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the ROV system during launch and recovery.

The main objective of the master thesis was toyaaut splash zone analyses for DOF Subsea’s ROV
system by use of DNV Recommended Practices and axantipe results found by modeling the maring
operation in the time domain simulation program SINThis involved a broad study of SIMO and a

complete modeling of the offshore operation inahgdcalculation of the hydrodynamic data for thesess
Skandi Bergen and modeling of the ROV system. M| particularly the sea state of 4.5 [m] signifita
wave height was investigated since this is theetiroperational limit for DOF Subsea’s ROV system.

The investigation of operational limits by use lé analytical method and SIMO have shown that DN}
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restrictive operational limit in comparison to tiee domain calculations in SIMO. The calculatidnys
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Work description

DOF Subsea’s current ROV launch and recovery system has an operational design limit of 4.5 [m]
significant wave height which is based upon the DNV Rules and Regulations for Planning and Execution
of Marine Operations 1996. This set of rules has now been replaced by DNV-RP-H103, which may be on
the more conservative side. DOF Subsea and other offshore contractors, seek to operate their remotely
operated vehicles for the widest range of sea conditions, where particularly launch and recovery through
splash zone are critical phases in the offshore operation. The analytical methods proposed by guidelines
from DNV Recommended Practices may lead to an over-estimation of the hydrodynamic forces and
consequently to an unduly restrictive operational limit. Accurate predictions of the hydrodynamic forces
are important for the operational limit, and there is an opening in the regulations which allow the use of
other analysis tools to determine the forces on the ROV system during launch and recovery. As a
consequence, it would be interesting to determine the operational limit by use of the Simplified Method in
DNV-RP-H103 and the time domain simulation program SIMO (simulation of marine operations) and
compare the forces and consequently the operational limits.

The master thesis has its origin to the project thesis written fall 2009, where launch and recovery analyses
by use of DNV-RP-H103 were performed. The main objective of the master thesis is to carry out a more
refined splash zone analyses by use of the analytical method and compare the results found by modeling
the marine operation in the time domain simulation program SIMO.

Scope of work

1. Study the time domain simulation program SIMO.

2. Compute the motion transfer functions and the hydrodynamic properties of the multipurpose
construction vessel Skandi Bergen by use of VeRes and model the ship in SIMO.

3. Define the hydrodynamic and structure properties of the ROV system and model the system in
SIMO.

4. Perform a more refined launch and recovery analyses than in the project thesis by use of DNV-
RP-H103 with the hydrodynamic properties as found in (3).

5. Investigate the current operational limit of DOF Subsea’s ROV system by use of SIMO.

Visualize the launch and recovery in SimVis

7. Compare the operational limit obtained from SIMO and DNV-RP-H103 and discuss the results
from both analyses.
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Abstract

Offshore contractors seek to operate their remateérated vehicles for the widest range of sea
conditions where particularly launch and recovérptiigh splash zone are critical phases in the ofésh
operation. The analytical methods for calculatibopmerational limit proposed by guidelines from DNV
Recommended Practices may lead to an over-estimatithe hydrodynamic forces and consequently to
an unduly restrictive operational limit. Accurategictions of the hydrodynamic forces are important
there is an opening in the regulations which allbevuse of other analysis tools to determine theekon
the ROV system during launch and recovery.

The main objective of the master thesis was toyaaut splash zone analyses for DOF Subsea’s ROV
system by use of DNV Recommended Practices and a@ntpe results found by modeling the marine
operation in the time domain simulation program SINT his involved a broad study of SIMO and a
complete modeling of the offshore operation inahgdcalculation of the hydrodynamic data for thesegs
Skandi Bergen and modeling of the ROV system. M@ particularly the sea state of 4.5 [m] signifita
wave height was investigated since this is theetiroperational limit for DOF Subsea’s ROV system.

The investigation of operational limits by use lvé analytical method and SIMO have shown that DNV
Recommended Practices over-estimates the hydrodyriaroes acting in the wave zone leading to an
restrictive operational limit in comparison to tiee domain calculations in SIMO. The calculatidnys
the analytical method have shown that the operatigmit for launch and recovery of ROV should be
limited to 2.5 [m] significant wave height, whilaalyses in SIMO have shown that the current
operational limit of 4.5 [m] could be justified. Hever, it is seen that the possibility for slackuilinal is
present in the sea state of 4.5 [m] and peak periothe range of, = 6 — 9 [s]. It is also to be noted that
the slack umbilical occurrences show a thorougkelyeshdency of the vessel heading. Furthermore, the
snhap loads induced by the slack umbilical occueeraze not found to be critical in the irrequlavera
analyses. This can justify the operational limi&ds [m] significant wave height as long as the theris
assessed by experienced personnel during deployhrengh wave zone and Skandi Bergen is positioned
head sea.



Vi



Acknowledgements

This report is the result of my master thesis weakied out spring 2010 at Norwegian University of
Science and Technology in accordance with 5 ydeagducation.

I would like to acknowledge Knut Mo and Peter Ctiais Sandvik for help and guidance with the time
domain simulation program SIMO. Gratitude is giverthe PhD fellow Fredrik Dukan for introducing
and giving me valuable input about SIMO.

I would also like to thank Vidar Horneland at DO&bSea for proposing the master thesis and providing
documentation and answering questions relatedettatinch and recovery of the ROV system.

The help and motivation from fellow student arediighly appreciated.

Finally, | would like to thank my supervisor, Tom@r Berg, for guidance throughout the master thesi

Magnus Valen

Trondheim 14 June 2010

Vi



VIl



Nomenclature

Latin

I:slam

v

Added Mass in i-direction

Projected area

projected area of structure part subjected to giraglirection
Slamming area

area of the slender elements subjected to draginegtion
Normalizing factor

Damping in i - direction

Linear damping

Linear damping coefficient

Quadratic damping

Quadratic damping coefficient

Frequency dependent potential damping matrix
Added mass coefficient

Correction factor

Drag coefficient

Stiffness in i — direction

Drag coefficient given to the slender elementsIM@
Slamming coefficient

Water depth
Characteristic dimension
Linear damping matrix

Quadratic damping matrix

Diameter of one slender element which is subjetdatiag in i-direction
Cross sectional stiffness

Force

fraction of the total drag force acting on the dienelements
Drag force

Mass force

Slamming force

Varying buoyancy force

Acceleration of gravity

Regular wave height



H(=)

Mobject
Ms

Clex

F44

I's5

l'ee
Ryy(e)
S

S
Syn(w)
Thi

Tp

Complex transfer function

Significant wave height

Umbilical stiffness

Wave number

Keulegan-Carpenter number

Position dependent hydrostatic stiffness matrix

Structure mass
First spectral moment

Hydrodynamic mass (added mass)
Mass of object lowered through wave zone
Frequency dependent mass matrix
Exciting forces

Roll radius of gyration

Pitch radius gyration

Yaw radius of gyration
Autocorrelation function
JONSWAP Spectrum

Pierson — Moskowitz spectrum
Vertical response spectra

Natural period in i-direction

Peak period

Wave zero crossing period

Volume
Crane velocity

Free fall velocity
Relative velocity
Longitudinal distance from center of gravity tormmedip
Transverse distance from center of gravity to ctime



Ca Wave amplitude
p Heading angle
w Angular wave frequency
P Density of sea water
Y Peak shape parameter
oV Varying buoyancy
Ny Crane tip displacement
Ny Crane tip velocity
Iy Crane tip acceleration
s Heave motion
n, Roll motion
s Pitch motion
g, Standard deviation of crane tip displacement spectr
g, Standard deviation of crane tip velocity spectra
Oy Standard deviation of crane tip spectra
c Spectral width parameter
Yo Wave potential
I Direction of wave propagation
o Wave component phase angle
{ Wave particle velocity
X Acceleration
Abbreviations
IWRC Independent Wire Rope Core
BL Baseline
CL Center line
DNV Det Norske Veritas
JONSWAP Joint North Sea Wave Project
LARS Lifting And Recovery System
LCG Longituinal center of gravity
RAO Response Amplitude Operator
WROV Working class Remotely Operated Vehicle
ROV Remotely Operated Vehicle
RP Recommended Practices
TMS Tether Management System
VCG Vertical center of gravity
SIMO Simulation of Marine Operations
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1 Introduction

1.1 Background and motivation

DOF Subsea’s current ROV launch and recovery syhssran operational design limit of 4.5 [m]
significant wave height which is based upon the DRiMes and Regulations for Planning and Execution
of Marine Operations 1996. This set of rules has heen replaced by DNV-RP-H103, which may be on
the more conservative side. DOF Subsea and otferané contractors, seek to operate their Remotely
Operated Vehicles for the widest range of sea tiomdi, where particularly launch and recovery tigtou
splash zone are critical phases in the offshoreatipa. The analytical methods proposed by gui@slin
from DNV Recommended Practices may lead to an estimation of the hydrodynamic forces and
consequently to an unduly restrictive operatiomait! Accurate predictions of the hydrodynamic fesc
are important for the operational limit, and thisran opening in the regulations which allow the ab
other analysis tools to determine the forces orR@% system during launch and recovery. As a
consequence, it would be interesting to deternfieeoperational limit by use of the Simplified Methio
DNV-RP-H103 and the time domain simulation progi@O (simulation of marine operations) and
compare the forces and consequently the operatiomtd.

This thesis presents a step by step procedurevotdidetermine the operational limit for launch and
recovery of ROV by use of DNV-RP-H103 and how touliate the same operations in the time domain
simulation program SIMO. The marine operation ifgrened by the multipurpose construction vessel
Skandi Bergen where the current operational lih#.6 [m] significant wave height is mainly
investigated.

1.2 Contributions

The MATLAB scriptsRAOcalculation.nrandSimplifiedMethod.nfiound at the enclosed CD, Appendix
C.2, determine the response amplitude operatogandnat an arbitrary position of Skandi Bergentaad
corresponding response spectra for the appliedtaga The latter MATLAB script also determines the
operational limit for launch and recovery of RO\sbd upon DNV-RP-H103 which may be further
developed to be applicable for other launch andvexy analyses. The theory behind determining the
crane tip responses may be of use for other stsd@mte there is not found any literature which
consistently covers the subject.

The step by step procedure going through the magleind analyses in SIMO may also be used by future
students since it easily explain each step for finnglan offshore crane operation. A complete desiom

of the multipurpose construction vessel Skandi Bengsing motion transfer functions is includedha t
SIMO system description file which may be to futuse for DOF Subsea.

The work carried out in this master thesis havenlmeenpletely individual, but with help from fellow
students through discussions and advices regagIM@ from employees at MARINTEK.

1.3 Outline of thesis
Chapter 2 gives a brief introduction to the veS&ielndi Bergen and the ROV system while chapter 3
introduces the software tool VeRes, SIMO and Sinfdiighe reader.
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Chapter 4 describes the theory which is appligtiénaunch and recovery analyses. This includes a
complete description of the analytical method ttedeine loads on an object in splash zone, a brief
description of the theory behind solving the equratif motion in SIMO and how the hydrodynamic
properties of the ROV system are found.

Chapter 5 goes through the splash zone analysaesegf the analytical method from DNV
Recommended Practices.

Chapter 6 describes each step in modeling the taand recovery of ROV in SIMO with aim of
executing time domain calculations which later barvisualized in SimVis.

In chapter 7 and chapter 8 are the results obtdinedthe analytical method and the time domain
calculations in SIMO presented and discussed.

Chapter 9 presents conclusions based upon resuhtd in chapter 7 and 8. A proposal for furtherkiisr
also included.

In the Appendix A — B are some results from thdwital method and time domain simulations
presented. MATLAB scripts, SIMO — files, videossaime of the time domain simulations and other
documents are found in Appendix C.



2 Operational description

2.1 Skandi Bergen

Figure 1 Skandi Bergen

The main dimensions of the multipurpose constractiessel Skandi Bergen are presented in Tableel. Th
analyses are only performed for Skandi Bergen'sgdesaterline and without roll stabilizing tanks.

N

Main dimensions

Mass [tonne] 7460.1
Mean draught [m] 5.7
LCG [m] 45.9
VCG [m] 8.8
Roll radius of gyration, ry, [m] 7.9
Pitch radius of gyration, rss [m] 25.6
Yaw radius of gyration, res [m] 25.6

Table 1 Main dimensions of Skandi Bergen

The longitudinal center of gravity, LCG, is givawi after perpendicular and the vertical center of
gravity, VCG, is given from baseline.



2.2 ROV System

Figure 2 ROV system

2.2.1 ROV and TMS

Skandi Bergen is equipped with 2 Schilling UHD WR@®th an active heave compensated launch and
recovery system (LARS). Table 2 shows the mairedisions of the ROV system where the skid is
included in the mass and volume of the ROV.

Main dimensions ROV TMS Total
Mass [tonnd 5.3290 4.559 9.888
Volume [m*] 5.1056 1.630 6.7356
Length [m] 2.84 218 -
Breadth [m] 1.87 218 -
Height [m] 194 220 4.14

Table 2 Main dimension of the ROV system

2.2.2 Umbilical data

Umbilical data

Diameter [mm] 31.2
Tensile strength [N'mm?] 2237

Umbilical cross section stiffness (EA) [kN]  3.769210"
Table 3 Umbilical data

The umbilical data is given in Table 3 for théldyer armoring. The cross sectional stiffnessef t
umbilical is unknown and is approximated based u@dues for IWRC steel wire rope and guidelines
from section 4.7.6.3 in DNV-RP-H103 [1].

2.3 Lifting through splash zone
Lifting through splash zone is often recognizedh&smost crucial phase during a marine crane dparat
To evaluate the regularity and feasibility of tlare operation it is necessary to predict the ecal



motions related to the object lifted through wawee. The following must be true during an offshore
crane operation:

* A marine operation shall be designed to last frosafa condition to another safe condition
» The operation must remain in a stable and conttaliiation even if a failure arises.
» It should be possible to stop the operation amgtttie object back to safe condition.

