of weigth load of the SCS

2000

1800

Buayancy load from trapped air inside one SA
— Lift lnad in one wire

1600

1400 —

1200 —

1000 -

Load [Tonne]

400~

200~

| 1 1 1 |
100 200 300 400 500
Time [s]

Figure 40 - load in one wire and buoyancy load fronone SA

8000

Transfer of weigth load of the SCS

600

7000 =

Total buoyancy load from trapped air inside all four SAs
Total lift load from all four wires

6000 —

5000 —

4000 -

Load [Tonne]

3000 —

2000

1000

100 200 300 400 500
Time [s]

Figure 41 — Total wire load and total buoyancy loadrom the trapped air
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5.1.2 Case 2 - Worst weather condition

Change in wire tension and barge heel angle

600 . . . 10
- e
500~ !
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Wvire force in one wire [Tonne]
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5]
1=}
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0 100 200 300 400 500 600
Time [s]

Figure 42- Heel angle of one barge and the load ane wire

Transfer of weigth load of the SCS
2000 T T T

1800 — Buoyancy load fram trapped air inside one SA -
— Lift load in one wire

1600 —ﬁ———\\\\\#——_—k—

1400 — —

1200 — —

1000 - —

Load [Tonne]

600 - —

200~ —

1
0 100 200 300 400 500 600
Time [s]

Figure 43 Wire load in one wire and buoyancy loadrbm one SA
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Transfer of weigth load of the SCS
8000 T T T T

7000 |- —
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Total buoyancy load frem trapped air inside all four SAs
Total lift load fram all four wires

4000 ,
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B M

1000 — —

| 1 1 1 |
0 100 200 300 400 500 600
Time [s]

Figure 44 - Total wire load and total buoyancy loadrom trapped air

5.2 Discussion of SIMO simulation results

The result of the simulation shows that when the feinches stars to release wire after 120 [s], the
weight load stars to transfer from the buoyancyl lobthe trapped air to the barges until 480 [s¢wthe
winches stop. The wire load in one wire startsOft Bone/, and after the wire is released the tension has
increased to 50Q$ne/. This is the minimum and maximum wire load spedif(chapter 3.1). The heel
angle starts at just below ddg/ and ends just above Gdg/. A change of heel angle of 2 [deg] is
assumed to be acceptable.

The result of Case 1 and Case 2 shows very sitodas and heel angle, expect the wire load. The wir
load in one wire or the total wire load of all fownires appears to have some variation, and a chosky

of the visualization shows the reason. The firdeowave forces on the SAs gives the SCS a small
oscillating surge motion, and since the wires afatively short they tend to restrict this motidimis
gives the oscillating wire load.

5.3 Discussion of the simplified model based on the SIMO simulation

The SIMO model of the lowering operation of the S@&hages to simulate a lowering operation through
the sea surface using the simplified model. Boghittportant depth dependent buoyancy load from the
SA’s and the heel motion of the barges are suaaggssiodeled. The simulation of the operating shows
that the dynamic behavior of the SCS and bargesrissmall and this implies that the dynamics may b
neglected. The simulation of the operation mayibe/&d as a static problem.

The simplified model is however, not very accuiate/orst weather condition. The higher order wave
loads such as wave drift load and the wind loadsaih the SCS and the barges are not includeckin th
model, and those loads may be large in the worathee conditions. Only the horizontal first ordeave
loads on the SAs are included, and not on theofabe SCS or the barges. The first order wave load
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should give the SCS an oscillating surge motiorichvkvas consistent with observations of the Case 2
simulation visualization (Chapter A.8). The envineental loads on the SCS and the barges in the
simplified model during worst weather conditions apt very accurate.

5.4 Discussion of how a model test would improve the SIMO model

A model test of the lowering operation of the SC&wlivided into two parts: Part 1 where a modelset

of the lowering operation of the SCS through tree s@face were suggested but concluded to not be a
good solution. Part 2 where hydrodynamics loads siscadded mass and damping where found by
performing a decay test.

The result of the SIMO simulations in Case 1 amsth@ved that the operation may be viewed as a static
problem. This means that since the problem is ywoeanhic, the SIMO model does not require added mass
and damping. So since the part 1 of the modektstot be performed, and the results from partidis
needed in terms of improving the model, none ofrtloglel tests should be required
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6 Conclusion

6.1 Conclusion

The unique method of the lowering operation of @S through the sea surface developed by AMC has
been defined and the sequence of the lowering tipetaas been explained. The behavior of the trdppe
air inside the SAs has been studied and matherhataxdels to predict this behavior has been derived
using the ideal gas law as basis. The speed afatmpression and expansion of the trapped air dedide
the trapped air follows an adiabatic or isotherpracess but for the slow lowering operation thiaris
isothermal process.

The dimensions of the large and heave SCS andrtiendions of the barges along with other relevant
information have been defined. The huge weighhef3CS is the main motivation for the unique method
of the lowering operation, as no installation véssgay can install the SCS in one lift.

A simplified model of the complex lowering operatiof the SCS through the surface has been
developed. This simplified model is the basis Far tlesign basis, and is used to simulate the lageri
operation in the time domain program SIMO. Two dations of the same lowering operation but with
and without worst weather waves modeled are peddriihe simulations gives the heel angles of the
barges, the forces in the wires connecting theebangl the SCS, and the buoyancy forces as thesSCS i
lowered down.

A model test setup of the lowering operation haanb®iggested, but modeling the correct behavitreof
trapped air in model scale proved very difficulhi§ model test setup is therefore not recommenddd a
no other alternatives where found. A second modehd test setup to find the hydrodynamic forces on
the SCS has also been suggested, and in this©igesbirect behavior of the trapped air in modelesisa
successfully included. However, the SIMO simulatid the lowering operation showed that the
operation may be viewed as a static problem andymmamic. The SIMO model does therefore not
require added mass or damping as input, and tlomdanodel test is therefore not necessary.