It is important that the lifting operation is thoighly analyzed to determine the loads acting orotiject
lowered through wave zone in order to find the apjenal limit for the lifting operation.






3 Software description

3.1 VeRes

VeRes is a plug-in of the ShipX Workbench which software developed by MARINTEK. VeRes offers
the ability to calculate ship motions and loads|uding the calculation of short term statistics)d term
statistics and operability. The program calcul§®gs

» Relative motion transfer functions

* Global induced loads

» Short and long term statistics of transfer fundiand global induced loads
» Post processing of slamming pressures

» Operability limiting boundaries

» Percentage operability

VeRes has been used to obtain the Response Angl@pdrators in the center of gravity of Skandi
Bergen from a ShipX database file provided by D@Bs&a and to verify own short term statistics and
response calculations at the tip of the launchrandvery system. Input to SIMO like hydrodynamic
coefficients and mass coefficients are also foundeRes.

3.2 SIMO & SimVis

Simulation of Marine Operations is a computer pangideveloped by MARINTEK for time domain
simulation of motion and station-keeping behaviiocamplex system of floating vessels and suspended
loads. The results from the program are preserg¢ihe traces, statistics and spectral analysadl of
forces and motions of all bodies in the analyzedesy. Typical applications of SIMO include TLP
installations, offshore crane operations, floapngduction systems and dynamic positioning syst@ns
The essential features are:

* Flexible modeling of multibody systems.

* Non-linear time domain simulation of wave frequeasywell as low frequency forces.
« Environmental forces due to wind, waves and current

» Passive and active control of forces.

* Interactive or batch simulation.

The time domain simulations from SIMO may be viged by the stand alone program SimVis.

3.2.1 Program layout

SIMO consists of five modules communicating bylea $iystem. In addition to this the stand alone
visualization program SimVis can visualize the apien in 3D. The following information is extracted
from the SIMO User’s Manual [4].
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Figure 3 Layout of the SIMO program system and filecommunication [4, p. 9]

INPMOD
The main purpose of INPMOD is to import data froxteenal sources into the SIMO system description

file and to present such data. INPMOD can also fgfdanipulate the system description in terms of
body and environmental data.

STAMOD
STAMOD defines the initial conditions for the dyni@rsimulation which are needed to perform the

dynamic simulation. The initial conditions are werit to aniNIFIL that contains the complete description
of the environment, body- and position data whgheiad by DYNMOD for time domain calculations.
Before theNIFIL is written it is possible to select the environtaéceonditions and/or run a static
equilibrium calculation with or without average @onmental forces. STAMOD can also write a
visualization file for SimVis which is a useful tado check whether the system is modeled correct.

DYNMOD
The time domain simulations are executed in DYNMW®ith the initial conditions as described in the

INIFIL. Before starting the time integration of tequation of motion, the various simulation techieis)
must be initialized.

OUTMOD
The purpose of OUTMODE is to prepare plots of stgdometry and to analyze and present results from

time domain simulation. Any part of the time seias be selected for post-processing and the awerag
value, standard deviation and extreme values ateewto the print file an@LOFIL.



S2XMOD
The main purpose of S2XMOD is to export time setesther file formats than applied by SIMO.

S2XMOD can give an overview of all series generdte&IMO, produce statistics of series, plot series
and write selected time series to MATLAB “m”-filerimat or direct access file.

PLOMOD
PLOMOD can plot results generated by OUTMOD.

3.2.2 SimVis
The stand alone program SimVis can be used tolizeuhe time domain simulations from SIMO. The
essential features of SimVis are [5]:

- Modeling support: Detection of modeling errors, check static eqtiililm calculations and
distance measurements.

- Visualization of operation: Still pictures and video clips of the marine opierss.

- Documentation of analysis:Detail studies and help to understand the physténd the results
obtained from SIMO.

3D models of vessel and other units can be impaa&imVis and forces in wires and contact elements
may be displayed in time series plots.
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4 Theory

4.1 Simplified Method

The following sub chapters will go through the Siifiged Method for calculation of loads on objects
lowered through splash zone as described in DNV-RB3 Modeling and Analysis of Marine Operations
[1] and in the project thesis, Appendix C.3.

4.1.1 Lifting through splash zone
The objective of the simplified method is to givmple conservative estimates of the forces actimgro
object lowered through wave zone. The simplifiedirad is based upon the following main assumptions:

» The horizontal extent of the lifted object is snrelative to the wavelength.
* The load case is dominated by the vertical actimgefs.
» The vertical motion of the object follows the crdigemotion.

4.1.2 Environmental conditions
The deployment analysis should cover the followdagp crossing wave periods:

S<T <13 (4.1)

where
H: significant wave height

T, zero crossing period
g acceleration of gravity

For marine crane operations assumed to be perfowitbosh 30 minutes including contingency time, the
characteristic wave amplitude applied in the anglgan be taken as:

Z,=0.9H, (4.2)

For operations longer than 30 minutes the wave itimdpl is equal to the significant wave height. The
characteristic wave particle velocity and acceleratan then be calculated by:

v, = wlE " " (4.3)
a, ={,w’ e (4.4)
where

w Wwave angular frequency

k wave number
d depth

The dispersion relationship at deep water is gagn

11



of =kg (4.5)

4.1.3 Hydrodynamic forces

Static force
The static force of a submerged object loweredutpnovave zone is:

Fstatic =M objectg - ,OVg (46)
where
Mobiec Mass of object in air

\% volume of object
Jo) density of sea water

Slamming force
The characteristic slamming impact force on thecstire lowered through wave zone may be taken as:

Feoam = 0.50C (A V2 (4.7)
Here isAs the relevant slamming area on the exposed steipant that will be subjected to slamming
loads.Cs is the slamming coefficient as described in chapte.4. The characteristic slamming impact
velocity vs is expressed by:

Vs :Vc+ \/,7§t+ Vﬁv (48)
V. is the crane lowering velocity whilg,, is the characteristic single amplitude velocityteg crane tip.

Varying buoyancy force
The varying buoyancy force is the change in buoyahe to the wave surface elevation. It is expsse

F, = poVg (4.9)

oV is estimated based upon a relationship between mater level, crane tip displacement and wave

amplitude:
N = AN+ (4.10)

7., is the characteristic single amplitude displacemaéthe crane tip. The varying buoyancy force is
limited to not be larger than half of the submergeight of the object.

Mass force
The mass force term is denoted as the combinaftitrednertia force and the hydrodynamic force

contributions from Froude-Krylov and diffractionrées. The characteristic mass force on the streictur
due to the combined acceleration of object and mg#icles is taken as:

12



FMi = \/I:(Mobject,i + A33i) wct]z +[(IO\/| + 'Aﬁa) [av]z (411)

The added mass can be estimated as described ie€CHéal.4. If the object is in air, the following
relation can be used to determine the inertia force

I:Mi = |vlobjeclﬁct (412)

Since the structure can be divided into main iténsssufficient to calculate the mass force sefsdyaand
then summarize them.

Fu = Z Fu (4.13)

Drag force
The viscous drag force is given as:

Foi = O-5pCDiAin|§ (4.14)

Here isvk the characteristic vertical velocity between thgot system and water particles expressed by:

V, SV, A (4.15)

The drag coefficienCp, in oscillatory flow is described in chapter 4. adA, is the projected area of the
structure part which is subjected to drag forcesfok the mass forces, can the drag forces beetiviitto
separate parts and then summarized:

Fo =2 Fo (4.16)

Total hydrodynamic force
The total hydrodynamic force can be calculated ftbenfollowing combinations of the various load

components:

Fiya :\/(FD+Fslarr)2+(FM_Fp)2 (4.17)

4.1.4 Hydrodynamic coefficients

Viscous drag coefficient
The drag coefficient in oscillatory flow is depentief the Keulegan-Carpenter number and can tylgical

be two or three times larger than the steady floag @oefficient. This is seen in O. @ritsland &Ehn

[6] and in DNV [7]. Hence, using steady state dragfficient may underestimate the damping force and
overestimate resonant motions. As a consequertbésoft may be convenient to express the viscaag d
force, equation (4.14), as a sum of linear and guaddamping:

13



Fy =BV +By|y| (4.18)

The linear damping, quadratic damping and the KWGmber can be calculated from the formulas:

_ 2PA29D 4.19

B =L (4.19)

B, :%pApr (4.20)
_mH

KC =" (4.21)

where

B, linear damping

Bo quadratic damping

D characteristic dimension of the object normal ®direction of motion
b, linear damping coefficient

bo quadratic damping coefficient

KC Keulegan-Carpenter number

H  Regular wave height

The drag coefficient may then be written as:

C, KC:b—LI+ h, KC (4.22)
w

where the non-dimensional frequency of oscillai®given as:

w'=w/D/2g (4.23)

When the body oscillates in the vicinity of freefage outgoing waves will be created. The energy th
outgoing waves create comes from the work doneuopen the object lowered through wave zone and
the resulting force is the wave (linear) dampingéo However, the wave damping force vanishesdiar |
frequencies and high frequencies and can be nedléddhe following is fulfilled [7]:

T,>>.2nD/ g (4.24)

Another factor to take into account is that wawesrent and vertical fluid flow due to lowering sge

may partly wash away some of the wake. This may tea reduced drag coefficient compared to model
test data without this influence. DNV [1] propobkattthe drag coefficients for typical subsea stmes in
oscillatory flow shall be taken &%, >2.5 [-] and for circular cylinders may the drag fficéents be taken

as twice the steady state drag coefficient.
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Slamming coefficient
The slamming coefficient is defined by:

_ 2 dA,_ 2 dA;
° pAvs dt  pA dh

(4.25)

where

Ay

dh rate of change of added mass

The slamming coefficienCs, may be determined by theoretical and/or experiatenethods. For a
circular cylinder it should not be taken less tBai[-]. Otherwise it should not be taken less tGan5.0

[-]

Added mass coefficient
The added mass is expressed in terms of an addesiaoefficient defined by:

(4.26)

Here ism, the added mass of the object afach reference volume, usually the displaced volufibe
structure. The added mass coefficient can be detedioy model tests, CFD studies or published added
mass coefficient. DNV Recommended Practices alspgses an analytical method which takes into
account the perforation of the structure.

4.1.5 Snap force
The characteristic snap load which is based upestiffness of hoisting system, the mass of theaibin
air and the heave added mass of the object caxpbessed:

anap = Vsnaﬁ\l K mM + AS:%) (427)

The snap velocity is based upon the free fall vglothe characteristic relative velocity betwedijeat
and water particles and a correction factygy,.
% =v,+C,, v (4.28)

snap corr r

The correction factor should be taken as:

C.. =1 for v, <0.2Ly
V

C.,, =cosfr(—-0.2)] for 0.2y <v, < 0.Ty (4.29)
Vr

C., =0 for v, >0.70y
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And the free fall velocity is estimated as:

2Fstatic
(4.30)

v, = |[—E=
PAC,

If the snap force is caused by a slamming impacstiap velocity may be assumed equal to the slagnmin

impact velocity.

4.1.6 Accept criteria
Snap forces should as far as possible be avoiddugdieployment through wave zone. To ensure a safe
loading condition the following accept criteriatire hydrodynamic loading must be fulfilled:

thd < 0 9 EF static (431)

If the hydrodynamic loading exceeds the static Wegj the object the tether may be slack and snap
forces may occur.

4.1.7 Crane tip motions

The applied values for crane tip displacement,cigi@nd acceleration should represent the most
probable largest characteristic single amplitudpoeses. The significant responses can be found by
combining the crane tip Response Amplitude Oper&8i0, with a given wave spectrum in order to find
the crane tip response spectrum. From the crarspdptrums it is possible to obtain the most pribab
largest single amplitude crane tip displacemengoiy and acceleration. For lift operations theg a
performed independent of vessel heading the vessgbnse should be analyzed for wave direction £15°
off the vessel heading.

JONSWAP spectrum
The JONSWAP spectrum is applied in the analysedinis is a wave spectrum that describes the wind

sea conditions that often occur in the North Sé& JONSWAP spectrum is formulated as a modification
of the Pierson-Moskowitz spectrum for a develogsig state in a fetch limited situation.
The PM spectrum is defined by:

_E 2,4 -5 _E W -
SPM(w)—16DstPw Eéxp[ 4(%J J (4.32)

The JONSWAP spectrum extends the PM spectrum todadetch limit:

S(@=AS, <w>yex{_°m]] (4:33)

Here are the normalizing factor,,Aand the spectral width parameterdefined by the average values for
JONSWAP experiments:

A, =1-0.287ng | (4.34)
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_{aa =0.07 for w< w, (4.35)

o, =0.09 for w>w,

Typical value of the peak shape parameter=s3.3 [-] in the North Sea. The zero up crossiegqu is
related to the peak period of the spectrum by elieviing equation:

%:0.6673& 0.05037- 0.006230+ 0.000332 (4.36)

P

Crane tip transfer function
The RAO in heave at the crane tip must be obtaimedder to perform spectral analysis to deterntimee

significant values for the vertical crane tip moago The theoretical background for the following
derivations is found in O.M. Faltinsen [8], Dag Maug[9] and D.E. Newland [10]. The complex
transfer functions in heave, roll and pitch carekpressed by:

He,, (@) =|H,, ()| €% = RAQ(w) TF" (4.37)
H,,. (@) :\H (m(w)‘ [@% = RAQ(w) D& (4.38)
H,, (@) :\H ms(w)\ €% = RAQ(w) 0¥ (4.39)

Here is{; the surface elevation in COG of the vesg@dlhe phase angle afAQ denotes the Response
Amplitude Operator for the three motions in COQ;lflenotes the heave displacement at an arbitrary
point, P, on the vessel, the following relationship betwdenresponse and wave excitation can be
established:

L) =H,, (D {,0) (4.40)

Here areH (er(a) the heave transfer function aggthe wave excitation &. The heave response Rt

can also be expressed in terms of the motionseatahtre of gravity [8]:
F3(t) =775(t) =Xd75(t) + Y 7 1) (4.41)
The heave response at the arbitrary pétntan then be expressed in terms of the transfetifins:
@) =H, (@) ~XH,, (D) +YH,, (@ () = H,, (T {D) (4.42)
By ordering equation (4.42) the transfer functiéthe heave responseRtan be expressed:

A0
{2 (1)

H, (@) = (H,, (@) =X H,,. (@) + YoH, , (@) (4.43)

17



Where the transfer function between the wave exartan COG and at the arbitrary poidtcan be
expressed:

4 _ Z.e“ (o D055+ 508 )
Zz(t) 52(1( ) Zé(&l—%losﬁ—kyofﬂf)@

(4.44)

Here isp the wave direction. Then the heave transfer fonciit an arbitrary poirR can be obtained:
H o (@) = (H oy, (@) = XoH (@) + YoH, (@) ) TH, , () (4.45)

The corresponding Response Amplitude Operatoteis thund as the magnitude of the complex transfer
function:

RAQ, (@) = || H,,, (@) TH,,, () (4.46)
I-_IZ2r3 (@) is the complex conjugate of the complex transfacfion.
Crane tip response spectrum

The vertical crane tip displacement spectrum cafotyed by combining the RAO at crane tip with the
wave excitation response spectr8yfw). This can be expressed:

2
S, (@) =| RAQW)|" $(c) (4.47)
The response spectrum for heave velocity and aetiele can be obtained by considering the wave

excitation as a Gaussian distributed stationarghststic process. Then the spectral density of dlaedn
response and the corresponding autocorrelatioriifumcan be expressed:

S, (@) :%Tj R, (1) 6 o (4.48)
R, (1) = T S, () & dv (4.49)

By introducing the fact that:
R, (1) =~ M (4.50)

The autocorrelation function for heave velocity tenexpressed:
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Rm(r):_%l S, () & du:_]iaf S(w '8 @ (4.51)

Ry(@) = [ $,(@) & do (4.52)

And by comparison can the following relationshifmzen the vertical heave displacement response
spectrum and heave velocity response spectrumtielished:

Sy =S, (@) (4.53)

Similarly, the heave acceleration spectrum is oleidi

The spectrums obtained in this section are usddduin the analysis in order to determine the most
probable largest crane tip displacement, veloaity @cceleration.

The most probable largest characteristic single amplitude responses
DNV [1] proposes that the applied values for thremnertip velocity and acceleration should represent

most probable largest characteristic single angdittesponses. For lifting operations shorter titan 3
minutes the most probable largest responses ctakbe as 1.80 times the significant responses@nd f
operations exceeding 30 minutes it can be takénCasmes the significant responses. The significan
responsamplitudeis given as:

ns=%mu/ﬁ=2«/m)=2as (4.55)

Here ismy the first spectral moment of the response specttefined by equation (4.56):

00

m =[S = =] ) & (4.56)

SK(w) denotes the respective response spectra for dispknt, velocity and acceleration as expressed
above. The spectral moment, is also denoted as the variance where the stuggaiation is the square
root of the variance. This implies that the mosthable largest characteristic singlaplitudecrane tip
displacement, velocity and acceleration duringbah@ur sea state can be expressed:

N, =1.8028, = 3.6, (4.57)
Ny =1.8028, = 3.6, (4.58)
i, =1.8028, = 3.6, (4.59)
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where

0, standard deviation of crane tip displacement spectr
0, standard deviation of crane tip velocity spectra
0, standard deviation of crane tip acceleration spectr

4.2 SIMO theory

The main object of SIMO is to solve the equatiomottion which in simplified form for a system ofen
or several bodies may be written [11]:

M+ Cx+ D+ D, f(+ K x= gt XX (4.60)
where

M frequency dependent mass matrix

C frequency dependent potential damping matrix
D; linear damping matrix

D, quadratic damping matrix

Ks position dependent hydrostatic stiffness matrix
Oex €xciting forces

The exciting force is contribution from wind, cunteI™ and 2° order wave forces and other specified
forces from station-keeping and coupling elemente. following chapters will give a brief descriptiof
the theory behind solving the equation of motiothweference to SIMO — Theory Manual [11].

4.2.1 Coordinate systems

The program applies four different right-handedt€sian coordinate systems with positive rotations
counterclockwise. The global earth fixed coordirgtstem (XG) is where the position of all localteyss
is referred. The xy-plane coincides with the calatev with the z-axis pointing upwards. The local
coordinate system (XB) is a coordinate system wfotlbws the body motions and is used to describe
coordinates of positioning elements and coupliegneints. The body related coordinate system (XR) is
following the body horizontal motion for floatingessels. Forces and motion transfer functions are
referred to this coordinate system. The initialrclimate system (XI) coincides with the body related
coordinate system when the time domain simulatiart and remains fixed during the simulation.
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Figure 4 SIMO coordinate systems, [11, p. 6]

4.2.2 Environment

SIMO offers the possibility to simulate environmardata from wind, waves and current. Several
different wind and wave spectra may be appliedhe tdomain analyses and along with a current g@rofil
any weather condition may be simulated. The sptagle analyses carried out in this paper are only
considering environmental forces from waves. Wipelcsra and current profiles are further descrilmed i
MARINTEK [11].

Waves
Linear potential wave theory is used where thenmog undisturbed wave field is determined by the

wave potentialypo. The wave potentiab, is according to Airy’s theory expressed by:

_ {,9 coshk (z+ d)
w coshkd

?, cos(ut —kx cosB - ky siB+ ¢, (4.61)

where

Ca Wwave amplitude
wave frequency

k  wave number

d water depth

S direction of wave propagation
®. wave component phase angle

Irregular waves are defined from a wave spectruserilging the sea state. SIMO can describe the sea
state with many different types of spectra (Piefstwskowitz, JONSWAP, Torsethaugen or a
numerically defined spectrum).

4.2.3 Distributed element force
The distributed element force model applies for difterent modeling features:

* Long, slender elements
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e Concentrated, fixed elements with zero extension

Both the force models give 6 degrees of freedome®on the body which the elements are attached.
Slender elements are used to model the ROV system.

Slender elements
Slender elements have a broad range of applicafiomplex subsea structures may be modeled by a set

of several slender elements with different origataand hydrodynamic properties like hydrodynamic
coefficients, mass and volume. The forces on electder element are calculated by small-body theory
with the forces transferred to the main body.

The slender elements are divided into strips whegestructural and added mass are calculated in
combination with external loads from buoyancy, wawd slamming forces. The total force is the sum of
contribution of all this terms as seen in equaf62).

N 5 d
F = (m+m) s (pV+ m)¢ + yd—”gw Bw BN o @ w2
inertia Froude-Krylov M T buoyancy '

The inertia force is a function of structure andedimass and the acceleration of the slender etemen
while the Froude-Krylov force is a combination wimersed volume, added mass and the wave elevation.
The slamming force is calculated based upon tleeafathange of added mass with time and the relativ
velocity between the slender element and the wavicfe motion. Drag forces are the sum of

contribution from linear and quadratic drag.

4.2.4 Coupling forces

For the couplingsimple wire couplingmultiple wire couplingandlift line coupling parameters
describing the damping and stiffness of the wirg e flexibility of the hoisting system may be giv
The material damping can normally be set to 1-2%hefaxial stiffnessgA), whereE is the modulus of
elasticity andA is the cross section area of the wire. The fléikjodf the hoisting system is the inverse of
stiffness and may be given in order to describethaylexibility on the wire attachment point ifqred.
The two alternativesimple/multiple wire couplingsire modeled as a linear spring according to:

T
Al =— 4.63
” (4.63)

The effective axial stiffness is given by:
1.1 +i 4.64
k EA k (4.64)

where
T wire tension

k effective axial stiffness
E modulus of elasticity
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A cross section area

I unstretched wire length

1/k; connection flexibility

Al change in elongation of line

The material damping is included as:

= CA (4.65)
| At

Simple wire coupling

The simple wire coupling is modeled as a lineaingpand may be convenient to use in lifting operai
with a single attachment point on the lifted obj@&yt knowing the position of each line end, the
elongation and thereby the tension may be detednine

Multiple wire coupling
The multiple wire system gives the possibility efieral wire segments sharing a common branch point.

In this way lifting systems using slings may be mled. All the wire segments will have one end faste
in a body and the other in the common branch @oidtby using the same procedursiasple wire
couplingthe tension is determined. However, an iteratiat@dure is used by SIMO to determine the
exact location of the branch point.

4.2.5 Solution of the equation of motion
Two different solution methods of the equation @ition are available in SIMO:

e Solution by convolution integral
» Separation of motions.

The solution by convolution integral is charactedby solving equation (4.60) in time domain by ake
the retardation function while the other alternatbeparates the motions in high frequency part@mnd
frequency part. For a more in-depth study of s@\tie equation of motion read chapter 4.1 in [11].

4.3 Estimation of hydrodynamic coefficients

The estimation of hydrodynamic forces acting onalobject during lifting through splash zone idesr
to reveal the resulting motion and the force respens a complicated problem. Input of hydrodynamic
coefficients is required and for many cases thesfficients are difficult to establish. Through tyears it
has been published a vast amount of papers coimgjde problem of fluid forces in viscous flow an
circular cylinder. This has contributed to a sautof the problem by hydrodynamic coefficients asd
of semi-empirical methods, as Morison equatiordetermine the forces during various conditions. In
cases where the body geometry is far more compbexfor a circular cylinder (e.g. ROV system) the
most efficient way to determine the correct hydmayic coefficients is by model experiments. However
model experiments are expensive and time-consuraimdjwhen carrying out analyses where the
resulting motion and force responses are of inteaagasonable good estimate on the hydrodynamic
coefficients is often satisfactory.
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4.3.1 Discussion of hydrodynamic coefficients for ROV system

The ROV system is a complicated structure and stienation of the hydrodynamic coefficients is both
difficult and uncertain. Because of this, O. Jatsl & E. Lehr{6] has been studied in order to find
hydrodynamic data that may describe the systens Qdwklet provides hydrodynamic data for
considerable numbers of complex bodies with cexdharacteristic parameters describing the strustiire
is to be stressed that the coefficients presentéus booklet still are for idealized subsea sties and
should be used with care to ensure a conservgtimemach to the problem.

KC C, b, bo Cos
Buoyant body | <6 | 0.6-0.9| 0.2-0.3| 1.9-2.5| 0.9-1.2
Working tool | <6 | 0.8-0.9| 0.3-0.6| 3.8-4.7| 1.6-1.9

Table 4 Range of hydrodynamic coefficients for tymal subsea structures

Table 4 shows ranges of hydrodynamic coefficieotgaypical subsea module structures as found in
chapter 5n O. @ritsland & E. Lehf6]. The drag coefficient in steady flo®ps, is obtained from towing
tests and the evaluation of added mass and darapengerformed by decay tests. Thumyant type
moduleis characterized by a fairly large central bodgt anrrounding framework, being neutrally
buoyant, while thevorking tool modulés characterized by a heavy mass/buoyancy raterevtne added
mass will be relatively less important [12]. Frome tdefinition of the different modules it may be
concluded that the hydrodynamic properties of t@d/Rystem can be described by the data from O.
@ritsland & E. Lehn [6]. The ROV is a typical buoyanodule while the top hat can be characterizesl as
working tool. After studying the properties of tharious subsea modules tested, like mass/buoyaitioy r
and fullness factoM/LBH), the following structures may represent the hgiggtnamic properties of the
ROV and TMS: sucture 13[6, p. 5.13] andstructure 11[6, p. 5.11]. Table 5 summarizes the data for the
two structures. The coefficients given in this &aioldicate which range a parametrical study comisige
the added mass and damping coefficients shouleétiermed.

Structure 11 | Structure 13
b, 0.20 0.45
bo 2.03 3.92
C, 0.86 0.91
Cos 1.00 1.60

Table 5 Hydrodynamic coefficient for structure 11 ad structure 13 in [6]

Quadratic damping coefficient

Since the ROV system should be regarded as onke sitigcture a deeper investigation of the
hydrodynamic properties has been performed. Figigén O. Qritsland & E. Lehn [6] shows a
comparison obg andCps as function of fullness factow/(LBH) for the various subsea modules tested.
The trend is that the quadratic damping tends toedse as the fullness of the structure incre&sese
the whole system can be regarded as a buoyantws&weith fullness factor of around 0.36 [-], indies
the figure that the quadratic damping coefficiemyrbe in the region dip = 2.0 [-].DNV [1] proposes
that the drag coefficient in oscillatory flow shdude at leastp = 2.5 [-] unless specific model test or
CFD studies are performed. This is fairly closéhm quadratic damping coefficient found based upen
fullness of the structure; hence the guideline @dtom DNV [1] could be a reasonable good and
conservative estimate of the quadratic dampingficoert for the whole system. As stated in chapter
4.1.4, may waves, current and vertical fluid flo@sk out some of the wake leading to lower drageforc
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This strengthen the belief that a quadratic dampowefficient of 2.5 [-] may be a reasonable and
conservative value when applied on the ROV sysf&symentioned in chapter 4.1.4 is the drag
coefficient,Cp, in oscillatory flow normally dependent of the Kegan-Carpenter number. However, O.
@ritsland & E. Lehn [12] concludes that the coeéfit can be kept constant over a fairly wide raoige
KC-numbers (KC<10). The quadratic damping is assbetgial to the drag term in Morison’s equation
while the linear term is neglected since the dater equation (4.24) is fulfilled and the quadratrag
contribution is comparatively dominating when vdlies are high. This is assumed even though O.
@ritsland & E. Lehn [13] indicates that a lineamtemay give a significant contribution to the dangpi
for even fully submerged structures.