6.2 Suggestion for further work

The simplified model of the lowering operation &tSCS through the surface do not include the
environmental loads very well, and the wind load #re first order wave load along with higher order
wave loads should be further studied. No envirortaidoads on the barges are included, so the two
dynamic one mass systems representing the bargmbgens must be developed to include these.

The environmental conditions at the lowering operasite were very roughly estimated. A more
thorough investigation would produce much more eateustatistical picture of the likely weatherfa t
site. The wind direction should also be investidates this influences the maximum fetch and so the
wave height. The result could determine if it ise®sary to include environmental loads in the shtrah
of the operation or not.

Different sequences of the lowering operation pdoce should also be investigated. The proceduré use
in this thesis may not be the optimal one with rdgdo safety and control of the lowering operatibime
results from the simulations in SIMO should alsachecked with the same simulations from other time
domain programs for validation.
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A Appendices

A.1 Static barge heel angle calculation

H
0.=L.B.—&
B B=B 2
H
KG,=—2
82
H
KB, =—E2&
B 4
| By L .
BMB:—B: 12H :6:|
B LBBBJ B
2
ZBBZ—CSHB2

GM, = KB, + BM, — KG =2
B

A.2 HydroD and hand calculation method

(A.1)

(A.2)

(A.3)

(A.4)

(A.5)

The total load on all four SAs for the HydroD araht calculation model must be calculated. The tesul
from HydroD and hand calculation is for one SAtls® phase lag for the load on the next SA located

behind the first one must be accounted for. Thedther SAs are also included.

gT?
kg =w?->1="—
g=ao = 27
_2mn 2m[rad] 1142 [rad
@= T, 55[s] S

Xscs = 30 m = distance from center of one SA to center of the next SA
€, = phase angle from wave to load on first SA

X rad 30[m
E2=E1+a)ﬂTm=E1+1.142— [m]

1 S W[TYL]SS[S] = €+ 3.994 [rad]

= phase angle from wave load on first SA to load on back SA
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Hg 184

la=5 == 0.92[m] = Wave amplitude (A.10)

Total load, all four SAs included.

Fyaveload = 2[Aload(A Sin((‘)t + 61) + Ajoqalasin (wt + 62)]

€ te €1 — €
=2~2Aload(Asin(wt+ ! . 2)cos (= . 2) (A.11)

sin(a) + sin(®) = 2sin (2 ) cos (57 (a12)

€1 + €, +3.994 €, — €, —3.994
Fpaveload = 2 2 * Ajpaq * 0.92 sin (1.142t +— - )cos( L - ) (A.13)
Fyavetoaa = —1.521sin (1.142t + &, + 1.997) (A.14)
Fwaveload,amp = 1.5214,p44q (A.15)

A.3 MatLab - Key values for different model scale ratios

The MATLAB model test script estimates key valuasdifferent model scale ratios. The file is inahad
on the CD in the folder \MatLab script.

A.4 MatLab - SIMO air spring

The MATLAB SIMO air spring calculates the buoyarioyce from equilibrium at a depth of 11 m of a
SA. The SA is displaced one meter up and two melk@ns), and no air is added or released. The file is
included on the CD in the folder \MatLab script.

A.5 Wind data and significant wave height estimation sheet
Wind data measurements from Veaernes weather sthtolast 50 years. The excel sheet used to estimate
the significant wav height. The files are includedthe CD in the folder \Weather data.

A.6 All relevant articles
A copy of all the relevant articles found. Thedilare included on the CD in the folder \Articles.
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A.7 The result of the first order wave force analysis of the SAs

All the results for the first order wave force args of the SAs from SIMO — simple model, SIMO —
complex model, HydroD and handcalculation. The Si€mple model and SIMO — complex model
system description files and the command filesitothe model in GeniE and HydoD are included. The
files are included on the CD in the folder \SAffiosder wave load results.

Model name Depth Result: Load Result: Corrected File name

[m] amplitude from load amplitude
software [MN] [MN]

SIMO-simple model 6 6.572 No corr. req. SIMO_simple_06.dat
SIMO-complex model 6 3.777 No corr. req. SIMO_complex_06.dat
HydroD 6 1.509 2.295 HydroD_06.pdf
Handcalc 6 1.371 2.085 Handcalc_06.dat
SIMO-simple model 8 7.730 No corr. req. SIMO_simple_08.dat
SIMO-complex model 8 4.509 No corr. req. Simo_complex_08.dat
HydroD 8 1.775 2.700 HydroD_08.pdf
Handcalc 8 1.602 2.437 Handcalc_08.dat
SIMO-simple model 10 8.615 No corr. req. SIMO_simple_10.dat
SIMO-complex model 10 5.042 No corr. req. SIMO_complex_10.dat
HydroD 10 1.965 2.989 HydroD_10.pdf
Handcalc 10 1.771 2.694 handcalc_10.dat
SIMO-simple model 12 8.500 No corr. req. SIMO_simple_12.dat
SIMO-complex model 12 5.448 No corr. req. SIMO_complex_12.dat
HydroD 12 2.098 3.191 HydroD_12.pdf
Handcalc 12 1.892 2.878 Handcalc_12.dat

Table 25- Resulting first order wave force amplitue

A.8 The SIMO model of the lowering operation of the SCS through the

sea surface

The SIMO model of the lowering operation of the SB®ugh the sea surface, and the results from the
simulations with and without waves. The files areluded on the CD in the folder \SIMO simulation.
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