Added mass coefficient
The added mass coefficient has been assumed t8 p¢ &d can also be a reasonable and consegvativ

estimate. Model tests performed by P. Sayer [lditate that values for the inertia coeffici€y=(1+C,)
for typical work class ROVs are in the range of1.4, leading to smaller hydrodynamic forces than t
limited amount of published hydrodynamic coeffidgen

Slamming coefficient
The slamming coefficient for the ROV system mayhmemost difficult coefficient to establish becao$e

lack of literature on the subject. DNV [1] propos$kes slamming coefficient for a non-cylindrical seh
structure should b€=5.0 [-]. This value is highly questionable sinbe tower part of the ROV is a
complicated structure with holes and perforationcdmbination with the slamming area and velodty i
the slamming force the limiting case for launch eewbvery of ROV, something that may be dubious. A
slamming coefficient of 5.0 [-] is transferableadlat plate without ventilation. If the flat plaite

compared to the lower part of the ROV the readérapprehend the difficulty in predicting the slanma
coefficient for the ROV system.

An efficient slamming area has been establishedder take the openings in the lower part of the/RO
into consideration. This will reduce the slammiagn and hopefully give more correct slamming loads.
From 3D drawings of the ROV it is seen that thenstang area at the lower part of the ROV can be
reduced at least 30-40 %. If this is included i skamming coefficient instead of the slamming aea
coefficient of C& 3.0 [-], as for a cylindrical shaped body can sbelished. This assumption is clearly
arguable and is dependent of whether a third peityaccept the assumptions. However, based upon
results from SIMO where the slamming force is clamd based upon the variation of added mass, it is
seen that the slamming term has much less influendbe total forces acting on the ROV system than
compared to the DNV rules. Because of this, theaslang coefficient has been assume®is 3.0 [-].

Summary of hydrodynamic coefficients
Table 6 shows the hydrodynamic coefficients forR@V system applied in the main analyses.

Summary of hydrodynamic coefficients

Co [[] | 25
Ca [] | 0.9
Cs [-]1|3.0

Table 6 Summary of hydrodynamic coefficients for usd in main analyses
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5 Procedure - DNV Recommended Practices

5.1 Launch and Recovery of ROV

This section will go through the deployment anadya&th theoretical background from chapter 4.1thim
project thesis, Appendix C.3, launch and recoveghses were performed for the ROV system with the
Simplified Method. However, after a more in-deptidy of the analyses performed fall 2009, a new and
more refined approach to the problem is taken.difierences between the new calculations and the
project thesis are for example a less conservappeoach to the slamming loads and a more refined
analysis based upon the drag force, added masBhetcalculations by the Simplified Method are
performed in MATLAB and the script can be founddppendix C.2.

5.1.1 Load cases during deployment through wave zone
The lowering through wave zone is divided into ftmad cases:

+ The f'case when the ROV is in air.

« The 2° case when the ROV penetrates surface.
« The 3 case when ROV is partly submerged.

« The 4" case when ROV is fully submerged.

In the following sections the four different loaalses are described during lowering through wave.zon

Case 1 Case 2 Case 3 Case 4
] ey ] | ]
RoW d
ROV @
= B COG RV @ M = oo TS @ TS =
CaG Ray @

Figure 5 Load cases during lowering through wave zwe

Case 1 - ROV in air
In this case the ROV is in air and the only loathponent acting on the ROV system is inertia fonee d

to the heave acceleration at crane tip. In this tasre are no hydrodynamic forces acting on th¥ RO
system.

Case 2 - ROV penetrates the surface
The lower part of the ROV is hit by waves which saglamming loads on the ROV system. The force

components contributing to dynamic forces are Bamsing impact force on the bottom of ROV and
inertia force due to the heave acceleration of/dssel. Since the inertia force in air is small paned to
the slamming load it may be neglected. The relatalecity between ROV system and water particles
governs the slamming impact.

Case 3 - ROV system partly submerged
For case 3 is the ROV considered as submergechantMS is in air. The load components are drag

force, mass force and inertia force on the TMS. flass force term includes the contribution from the
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hydrodynamic mass and water particle acceleratiémeasubmerged part of ROV system. The wave
particle velocity and acceleration induced forcaesralated to the vertical center of gravity of R@V,
approximated aBlro\/2 from the free surface. The varying buoyancgéas assumed to be half of the
total volume of the ROV system.

Case 4 - ROV system fully submerged
The load components for case 4 are drag forcesnaisgd forces on the whole ROV system. Varying

buoyancy force is neglected. The vertical watetigdaracceleration and velocity are related todémeter
of gravity of the TMS and ROV, approximated His\d2) and HustHrov2) from the free surface
respectively. The vertical drag force is based uperprojected area of the ROV and the drag caeffic
Cp. Since the vertical water particle velocity andeleration are found in the centre of gravity aflea
object the total drag force has been divided batviee TMS and ROV; 1/3 of the total drag force is
acting on the TMS while the rest is acting on tl@\R This assumption will give almost the same ferce
as if the total drag force is estimated to be aatnCOG of the whole ROV system.

5.1.2 Environmental data

The crane operation during launch and recovergssraed to be performed within 30 minutes; hence the
regular wave amplitude applied in the analyses, is 0.9H; and the crane tip motions can be taken as 1.8
times the significant responses. The applied zprorossing periods are found according to the éimit

given in equation (4.1). Table 7 shows the regwiave amplitude and the corresponding zero up ¢rgssi
period for each of the analyzed sea states.

He  ¢.=09H, T,

2.00[m] 1.80[m] 4.0-13]s]

250[m] 2.25[m] 4.5-13]s]

3.00[m] 2.70[m] 5.0-13]s

3.50[m] 3.15[m] 5.5-13]s

4.00[m] 3.60[m] 6.0-13]s

450[m] 4.05[m] 6.0-13][s]

Table 7 Regular wave heights and wave periods fohé respective sea state

It is to be noted that for the lowest zero up draggperiods the waves will nearly break.

5.1.3 Crane tip motions

The crane tip motions were found according to theescribed in chapter 4.1.7. The Response
Amplitude Operators in the centre of gravity of B#tBBergen for heading angles of 0° and £15° were
obtained in VeRes and imported to the MATLAB scR#Ocalculation.mThis script calculates the
RAO in heave at an arbitrary position on the veseehis case the tip of the launch and recovgsgesn.
Further, the calculated RAOs in heave have beenori@g to the MATLAB scripSimplifiedMethod.nfior
post-processing and statistical descript®implifiedMethod.nealculates the response spectrum in heave
based upon the RAOs and the applied JONSWAP spectilae given sea state. From the response
spectra can the most probable crane tip displacewencity and acceleration be found, which are
required in the calculation of forces acting onadbgct lowered through wave zone. All the resfntisn

the different MATLAB scripts have been verified tglculations in VeRes and the scripts can be faand
Appendix C.2.
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5.1.4 Hydrodynamic forces

The upward acting hydrodynamic forces are of paldicinterest when studying the ROV system being
lowered through wave zone. This is because ofaWweslbmerged weight of the system in combination
with the upward acting hydrodynamic forces may gilsek umbilical which increases the possibility of
severe snap loads. The hydrodynamic coefficiehéstdtal vertical drag force when subjected toatine
velocity of 1 [m/s], and the added mass for the TAn8 ROV are shown in Table 8.

Hydrodynamic properties

Co [-] 2.50

Ca [-] 0.90

Cs [-] 3.00

Fq [KN] 6.804
Axtvs [tonne]  1.5037
Axrov [tonne] 4.7099

Table 8 Hydrodynamic coefficients, drag force and dded mass

DNV-RP-H103 [1] proposes that the upward actingrbgginamic forces should not exceed the static
weight of the object lowered through wave zoneriteo to avoid snap forces in the umbilical. Thisde
to that the acceptance criteria in equation (4n3d3t be fulfilled. The static weights of the RO\6&®m
for each load case are shown in Table 9.

Load case Fgaic

Case 1 97.00 [KN]
Case 2 97.00 [KN]
Case 3 45.66 [KN]
Case 4 29.27 [KN]

Table 9 Static weight of ROV system in each load sa

5.1.5 Snap loads
Snap loads have been evaluated since the launateeowkry calculations have shown that the
hydrodynamic forces exceed the static weight ofRpd/ system for most of the sea conditions. Thegro
sectional axial stiffness of the umbilical has bestimated t&A = 3.769210" [kN] and in combination
with an estimated umbilical length bf= 25 [m] the umbilical stiffness will bié = 1.884610° [kN/m].
For load case 4, which is the most exposed posititnrespect to the acceptance criteria, are the
following relationship established:

anap = Vsnap K mM + A33) :174'203/snap [kN] (51)
The minimum snap velocity is equal to the free ¥albcity of the ROV system when fully submerged
which is found according to equation (4.30) andgsal to 2.08 [m/s].
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6 Procedure -SIMO

6.1 System description SIMO
The purpose of this chapter is to go through systestription file and explain the most importaefst
of the marine operation. The system descriptiani$ildivided into 5 main data groups:

SYSTEM DESCRIPTION SIMO Identifies the file typdways the first data group
ENVIRONMENT SPECIFICATION All environmental dataesgfied together

BODY DATA SPECIFICATION Repeated for each specifioa of bodies
COUPLING DATA Defines coupling between bodies

END Indicated the end of the file

All the data within each main data group has tepecified in one sequence. However, the differeaibm
data groups may be specified arbitrary. €hgironment specificatioandcoupling dataare given into the
system description file once, while thedy data specificatiois given into thesys-filetwice; one
describing the vessel and the other describingtbperties of the ROV system.

6.1.1 Environment specification

The environmental forces during the offshore crgperation are divided into three groups: Wind, entr
and waves. Since the waves are the most importautitiisutor to the forces acting on the object losder
through wave zone the effect from wind and curegatneglected. The analyses are performed for both
regular waves and irregular sea states with diftaneve amplitudes and periods.

Regular waves
Regular waves are applied in the analyses whemfiritie most onerous position of the object lowered

through wave zone and for comparison of the areythethod and SIMO.

Irregular waves
Irregular waves are applied for stationary analysé¢se most onerous position during a 0.5 hourstat

and for repeated lowering/retrieval in irregulaves. The most commonly used spectrum for the North
Sea is JONSWAP; hence long crested irregular sserided by the JONSWAP spectrum with 2
parametersHs & T,) is applied in the analyses. The two parameterS@WHNP spectrum is defined by
equation (4.33) while the peak shape parameteuisd by the relation:

y=exp[ 3.484(F 0.1978T, K?] (6.1)
J=0.0036- 0.0058, {/H, (6.2)

However, for the two parameter JONSWAP spectrunidhewing limits for y are valid:

y=5 for T ,/\|H <3.6

(6.3)
y=1 for T /{|H,25.0
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6.1.2 Body data specification - Skandi Bergen

The multipurpose construction vessel Skandi Berg@modeled in SIMO as body type 2 which means
that the ship is modeled as a large volume streciith six degrees of freedom. The high frequency
motions are separated into frequency domain whédddw frequency motions are calculated in time
domain. The following data must be given in ordecalculate the motion of the vessel:

* Body location data

* Body mass data

* Mass coefficients

* Added mass zero

* Hydrostatic stiffness data

» First order motion transfer functions
* Body components

The analyses are performed for Design Water Lin&kandi Bergen and without roll stabilizing tanks.
is important to note that SIMO uses [kN] to defforce and [tonne] to define mass.

Body location data

BODY LOCATION DATA

'Xglob Yglob Zglob Phi Theta Psi

0.0 00 31 0.0 00 o0.0
Figure 6 Body location data for Skandi Bergen
The body location data describes the position efvigssel in the global coordinate system. Therorggin
the vessel’s centre of gravity.

Body mass data

BODY MASS DATA

‘txmass

LCG=45.9 m from AP. CL=47.5 m from AP.
VCG=8.80 m from BL.

'Xcog ycog zcog

0.00 0.0 0.0

Figure 7 Body mass data for Skandi Bergen

The section body mass data defines the centreagftgiof the vessel. For design water line is tedigal

centre of gravity 8.8 [m] above baseline or 3.1 flpve the free water surface and the longitudieatre
of gravity is 1.45 [m] from amidships. The bodyateld coordinate system is given in the COG of the
vessel; hence the input is given as it is.
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Mass coefficients

MASS COEFFICIENTS

rm rixx riyx riyy rizx  rizy rizz
7460.1 4.63E+05 0.0 4.88E+06 0.00.0 4.88E+06

Figure 8 Mass coefficients for Skandi Bergen

The body mass and inertias are found from VeRes stiucture mass are 7460.1[tonne] while the merti
in roll, pitch and yaw are found from the radiuggfation as seen in Table 1 and the following
relationship:

Ri = M'?iz (6.4)
where

Ri Inertia in roll, pitch and yaw
M  Structure mass
ri Radius of gyration in roll, pitch and yaw

Added Mass Zero

ADDED MASS ZERO

0.00000000E+00 0.00000000E+00 0.00000000E+0CO@IOO00E+00 0.00000000E+00 0.00000000E+00
0.00000000E+00 0.28031645E+04 0.00000000E+0B®LY542E+04 0.00000000E+00 -0.13275859E+05
0.00000000E+00 0.00000000E+00 0.25441436E+050@IO000E+00 -0.15271867E+6  0.00000000E+00
0.00000000E+00 0.15917542E+04 0.00000000E+000%64040E+05 0.00000000E+00 -0.12199627E+06
0.00000000E+00 0.00000000E+00 -0.15271867E+060M00000E+00 0.15675594E+8 0.00000000E+00
0.00000000E+00 -0.13275859E+05 0.00000000E+00209P627E+06 0.00000000E+00 0.17004311E+07
Figure 9 Added mass of Skandi Bergen for zero freqncy

The added mass at zero frequency is retrieved YeRes by running a calculation for a wave period of
200 [s]. The added mass matrix can be fourmknofreq.redn Appendix C.1. Note that VeRes defines

mass as [kg] and that the added mass zero matediave been converted in order to be compatible

with SIMO.

Linear stiffness matrix

LINEAR STIFFNESS MATRIX

'kmatil kmati2 kmati3 kmati4 kmati5 kmati6
0.3635E+02 0.0 0.0 0.0 0.0 0.0
0.0 0.5002E+02 0.0 0.0 0.0 0.0
0.0 0.0 0.1825 0.0 -0.698E+05 0.0
0.0 0.0 0.0 0.261E+06 0.0 0.0
0.0 0.0 -0.6985+ 0.0 0.12E+08 0.0
0.0 0.0 0.0 0.0 0.0 0.8324E+04

Figure 10 Linear stiffness matrix of Skandi Bergen
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The hydrostatic stiffness data has been found eRes in the Restoring Matrix in the filgput.out
Appendix C.1.The only non-zero terms in the lingt#fness matrix ar€s;s, Css, Csz, Ca4 andCss.
However, stiffness in surge, sway and yaw has besnded in order to prevent translation and rotati
of the vessel in the horizontal plane. This wil/éahe same characteristics as a typical dynamic
positioning system or that the vessel is mooree. ditificial DP system is modeled as describedveelo
The uncoupled and undamped resonance periods cantten as [8]:

1
2
T = 27{MJ fori=12,3 (6.5)
G
1
2 2
T = 2n('v'rc—”“] for i = 4,5,€ (6.6)

where

T, Natural periocin i-directior

M  Structure ma:

ri Radits of gyratiol

Ai Added mass ir-directior

C; Stiffness in-directior

For a typical moored structure are the naturalgaisrin the horizontal degrees of freedom in the

magnitude of minutes. By introducing a natural @ef 90 [s], which can be a good estimate of &blp
DP system or mooring system [7], the correspondtiffness may be expressed:

C, :W(M—;Ai) fori=12,3 (6.7)
2
C = A (N:; *A) fori=4,5,6 (6.8)

From equation (6.7) and (6.8) the stiffin€sg C,, andCgs, Which represent the ship being moored in the
horizontal plane, have been found. The vesselgtre mass and moment of inertia are known from
above, but the added mass is frequency dependecduBe of this, the added mass for a frequency
corresponding to a sea state with a period of 80rs#s is found in VeRes. The calculated added mass
matrix for 90 [s] is conveniently equal to the adaeass zero matrix as found in Figure 9; hencthall
input to equation (6.7) and (6.8) are found. THeutated stiffnesses representing the DP system are
shown in the linear stiffness matrix above.
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Linear damping

LINEAR DAMPING

linear damping matrix
B44 at T=11.5 s, B11,B22,B66 are 70 percent oftB¢T= 90s
'dil dI2 dI3 di4 dI5 dI6

0.72914E+03 0. 0. 0. 0. 0

0. 0.100312E+04 O. 0. 0. 0.

0. 0. 0. 0. 0. 0.

0. 0. 0. 0.20257750E+05 0. 0.

0. 0. 0. 0. 0. 0.

0. 0. 0. 0. 0. 0.16692662E+06

Figure 11 Linear damping matrix for Skandi Bergen

Linearized viscous roll damping has been includedrder to take the skin friction into account. The
linearized viscous roll damping has been found ftoenVeRes filénput.re?7, Appendix C.1, for beam
seas at the most critical roll period which is 1[5J5 This damping is only important for beam sead
can be disregarded for other heading angles. Tilewiag linearized damping has been obtained from
VeRes:

Baa. inea= 20257.75 [kNms]

The linear damping matrix has also been modifiedrder to prevent the vessel for translation and
rotation in the horizontal degrees of freedom. @ijieamic positioning system has been simulated by
adding 70% of the critical damping in surge, swag gaw in the linear damping matrix. This additibna
damping will damp out any rotation and translaiiothe horizontal plane and can be expressed B{]p.

Bilinear :O7ﬁ cit — O7D2M + '9‘ )1(27 /;'r ) for i= 1,2, (6.9)
aijinear :O7Eh crit = 07D2M| ir2+'9‘ )j(ZT l‘r'|_ ) for i: 4’ 5" (6-10)

Equation (6.9) and (6.10) give the additional dargpn surge, sway and yaw as shown in the linear
damping matrix.

First order motion transfer functions
The first order motion transfer functions retriedemm VeRes were imported to the system description

file for heading angles from head sea to followseg with 15° steps. The RAOs are only given far O t
180 degrees since the vessel is symmetric aboutth@ane. A total number of 32 frequencies cavgri
the interval from 0.2094[ rad/s] to 2.0944 [radis} used to describe the vessel motions. SIMO use
interpolation for other heading angles and freqiend he first order motion transfer can be found i
Appendix C.1.

Body components
The launch and recovery system is modeled withrehviocated in the ROV hangar of Skandi Bergen

and a guide point simulating the tip of the LAR®&eTcoordinates of the winch and the tip of the LARS
are found in Table 10 and are referred to the Vedsedy related coordinate system which is located
the centre of gravity.
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Coordinates of winch Coordinates of tip of LARS

X y z X y z
-16.6 7.5 -0.3 -16.6 14.9 5.4

Table 10 Location of winch and tip of launch and reovery system

In all the simulations for launch and recovery thgb splash zone the run velocity is fixed at 0.5]m

6.1.3 Body data specification - ROV system

The ROV system is modeled in SIMO as body type anirgy a large volume body with 6 degrees of
freedom where the motions are calculated in tinmealn. The following data groups describing the
system have been assigned:

* Body location data

* Body mass data

» Mass coefficients

» Distributed element force

Body location data

BODY LOCATION DATA

'xglob yglob zglob phi theta psi
-16.6 149 58 0.0 0.0 0.0
Figure 12 Body location data for ROV system

The initial position of the ROV system is givertive global coordinate system below the tip of the
LARS.

Body mass data and mass coefficients
Since the ROV system is built up by slender elem#ns not necessary to specify the center ofigrav

and the structure mass and inertias. The data gfistqibuted element force includes the mass dfieac
slender element used to model the system; henc® $#\ftulates the mass and inertias of the whole
system. Still, the data grolgmdy mass datandmass coefficientare mandatory and must be specified
below thebody data specificatiorif any mass or inertia is specified it will bedad to the contributions
from the slender elements.
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Distributed element force
Tkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk

DISTRIBUTED ELEMENT FORCE

Thkkkkkhkhkkkhkkhkhkhkhkkhkhhkhhkhhkhhkhhhhhhkhkkhhkiiikx *kkkkkkkkkkhkkhkkhkkhkkkhkkkkkhkkkhkkhkkkhkkkx
‘txdist

Cylinder dimensions: D=1 m, L=5

Cd=2.0 (oscillatory flow) Ca=0.90, Mass = 10 tonne

SLENder ELEMent
! Cross segtarea and distributed mass

'spevol dstmas ifoadd ivol iwdhf nstrip

0.7854 2.00 1 1 4 4 Defining forcalculation options

"xell yell zell xel2 yel2 zel2 xngkef zref

-2.50 0.00 _0.00 2.50 0.00 0.00 -2.50030.00 Body related coordinates ofidér element
'c2X c2y c2z clx «cly zclamx amy amz

0.000 1.025 1.025 0.000 0.000 0.000 ®.Gm725 0.72p6 Hydrodynamic coefficients

Figure 13 Example of slender element

Since the ROV system is built up by several sleetiments with different properties a simple exampl
of a single 5 [m] long cylinder with a diameterlofm] is shown above in order to simplify the
explanation of slender elements for the reader.riibéeling procedure of the ROV system is described
depth in chapter 6.2. The drag coefficient in datwly flow for a circular cylinder i€y = 2.0 [-] while

the added mass coefficientGg= 0.90 [-].

The cross section area specifies the volume pegrroéthe slender element while the distributedgnas
given to SIMO as [tonne/m]. The force calculataptions are defined by:

ifoadd =1 force integrated to wave surface

ivol =1 gravity and buoyancy force included

iwdhf =4 wave particle velocity and acceleratioduded
nstrip =4 number of strips in the element

The longitudinal axis is the slender element’s loeaxis while the y- and z- direction are in swad
heave respectively. The quadratic drag coeffiaresivay and heave for the cylinder is given to the
system description file by the following relation:

c2y= 022:%,0 G D=1.025[tonne ni (6.11)

Added mass are given in sway and heave by theafmitprelation:

2

2
amy= amz pﬂ[%j C=0.725[ tonné 1 (6.12)
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Depth dependent hydrodynamic scaling coefficiergdracluded in the modeling in order to take into
account the position of each element relative ¢éowhter level. If a slender element crosses themwat
surface with nearly horizontal angle and withousipon dependent data, large impulse forces mawrocc
The depth dependent scaling coefficients are apbpliche centre of each strip and are intendeddarly
horizontal elements.

Volume Drag coefficient Added mass

In air 0.0 0.0 0.0
50 % submerged 0.5 0.6 0.5
Fully sybmerged 1.0 1.0 1.0

Table 11 Depth dependent scaling coefficients

Table 11 shows the scale factors which are appdiethe hydrodynamic coefficients and volume as
function of submergence. A linear relationship baen assumed for the volume and added mass waile th
drag coefficient is given a slightly increased edaktor when partly submerged.

6.1.4 Coupling data

Simple wire coupling

The umbilical has been modeled with simple wireptimg between the winch system located in the ROV
hangar and the top of the TMS. Cross sectiondhess, initial wire length, connection flexibilignd
material damping are given in Table 12.

Simple Wire coupling

Cross sectional stiffness (EA) 3.769210"  [kN]
Initial wire length 9.84 [m]
Connection flexibility 1.0010"  [1/kN]
Material damping 0.75410°  [kNs]

Table 12 Umbilical data and connection flexibilitygiven to SIMO

The connection flexibility is the inverse of stiffss and takes into account the flexibility of tioésting
system without the wire. Since the stiffness oftibisting system is unknown it has been estimatdxbt
much larger than the wire stiffness ensuring thistonly the umbilical stiffness which is takerian
account when calculating snap loads etc. The nataimping is normally 1-2 % of EA [15]; hence d@sh
been estimated to 2% of EA.

6.2 Modeling the ROV system

The forces acting on the ROV system are contrilbutiom the structure mass, buoyancy, added mass and
drag. Because of this, it is important to modelhigdrodynamic and structure properties as accaste
possible. Since the ROV system is a densely congmmiatructure with equipment with different
hydrodynamic and structure properties a total nurobd8 slender elements have been used in order to
represent the system. The ROV is a neutrally buostancture with the centre of buoyancy in the uppe
part and the centre of gravity at the lower pathef ROV while the top hat acts like a cursor weigh

where both the centre of gravity and buoyancy atienated to the center of the structure. Figure 14
shows the model of the ROV system.
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Figure 14 ROV system modeled by slender elements

In view of the fact that the system is modeled wWighslender elements is it nearly impossible tangethe
properties directly to the system description filae MATLAB scriptsROVmodel.nandTMSmodel.m
found in Appendix C, define the geometries andcttreesponding hydrodynamic and structure properties
of each slender element. Further, the geometreesvatten to dat-fileswhich are imported to theys-file

' ROV TMS TOTAL

Co [] 2.5 25 -
Foosrge [KNS/M] 4.65 6.15 10.79
Fbb,sway [kNs/m] 7.06 6.15 13.21

Fooheae [KNS/M] 4.54  2.27 6.80
Table 13 Drag forces acting on ROV system

Table 13 summarizes the drag forces acting on ¥ Bystem. The drag force is presented by the
following relation from Morison’s equation:

F 1
Fobi :_:Eppbico (6.13)

Di
Viz
As it can be seen from Table 13 is the TMS giveinag term in heave. This is a simple estimation
calculated from the projected area of the ROV d&edquadratic drag coefficient where 2/3 of theltota
drag force are acting on the ROV while the remarrag force is acting on the TMS. Further, the
following quadratic drag coefficient, which is coatible with SIMO as input, has been established in
order to fully represent the drag forces:
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— ﬁ - f Do,
Co = fB;—,o(ASi EDDJEDS ( JEDS (6.14)

where

Coi drag coefficient given to the slender elementsIM@ [tonne/m]

Ar  projected area of structure part subjected to bfr&glirection

As area of the slender elements subjected to draginedtion

Ds diameter of one slender element which is subjeictettag in i-direction

f fraction of the total drag force from Table 13 agtbn the slender elements

For example is 1/3 of the total drag force in heasting on the lower part of the slender elements
describing the ROV while 1/3 is acting at the budygzart. The remaining drag forces are acting en th
slender elements in the center of the model. Tissiees that the drag forces are distributed alf thes
model. The drag coefficients are verified by prigtthe static condition in STAMOD when the system i
submerged and subjected to a current of 1 [m/s].

The added mass of the ROV is evenly distributed themodel i.e. all the slender elements desagibin
the structure are given the same added mass ingto. A study where the added mass for each stende
element is calculated based upon the volume hasrstiwat the results are not significantly affected;
hence it has been more appropriate to distribi@tiied mass evenly.

The characteristic structure properties of the R@stem are shown in Table 14. The coordinate system
referred to the buoyant part of the ROV where @¢danected to the TMS.

ROV TMS ROV system

Mass [tonne] 5.3290 4.559 9.888
Added mass [tonne] 4.7099 1.5037 6.2136
Centre of buoyancy [m]  -0.4560 1.1000 -0.0795
Centre of gravity [m] -1.1770 1.1000 -0.1272

Table 14 Characteristic structure properties of themodeled ROV system

The force calculation options and depth dependgaftolynamic coefficients are as described in chiapte
6.1.3.

6.3 Visualization in SimVis

Results from the static and dynamic analyses inCsHve stored in ®ISFIL which can be read by
SimVis. SimVis has been used extensively in ordatettect modeling errors and for analyzing results
without running S2XMOD or OUTMOD which is more tindemanding. A movie from some of the
simulations is found on the attached CD, Appendix C

6.3.1 SimVis project file
The project file known as *.svp contains the maiout to SimVis. The key information in the *.svefi
found in Appendix C.6 are [5]:
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» Global project settings: Information of where th¥ISFIL from SIMO is located and time step
information which is equal to the main time ste[@iMO.

» Sea floor description: The center position and dimensions of the seaffspecified and the
color and transparency is given. The texture istilesd by theex_concrete.rgffile.

» Dynamic wave surfacesThe wave components are imported from\th®FIL and the wave
elevation and slope is calculated in SimVis. Theatision of the calculated wave field is given in
SIMO, but SimVis can repeat the wave field in ortevisualize a larger ocean surface.

» Slender system:The coupling between the winch and ROV systenspeeified.

The SimVis project file also offer the possibilityimport body geometries from external files iderto
simulate a more realistic marine operation. A bavdhk similar size as Skandi Bergen has been used t
verify that the vessel is following the wave extita. However, in the visualization, Appendix Csdainly
the slender elements representing the ROV systemirsh

6.4 Running time domain analysis in SIMO
The following time domain analyses have been chwig in SIMO:

» Stationary analysis in irregular sea

* Repeated lowering through splash zone in irrecgdar
» Repeated retrieval through splash zone in irregdar
* Lowering through splash zone in regular waves

A complete time domain analysis made use of theCshivbdules STAMOD, DYNMOD and S2XMOD.
Macro files, *. MAC, were created in cases wheretipld simulations were required and for preparing
several batch runs. The macro files and batch didesbe found at the enclosed CD, Appendix C.5.

6.4.1 STAMOD

After reading the system description file in STAM@i2 environmental condition is chosen and the
initial positions for all the bodies are establidliogy running a static equilibrium for the entires®m. The
results are stored on the fides-ROV lisfile. Finally, the initial condition file was geraged in order to
execute the time domain simulationd¥NMOD.

6.4.2 DYNMOD

DYNMOD read the initial condition file, set simuilah parameters and initialize the time domain
simulation before the analysis start. The methoa#iculation of waves was done by cosine serigs on
since the ROV system is lowered through the sptasie with continuous velocity. Fast Fourier
Transform has a lower computing time, but is nqlliapble for other than stationary analyses. For
irregular sea one has to specify a seed for geaerat random phase angles. Time step specificatias
set to 0.1 [s] with 20 subdivisions per time stepifnproved accuracy. Default values were applad f
storage parameters since the resultant couplirog fovave elevation and motion of the bodies isuithed.
If other forces and motions were of interest theyld have been specified. Before start of the time
domain simulation length and integration methodenspecified. The Runge-Kutta method applying
constant averaged acceleration has been used msihéntegration method. A visualization file for
SimVis was generated for most of the simulations.

41



6.4.3 S2XMOD

The time series from the time domain simulationeaqgorted by S2XMOD to *.m files for statistical
description and presentation of results in MATLABe time series include: vessel responses, umbilica
tension and displacements of the ROV system.

6.5 Limitations

It is to be stressed that the ROV model has limitatregarding structure and hydrodynamic propgrtie
Even though the structure properties like volumg mass of the system are modeled correctly the
uncertainty in location of gravity and buoyancy nadfect the results. The hydrodynamic coefficients
used to describe the ROV system are simple estnm#nd cannot be taken as real values unless a
specific model test or similar is performed. Theussption that the drag and added mass forces are
distributed all over the model may also affectrbgults. However, this is found to be the most emment
way to describe the model. Furthermore, it is de@n literature studies that the hydrodynamic
coefficients are dependent on the KC-number anditiear damping may give contribution to the
hydrodynamic forces, which not have been takendnttsideration in the analyses. The stiffness ®f th
hoisting system (umbilical, crane and winch) isdased upon simple estimation and cannot be taken
the real stiffness representing the system evaigthd could be a good estimation.
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7 Results from Simplified Method

7.1 Vessel Response

The vessel responses at the tip of the launcheoavery system have been found by the MATLAB
scriptsRAOcalculation.nandSimplifiedMethod.mit is to be noted that the calculations in thesgpts
have been verified by VeRes. The response Ampli@plerators at the tip of the launch and recovery
system are presented in chapter 7.1.1 while the probable largest velocity and acceleration iea s
state of 4.5[m] significant wave height are presdnn chapter 7.1.2.

7.1.1 RAO at crane tip

Figure 15 shows the Response Amplitude Operatoithéoheading angles of 0° and £15° found from the
MATLAB script RAOcalculation.mAppendix C.2.

Response Amplitude Operator at tip of LARS in heave for = 0 [deg] Response Ampltude Operator at tip of LARS in heave for B = + 15 [deg] Response Amplitude Operator at tip of LARS in heave for = - 15 [deg]
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Figure 15 Response amplitude operators at tip of #81LARS for heading angles of 0° and +15°

7.1.2 Most probable largest single amplitude responses

The most probable largest single amplitude velamityf acceleration in the sea state of 4.5 [m] laogva
in Figure 16 as function of applied zero crossiagqd. For other sea states see the project thesis,
Appendix C.3.

Most probable largest single amplitude velocity at tip of LARS for H_ = 4.5 [m] Most probable largest single amplitude acceleration at tip of LARS for H_ = 4.5 [m]
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Figure 16 Most probable largest single amplitude Jecity and acceleration at the tip of the launch ad recovery system

7.2 Launch and recovery analyses

In the following subchapters are the results oleiinom the calculations with the Simplified Method
presented. The upward acting hydrodynamic force®fparticular interest since this may induce zero
tension in the umbilical and snap loads may ocgara consequence, the hydrodynamic forces aresdlott
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for each heading angle with the acceptance criggvien in equation (4.31). Chapter 7.2.1 presease c
studies for different significant wave heights wehihapter 7.2.2 presents some results when thelvess

and ROV system only is subjected to significanpoeses. Snap loads may occur for most of the sea
conditions and are presented in chapter 7.2.3.

7.2.1 Case study of the ROV system lowered through wave zone

In Figure 17and Figure 18 are the results for éaath case shown for a significant wave height Bf[&1]
and 4.5 [m] respectively. Other sea states cawouad in Appendix A.
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Figure 17 Case study of hydrodynamic forces in agmificant wave height of 2.5 [m]

44



Case 1: Dynamic force in air, H_ = 4.5 [m] Case 2: Hydrodynamic forces, H_ = 4.5 [m]
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Figure 18 Case study of hydrodynamic forces in agmificant wave height of 4.5 [m]

7.2.2 Case study using significant responses

Figure 19 shows the upward acting hydrodynamicef®ffor load case 3 and 4 when only considering the
significant responses in sea state of 3.0 [m]4aBdm]. This means a wave amplitude of 1.5 [m] and
2.25 [m] and a velocity and acceleration at thefifhe LARS which are 2 times the standard demiatif

the respective response spectra.

Case 3: Hydrodynamic forces using significant responses, H_ =3 [m]
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Case 3: Hydrodynamic forces using significant responses, H_ = 4.5 [m] Case 4: Hydrodynamic forces using significant responses, H_ = 4.5 [m]
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Figure 19 Hydrodynamic forces when exposed for sigficant responses in a significant wave height of.@ [m] and 4.5 [m]

7.2.3 Snap loads

Since the acceptance criteria is exceeded for ofdbe sea conditions are snap loads for load 4ase

which is the most exposed load case with respdbietacceptance criteria, presented in Figure P8da
states with significant wave heights of 3.0 — 4rf. [

Case 4: Snap loads in umbilical, H_ = 3 [m] Case 4: Snap loads in umbilical, H_ = 3.5 [m]
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Figure 20 Snap loads for load case 4 in sea statesm Hg= 3.0 — 4.5 [m]
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7.3 Discussion of results from Simplified Method

7.3.1 Vessel response

Figure 16 shows the most probable largest singj@itude velocity and acceleration the tip of theR3

for the sea state with a significant wave height.6f[m] as function of zero crossing period. Ih ¢

seen from the responses that the heading angl&5sfis-the most exposed vessel heading. The maximum
velocity and acceleration occur in a sea state avithro crossing period of 8 — 8.5 [s] which cquoesls

to a peak period of the spectra in the order of 1Q [s].

7.3.2 Launch and recovery analyses

Case study during lowering through wave zone
From the operational limit calculations based uffenSimplified Method it is clearly seen that th@\R

system might be subjected to extreme hydrodynaonges which may lead to slack umbilical and
damage to the ROV system in most of the sea conditiLoad case 4 is the most exposed position with
respect to the acceptance criteria and it is destrttie hydrodynamic forces may exceed the acceptan
criteria for all the sea conditions between 2.05-{#] significant wave heights. For case 3 ingnsgicant
wave height of 2 [m] is the acceptance criteridilfatl except for the lowest wave periods whilésit
fulfilled for wave periods longer than 9 [s] inigmificant wave height of 2.5 [m]. The slamming iagb
force, case 2, is the most important case withe&sjp the hydrodynamic forces, but it is seen ftben
calculations that the slamming force does not ektiee acceptance criteria as frequently as caBaskd
upon the results is case 4 the limiting case fanda and recovery of ROV due to the low submerged
weight of the system and large upward acting hyginachic forces.

Significant responses
When only considering significant responses wherRBV system is lowered through splash zone is it

seen that the acceptance criteria is exceeded foage periods in a sea state of 4.5 [m] whiledea
states just below 3.0 [m] are the hydrodynamicderwithin the acceptance criteria. The results from
these analyses can only indicate the magnitudeeafiydrodynamic forces in a typical wave condition
and cannot be used as design criteria.

Snap loads
The calculation of snap loads for load case 4 shbatsthe umbilical may be exposed to extreme snap

loads if the acceptance criteria are exceededtheosea states with significant wave heights ofi2J0

and 2.5 [m] are the snap velocity equal to the fadleselocity, leading to a snap load of 362 [kiRpr the
other sea states the snap velocities are highesegoiently giving larger snap loads in the umbiliaad

it is seen that the umbilical tension reach 826] flaX Hs = 4.5 [m]. However, the simplified calculation of
snap loads may be overly conservative with unaaréa like the estimated stiffness of the hoisting
system and a snap velocity which is highly questibe. Still, snap loads have to be taken into aticou
and based upon the results they should be avoifat as possible.

7.3.3 Considerations regarding operational limit from results in Simplified Method

The operational limit calculations based upon timep8fied Method clearly show that the current
operational limit of DOF Subsea’s ROV system shddddjusted in order to carry out a safe launch an
recovery of the system. The calculations showoaithydrodynamic forces in a sea state of 4.5 [imttv
may cause slack umbilical leading to extreme snagd. Even when only considering the significant
responses the system may be subjected to hydrodymames which exceed the acceptance criteria.
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However, the Simplified Method introduces consdmmassumptions and simplifications which may lead
to larger hydrodynamic forces and snap loads tlegired. According to the calculations, a sea stitte
only 2 [m] significant wave height may exceed tbeeptance criteria leading to large snap loads.
However, from calculations using significant respesit is seen that the ROV system is subjected to
hydrodynamic forces which is within the acceptaciiieria for sea states just belévy= 3 [m]. The
relative velocity and accelerations are the maimrdoutors to the hydrodynamic forces and the
conservative approach of applying regular wave éog# of 0.9H; is the main reason of the large forces
acting on the system. It is highly unlikely tha¢ tROV system will be deployed through wave zoree if
nearly breaking wave with amplitude of tH9 approaches the vessel. Based upon the conservative
assumptions and limitations introduced by the Sifirepl Method an operational limit of 2.5 [m]
significant wave height could be a good estimatddonch and recovery of ROV in order to avoid snap
loads. Though, it is seen that the acceptanceieriteexceeded for load case 4 and for low waviods

in case 2 and case 3. Worst case scenario in #ve wondition will according to the Simplified Meth
lead to an umbilical tension up to 362 [kN]. laiso to be noted that DNV [16] suggests that the
operational limit for launch and recovery of an wotpcted ROV could be in the order of 2.5 — 3.0.[m]
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8 Results from SIMO

8.1 Investigation of current operational limit

The sea state with a significant wave height & @n] has been particularly investigated since ihithe
current operational limit for DOF Subsea’s ROV syst The JONSWAP spectrum with different peak
periods describing the sea has been applied teiridations were stationary analyses and repeated
lowering and recovery of the ROV system have besfopmed. The scatter diagrams in O.M. Faltinsen
[8, p. 30] and DNV [7, p. appendix C] show the jdiequency of significant wave height and spectral
peak period/zero crossing period for the North $ba.tables indicate that for a significant wavieghe

of 4.5 [m] the spectral peak periods are withimrge of 6 — 22 [s] where the upper and lower tdithe
peak periods rarely occur. Typical peak periodgratee range of 8 - 15 [s] in the North Sea far tfiven
significant wave height. Since the zero up crospi&god in combination with the wave height are
governing the wave particle motions, and consedyidominating the hydrodynamic forces in the splash
zone, peak periods within the range of 6-11 [sjehlaeen mainly investigated. It is to be noted thpeak
period of 6 [s] is an extreme wave condition whadicur less than 6 out of 13289 sea states within a
significant wave height of 4.5 [m] [7, p. appen@ikwhile the peak period of 11 [s] is the most camnm
wave condition with respect to the given significasave height . Figure 21 shows a typical irregular
wave realization from SIMO for a sea statépf 8 [s] andHs = 4.5 [m].

Time history of wave slevation in 3 sea state of T, =8 [s] & H, = 4.5 [m]
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Figure 21 Irregular wave realization in a sea stat®f T, = 8 [s] andHs = 4.5 [m]

The main results presented in the following subtdvapare for head sea and further investigationkeof
heading angles +15° are presented in chapter 8.1.4.

8.1.1 Stationary analyses in irregular sea

The most onerous position of the ROV system is wherROV is submerged and the top hat is in air
relative to still water level. This was found by mitoring the umbilical tension while the system was
slowly lowered through splash zone in regular wattssvever, it has been seen that the umbilical beay
exposed for larger average tension when the loaergh the ROV is at the still water level and isbdy
waves causing slamming impact and large quadredig. @ he combination of the total mass of the syste
in air and the additional hydrodynamic forces leathrge tension in the umbilical. However, it stn
applicable to perform a stationary analysis in gusition due to the pendulum motion of the sysitem
air. Stationary analyses when the system is fulyngerged relative to still water level have alserbe
performed, but in comparison to the partly submeicgese it is found to be a less onerous positibe. T
stationary analysis has been executed for thetatmawgith a significant wave height of 4.5 [m] gmebk
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periods within the range of 6-11 [s]. The duratidrthe simulations is 30 minutes. Table 15 showgpk
statistics from the stationary analyses while itme thistories of each sea state are shown in Fi2@ire

Statistics during 0.5 hour stationary analysis in dferent sea states

T, [s] 6 7 8 9 10 11
Mean of sample [KN] | 63.59 | 61.06/ 59.64 58.79 57.47 56.Y0
Standard deviation of sample [kN] | 24.20 | 20.60 | 18.66 | 17.05 | 15.91 | 15.33
Mean of local peaks [kN] | 79.27 | 73.10/, 70.29 6791 65.35 63.75
Standard deviation of local peaks [kN] | 28.30 | 21.34 | 19.91 | 18.80 | 18.69 | 18.26
Minimum umbilical tension [kN] | 0.000| 0.000f 0.000 0.920 9.510 18.57
Maximum umbilical tension [KN] | 441.42| 141.30| 143.85| 122.57| 110.22| 103.87

Table 15 Statistics from a 0.5 hour stationary anaiis in a sea state dfl;= 4.5 [m] & T, =6 -11 [s]

Stationary analysis in irregular waves, T, = 6 [s] & H, =45 [m]
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Stationary analysis in irregular waves, T, =9 [s] & H, =45 [m]
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Figure 22 Time histories from a 0.5 hour stationaryanalysis in sea states ¢fs= 4.5 [m] & T, =6 -11 [s]

8.1.2 Repeated lowering through splash zone

The lowering through splash zone has been perfodfididnes for each sea state with different wave
realizations (random phase angles). The reasahdédarge number of lowering through splash zorte is
ensure some statistical independence and to geichastimate of the maximum/minimum umbilical
tension. Simple statistics of the analysis fotlad sea states are presented in Table 16 and itogids
and graphs of the maximum/minimum umbilical tendmmthe sea state wiffy, = 8 [s] is shown in Figure
23, for other sea states see Appendix B.1. Theamiimm point between the top hat and umbilical ;8
above free surface before the winch starts witlmavelocity of 0.5 [m/s].
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Statistics from 40 lowering through splash zone idifferent sea states

T, [s] 6 7 8 9 10 11
Minimum umbilical tension [kN] | 0.00 0.00 0.00 0.00 5.51 10.26
Mean of minimum umbilical tension [kKN] | 8.84 | 13.90 | 15.22 | 15.73 | 16.89 | 17.51
Maximum umbilical tension [KN] | 137.88| 128.68| 110.97| 108.48| 109.19| 110.50
# of slack umbilical occurrences [-] 8 5 1 1 0 0
Mean of maximum tension [KN] | 103.63| 103.46| 101.89| 101.31| 101.52| 100.89
Standard deviation of maximum tension| [kN] | 6.82 | 6.17 | 3.43 | 3.44 | 3.5841| 4.06

Table 16 Statistics from repeated lowering througtsplash zone in sea states bf;= 4.5 [m] & T, =6 -11 [s]

Splash zone crossing for 40 diflsrent irregular wave realizations, T, = 8 [s] & H, = 4.5 [m]

120

Umbilical tension [kN]

Time [s]

Maximum umbilical tension for each simulation, Tp =8[s] &H, =4.5[m] Minimum umbilical tension for each simulation, Tp =8[s] &H, =4.5[m]
120 T T T T T T T T 25

Urnbilical tension [kN]
1
Umbilical tension [kN]

5 10 15 20 25 30 35 40 45 5 10 15 20 25 30 35 40 45
Simulation # Simulation #

Figure 23 Time histories and graphs of the maximunminimum umbilical tension in a sea state oH; = 4.5 [m] & T, = 8 [s]

8.1.3 Repeated recovery through splash zone

The same procedure as for the lowering througtsbptane has been performed for recovery of the ROV
system. However, in the recovery simulations thé/Rgstem are retrieved from 25 [m] below the tip of
the LARS. The run velocity of the winch system is in/s]. Table 17 shows statistics of the recovery

analyses while Figure 24 shows time histories efuimbilical tension during recovery for the sedesta
with T, = 8 [s] and 40 simulations.
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Statistics from 40 recovery through splash zone idifferent sea states

)8

T, [s] 6 7 8 9 10 11
Minimum umbilical tension [kN] | 0.00 591 | 15,58 15.00 19.38 15.(
Mean of minimum umbilical tension [KN] | 19.44 | 20.54 | 23.18 | 22.85 | 24.08 | 23.32
Maximum umbilical tension [KN] | 164.93| 156.25| 137.00| 128.36| 122.28| 117.25
# of slack umbilical occurrences [-] 1 0 0 0 0 0
Mean of maximum tension [KN] | 117.52| 110.72| 109.65| 108.40| 107.91| 105.44
Standard deviation of maximum tension| [kN] | 16.39 | 10.77 | 6.89 | 5.77 | 581 | 4.86

Table 17 Statistics from repeated lowering througtsplash zone in sea states bf;= 4.5 [m] & T, =6 -11 [s]

Retrieval through splash zone for 40 different irregular wave real

140 —

jon [kN]

Umbilical tensi

lizations, T, = & [s] & H, = 4.5 [m]

Figure 24 Time histories of umbilical tension durim recovery in a sea state dfi;= 4.5 [m] & T, = 8 [g]

8.1.4 Investigation of heading angles

In order to investigate the heading angles of x&p@ated lowering in irregular sea with=10 [s] with
the same wave realizations as in chapter 8.1.2 Ib@&e performed. As shown in Figure 16 in chapter
7.3.1 are the responses at the tip of the LARS&rfpr the zero crossing period of 8 [s] which
corresponds to a peak period around 10 [s]. Iner aBlsimple statistics from the lowering throughveva
zone are presented and in Figure 25 is the umbi&osion for each heading angle and wave reatizati

shown.

Investigation of heading angles from 40 repeated\eering through splash zone
B [deq] 15 -15
Minimum umbilical tension [kN] 0 2.96
Mean of minimum umbilical tension [KN] 10.90 15.86

# of slack umbilical occurences [] 7 0
Maximum umbilical tension [kN] 113.47 | 109.19

Table 18 Statistics from repeated lowering througrsplash zone in sea states (f = +15°,H;= 4.5 [m] & T, = 6 -11 [g]
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Splash zone crossing for 40 diflsrent iregular wave realizations, B = 15 [deg], T, = 10 [s] & H, = 4.5 [m]
120 —

Umbilical tension [kN]

Time [s]

Slash zone crossing for 40 diferent inegular wave realizations, B = -15 [deg]. T, = 10 [s] & H, = 4.5 [m]
T T T T T

120

Umbilical tension [kN]

Figure 25 Time histories of umbilical tension durirg lowering through splash zone in a sea state 8f = +15°,Hs = 4.5 [m]
& T,=81s]

8.2 Analyses in regular sea

Multiple simulations have been performed in regsksa with different wave heights and zero crossing
periods in order to directly compare the operatitimdt found from the Simplified Method with anadgs
in SIMO. The results found in Figure 26 and Fig&reshow the umbilical tension when lowering the
ROV system through water surface for a regular weaight corresponding to Ok, for the sea states of
2.5 and 4.5 [m] while Table 19 shows the maximunbilical tension,Uya., and wave kinematics for sea
states wittHs = 2.5 — 4.5 [m]. Figures of the umbilical tensfoom other sea states are enclosed in
Appendix B.3. The reason why two different zerossing periods within each sea state are appligd is
show the lowest wave period, which is close towhge breaking limit, and the lowest wave period rehe
no slack umbilical is observed. The umbilical tensin the figures are shown as function of submerge
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where the submergence is related to the body tetaterdinate system of the ROV system which isin t
coupling between the ROV and TMS.

Ea | Im] 2.25 2.70 3.15 3.60 4.05

T, [s] 450 | 6.00 | 5.00 | 7.00 |5.50 | 7.50 | 6.00 | 8.00 | 6.00 |9.00

Viy [m/s] | 3.14 | 2.36 | 3.39| 242 359 268 376 282 424 2|83

Uwmax | [KN] | 132.9| 110.6| 217.8| 106.9| 277.1| 109.4| 242.3| 113.2| 276.9| 120.8

Table 19 Maximum umbilical tension and wave kinemats for applied regular waves

Splash zone dynamics in regular waves, [, =2.25 [m] & T, = 4.5 [g] Splash zone dynamics in regular waves, £, =2.25 [m] & T, =6 [s]

Submergence [m)
Submergence [m]

|
20 40 60 80 100 120 140
Umbilical tension [kN] Umbilical tension [kN]

Figure 26 Umbilical tension for regular waves withamplitude ¢, =2.25[m] and T, = 4.5 & 6.0 [s]

Splash zane dynamics in regular waves, £ =4.05 [m] & T, =6 [s] Splash zone dynamics in regular waves, £ =405 [m] &T_=9 [s]

Submergence [m)
Submergence [m]

1
50 100 150 200 250 300 0 20 40 60 80 100 120 140
Umbilical tension [ki] Umbilical tension [ki]

Figure 27 Umbilical tension for regular waves withamplitude ¢, = 4.05[m] and T, = 6.0 & 9.0 [s]

8.3 Parametrical study of the hydrodynamic coefficients

A parametrical study of the drag coefficient hasrbperformed in order to take into account the
uncertainties of the estimated drag coefficiene added mass is of less importance since the dragd

is the main contributor to the dynamic forces ia $iplash zone when fluid velocities are high. Heodg
the drag coefficient is considered. Still, it siibbk noted that the added mass contribution to the
hydrodynamic forces often is the limiting factor fither marine operations where the added mageeof t
structure lowered through wave zone is large. Andased added mass will also contribute to larger
slamming forces. A study showed (not included mrisults) that increased added mass has a négligib
effect on the hydrodynamic forces in the splastezarcomparison to the drag term.
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Repeated lowering in irregular waves as well asleggvave analyses have been performed in order to
compare the results with the drag coefficient &f[Z. In repeated lowering, the exact same wave
realizations are applied for each parametricalysofdirag coefficients in head sea wh&ge= 10 [s] and
Hs = 4.5 [m]. Table 20 shows simple statistics of pheametrical study in irregular sea while time
histories of the umbilical tension are enclosedppendix B.2. Figure 28 shows the umbilical tension
when lowering in regular waves with, = 2.25 [m] andT, = 6 [s] and different drag coefficients. Figure

28 can be compared to the results obtaine@for 2.5 [-] in Figure 26.

Parametrical study of drag coefficients for repeatd lowering through wave zone
Co [-] 2.5 3.0 3.5 4.0
Minimum umbilical tension [KN] | 5.51 0.73 0 0
Mean of minimum umbilical tension | [kN] | 16.89 | 15.83 | 14.51 | 8.19
# of slack umbilical occurences [-] 0 0 1 11
Maximum umbilical tension [KN] | 109.19| 109.19| 109.19| 116.77
Table 20 Statistics from parametrical study of dragcoefficients in a sea state dfiy;=4.5 [m] & T, = 10 [s]
| —— | = | =
£ | = £ |—_— o
= = L o=
s H s H —_
= = =
</\// <; <;>
I L e T e

Figure 28 Lowering through splash zone in regular aves with{, = 2.25 [m] andT, = 6 [s] and different drag coefficients
8.4 Discussion of results from SIMO

8.4.1 Comments on statistics

The statistics presented are found by examiningitte histories in MATLAB. S2XMODzould also be
used for presenting statistics, but it is far mavavenient to find statistics in MATLAB becausetioé
large number of simulations. The maximum umbiliesision has been implemented to a Gumbel and a
Weibull probability paper, but for load cases whizth dominated by large quadratic damping, impact
forces and snap loads are these models not apllidance it has not been included in the reshilbée
also that calculation of extreme responses is pliGable for processes with a moving average aclwh
includes transients [11]. Thus the standard denatind estimates of the extremes by use of for pbeam
the Rayleigh distribution should not be performdtew lowering a body trough splash zone. However,
the standard deviations of the maximum umbilicakten for repeated lowering and recovery are irstlid
since they give the reader a better understanditigedoad case.

8.4.2 Discussion of current operational limit

Stationary analyses
A study of the time histories from the stationamalgses show that the upward acting hydrodynamic

forces exceed the weight of the system frequentlyife sea states ©f = 6 — 8 [s], which cause snap
loads in the umbilical, while for the other peakipds it is not seen any slack umbilical occurrenaed
consequently no snap loads. The largest peake iy ttange of 9 — 11 [s] are caused by impact forces an
large quadratic drag. As expected, shows Tabl&dthe mean and standard deviation of the umbilica
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tension is decreasing for increasing peak peridti@tpectra. However, it should be noted that it i
observed a slightly higher maximum umbilical tensior the peak period of 8 [s] compared to 7 [sgre
though snap loads occur more frequently for therdaea state. This may be explained by the n@aiin
behavior of snap loads and the larger relative andbetween the tip of the launch and recovery syste
and ROV system for the sea state of 8 [s].

Repeated lowering through splash zone
The largest umbilical tension for the sea statéls pe@ak periods if 6 [s] and 7 [s] are caused bgis|

umbilical causing snap loads while for the seaesté8 [s] are the maximum tension caused by impact
forces and quadratic drag. For the other sea siatethe maximum umbilical tension caused by iaerti
force in air due to the heave acceleration atitheftthe LARS. From the time histories and statssit

can be seen that slack umbilical occur for thessat®s within the peak period range 6 — 9 [s]. Hare
the snap loads in combination with the quadratégato not cause severe umbilical tension.

Repeated recovery through splash zone
The maximum umbilical tension is due to water &xites and quadratic drag when recovered through

surface. In contrast to the lowering through splaste, is it only seen one slack umbilical occuresim
the sea state with, = 6 [s] which do not cause any significant snaguik However, it is seen that the
umbilical tension may be exposed to larger tendimmg recovery in comparison to launch of the esyst

Investigation of heading angles
The investigation of heading angles has shown soteegesting results with respect to the umbilical

tension for different heading angles. Results ftbenSimplified Method, Chapter 7, have shown that t
responses at the tip of the LARS may be largetiferheading angle of +15° compared to -15° andghis
also seen in the results from SIMO where the raltiom clearly influence the results. It is not seery
slack umbilical occurrences for -15° while for titeer heading angle are the umbilical slack in t7abu

40 launches in the current sea state. This shautdken into consideration when determining an
operational limit for launch and recovery of ROWthaugh the calculated snap loads are not sevéie. T
maximum umbilical tensions for both heading anglesdue to the weight of the ROV system in air and
the heave acceleration at tip of the LARS.

8.4.3 Discussion of analyses in regular sea

By lowering the ROV system through splash zondees regular waves is it seen that the ROV system
are subjected to large hydrodynamic forces caudamtk umbilical and thereby extreme snap loads.
However, waves with this amplitude and steepnastyraccur for the given significant wave heightlan
should be taken into consideration when evaludtiegoperational limit for launch and recovery of\RO
The analyses in regular sea clearly show the hyaadic force dependency on the wave period. If a
nearly breaking wave in the most severe wave ciomditith an amplitude of , = 4.05 [m] andl, = 6 [S]
approach, the ROV system will be lifted by the waleading to severe snap loads. However, if theesam
wave amplitude witlT, = 9 [s] approach the ROV system the system wiltiome lowering without any
slack umbilical occurrence. Similar behavior carseen for the other sea states where zero umbilical
tension induces snap loads. For the case of aaiegialve amplitude of 2.25 [m] is the snap load
calculated to 133 [kN] while for the other seaetahe snap loads are equal to or larger thankJ8 [
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8.4.4 Discussion of parametrical study of the drag coefficient

The parametrical study when lowered through wavee o irregular waves shows that the number of
slack umbilical occurrences is large for the cagk @ = 4.0 [-]. However, the total damping (drag) of
the system is significantly increased in which hesstlhhe motion of the ROV system being highly dathpe
Succeedingly this will lead to lower relative vatgdetween the tip of the LARS and the ROV system
contributing to lower snap loads. The reason ferrttaximum umbilical tension is equal fos €2.5 - 3.5
[-] is that the maximum umbilical tension occur wiltbe system is in air. The results when lowerhgy t
system in regular waves also show that the poggibil slack umbilical is increased for increasiirgg
coefficient. However, the snap loads are not dotmgahe maximum umbilical tension.

8.4.5 Considerations regarding operational limit from results in SIMO

The analyses indicate that lowering through waveeze the limiting factor for launch and recovefy o
ROV, although analyses show that the umbilical im@gxposed to larger tension during recovery. The
reason for this is that the possibility of slackhilcal is much higher during launch of the ROV tgys
which may lead to severe shap loads in worst cameasios. The analyses show that the different sea
states have a major influence on the hydrodynaaoniet. From the stationary analyses and repeated
lowering in irregular sea it is seen that umbilicaly be slack for sea states in the peak periagerah6 —
9 [s]. From the analyses including a vessel headfrgl5°, it is seen that the umbilical may be kifar a
sea state of, = 11 [s]. It is not found any critical snap loatiging the repeated lowering through wave
zone in irregular waves, but the behavior of siapl$ and the limited number of simulations ratifgtt
snhap loads should be as far as possible avoidiedaléo seen that the horizontal motion of the ROV
system which is caused by impact forces and quadtatg are significant during most of the simuas,
especially when the ROV system is exposed to steegs. This can be seen in the videos at the ertlos
CD, Appendix C.4 and in Figure 29 which shows adgphorizontal motion of the ROV system when
lowered through surface.

Typical horizontal translation during splash zone crossing

Submergence [m]

s 05 0 05 1 15 2
Horizontal motion [m]

Figure 29 Typical horizontal translation of the ROV system during water entry

Based upon the limited amount of simulations inittvestigation of the current operational limit a
significant wave height of 4.5 [m] could be a rezsde operational criteria. Especially in sea statigh
peak periods larger than 10 [s] and where the Vespesitioned head sea. It is also to be stredssd
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experienced personnel should assess the wave iomsdituring deployment through splash zone. For sea
states with a peak period lower than 10 [s] shttubdpossibility of snap loads be taken into corrsitilen,
although it is not found any critical snap loadsept for the stationary analysis in the most exéreen

state withT, = 6 [s].

However, if considering the worst case scenarioggular waves, it should be noted that the opmrati
limit should be adjusted to a significant wave heigf around 3.0 [m] in order to ensure a safe ¢hupf

the ROV system. The launch and recovery systenahasarm which switches on if the umbilical tension
reaches 20 [tonneg], and it is seen when loweringearly breaking regular waves corresponding tdH.9
and 3 [m] significant wave height that the umbilitension may be up to 22.2 [tonne]. On the otlzardh
should the operational limit be based upon irregwiave approach and not regular waves since the
irregular sea states reflect realistic environmlezaaditions. It is highly unlikely that a wave Wit
amplitude 2.7 [m] and zero crossing period of S5]5alill approach the ROV system in this sea state,
especially if the weather is assessed during dempoy.

8.5 Comparison of results from Simplified Method and SIMO
It should be noted that the exact same hydrodynaoeéficients and structure properties of the ROV
system and umbilical properties have been appfiede Simplified Method and SIMO.

The analytical results from DNV Recommended Prastitave shown that the lowering through wave
zone is impossible in a sea state of 4.5 [m] sicaguift wave height and should only be executedan se
states up tdéls = 2.5 [m]. Even when applying significant respanaee the acceptance criteria exceeded
and extreme snap loads may occur in the sea $teke=04.5 [m]. In contrast, the results from SIMO
show that the operational limit of 4.5 [m] signditt wave height could be justified. Though, itégis that
the hydrodynamic forces exceed the static weighth®@ROV system leading to slack umbilical and
consequently snap loads (which not have been faubd critical ) for sea states with low peak pasio
One of the main problems of the analytical operatidimit calculations is the low submerged weight
the ROV system which leads to a violation of theeptance criteria for low upward acting hydrodynami
forces. Furthermore, the assessment of snap loagoetoo conservative. In the calculation of snap
loads are the benefits of using a time domain stiarl program in comparison to the analytical appho
seen clearly. More exact relative velocity betwdenROV system and the LARS are calculated leading
to more correct snap loads than the analytical agkth

The results from the regular wave approach in Shéfe shown that the net upward acting
hydrodynamic forces exceed the static weight ofRpd/ system for the lowest zero crossing periods, b
as the zero crossing period increases there isemwt any slack umbilical occurrence. The same tayde
for decreasing hydrodynamic forces is seen indlalts from Simplified Method. However, the
Simplified Method overestimates the hydrodynamicés acting on the ROV system in comparison to
SIMO. For instance, the results from Simplified ktad show that the acceptance criteria is greatly
exceeded for case 3 and case 4 and all zero oggssiiods in waves equal to and above the seaddtate
Hs =3.0 [m]. In SIMO, when applying regular wavesrthis seen that only the lowest periods induce zer
umbilical tension and consequently snap loads.

The Simplified Method justifies its main purposegige simple and conservative estimates of thestorc
acting in the wave zone. However, the results fBIMO have shown that marine operations which are
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dependent on the weather conditions could truhebefrom a time domain calculation of the forces
acting in the wave zone.
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9 Conclusions

9.1 Conclusion

The author of this master thesis was completelgmiifar with the time domain simulation program
SIMO before starting the thesis and has spentaf litne in order to be acquainted with the program
Multiple different crane operations, which not hdezn included in the report, have been investigate
and the experience from modeling a complete mamgegation in SIMO has given the author a good
background for further use of SIMO. This is hoplfgken in the master thesis.

The SIMO system description file contains a congptétscription of the properties of the vessel Skand
Bergen by hydrodynamic coefficients and motiongfanfunction as found by VeRes, which can be
useful for DOF Subsea for studying marine operatiorSIMO. Chapter 6 which shows a step by step
procedure for simulating marine operations in SIM&y be used for educational purposes or for future
students planning to model their own marine openati SIMO.

It has been a difficult task to establish the hggramic properties of the ROV system because &fdhc
literature on the subject and the complexity of @V system. This has contributed to that the sy'ste
hydrodynamic coefficients has been estimated baged previously performed model tests for idealized
subsea structures with similar properties as th¥ Rgtem. In this case it would have been very
beneficial to run a model test for the ROV systarorder to validate the assumptions and estimabbns
the hydrodynamic coefficients.

The investigation of operational limits by use dfi{>-RP-H103 and SIMO have shown that DNV
Recommended Practices over-estimates the hydrodgrfiaroes acting in the wave zone leading to a
restrictive operational limit in comparison to tiee domain calculations in SIMO. The calculatidnys
the analytical method have shown that the operatigmit for launch and recovery of ROV should be
limited to 2.5 [m] significant wave height, whilealyses in SIMO have shown that the current
operational limit of 4.5 [m] could be justified. Hever, it is seen that the possibility for slackhilimal is
present in the sea state of 4.5 [m] and peak periothe range of, = 6 — 9 [s]. It is also to be noted that
the slack umbilical occurrences show a thorougkelyeshdency of the vessel heading. Furthermore, the
snhap loads induced by the slack umbilical occueeraze not found to be critical in the irrequlavera
analyses. This can justify the operational limigds [m] significant wave height as long as the tveais
assessed by experienced personnel during deployhrengh wave zone and Skandi Bergen is positioned
head sea. Note also that even more simulationsl dmuperformed in order to ensure a proper stisti
confidence of the time domain calculations.

Videos which summarize the launch and recoverybeafound at the enclosed CD, Appendix C.4.

9.2 Proposal for further work

The launch and recovery analyses by use of the BEsbmmended Practices and the time domain
simulation program SIMO have introduced simplifioat and estimations which lead to uncertainties in
the analyses. The first priority should be to perf@ model test in order to find the correct hygramic
coefficients which can be implemented to the aiadyand time domain calculations of operationaiti
The real stiffness of the hoisting system shouo &le quantified in order to analyze the sevefity o
potential snap loads since this may be the limitaggor for launch and recovery of ROV. A possibéav
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time domain simulation by taking these factors icwasideration could include an increased number of
simulations in order to ensure a proper statistioafidence.

Regarding the calculations in SIMO it could be uk&d make a MATLAB script which can communicate
with SIMO in order to execute more efficient sintidas. An unlimited number of simulations may be
specified and a parametric study of for examplerdgghamic coefficients, heading angles and wave
conditions could more easily be altered. The matioihSkandi Bergen are describedfipst order motion
transfer functionsmplying that that the vessel is defined as bgget2 in SIMO. In order to include
effects from impulse loads it could be better tadeidhe ship as body type 1 implying that the mudio

are described bfjrst order wave force transfer functioasdretardation functionsThis will contribute to

a more realistic time domain simulation and maleesystem description file more applicable for heavy
lift operations.

Another feasible task could be to obtain measurebilical tension during an offshore deployment
through splash zone and compare the measured aaflbdnsion with calculations in SIMO. This will
also require evaluation of the sea condition.
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Appendix A

A.1 Significant wave height of 2.0 [m]

Results from simplified method

Case 1: Dynamic force in air, H_ = 2 [m]

Case 2: Hydrodynamic forces, H_ =2 [m]
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Appendix figure 1 Case study of hydrodynamic forceg a significant wave

A.2 Significant wave height of 3.0 [m]

height of 2.0 [m]
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Case 2: Hydrodynamic forces, H_ = 3 [m]
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Appendix figure 2 Case study of hydrodynamic forces a significant wave height of 3.0 [m]

A.3 Significant wave height of 3.5 [m]
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Appendix figure 3 Case study of hydrodynamic force a significant wave height of 3.5 [m]




A.4 Significant wave height of 4.0 [m]

Case 1: Dynamic force in air, H_ =4 [m] Case 2: Hydrodynamic forces, H_ =4 [m]
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Appendix figure 4 Case study of hydrodynamic force a significant wave height of 4.0 [m]




Appendix B

Results from SIMO

B.1 Repeated lowering through splash zone
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Appendix figure 5 Time histories and graphs of thenax/min tension whenHs= 4.5 [m] & T, = 6 [s]




Splash zone crossing for 40 diflsrent irregular wave realizations, T, = 7 [s] & H, = 4.5 [m]
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Appendix figure 6 Time histories and graphs of thenax/min tension whenHs= 4.5 [m] & T, = 7 [s]
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Splash zone crossing for 40 diflsrent irregular wave realizations, T, = 9 [s] & H, = 4.5 [m]
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Appendix figure 7 Time histories and graphs of thenax/min tension whenHs= 4.5 [m] & T, = 9 [s]
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Splash zone crossing for 40 diflsrent irregular wave realizations, T, = 10 [s] & H, = 4.5 [m]
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Appendix figure 8 Time histories and graphs of thenax/min tension whenHg = 4.5 [m] & T, = 10 [s]
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Umbilical tension [kN]

Splash zone crossing for 40 diferent irregular wave realizations, T, = 11 [s] & H, = 4.5 [m]
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Appendix figure 9 Time histories and graphs of thenax/min tension whenHg= 4.5 [m] & T, = 11 [s]




B.2 Parametrical study of drag coefficient

Splash zone crossing for 40 diflerent irregular wave realizations when Cpy = 3.0 [1,T, = 10 [s] & H, = 4.5 [m]
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Appendix figure 10 Study of drag coefficient in a ea state oHs=4.5[m] & T,=10[s] and G = 3.0
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Appendix figure 11 Study of drag coefficient in a ea state oHs=4.5[m] & T,=10[s] and G = 3.5



Splash zone crossing for 40 diflsrent irregular wave realizations when Cp = 4.0 [4, T, = 10 [s] & H, = 4.5 [m]
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Appendix figure 12 Study of drag coefficient in a ea state oHs= 4.5 [m] & T, =10 [s] and G, = 4.0

B.3 Lowering in regular waves

Splash zane dynamics in regular waves, [ = 2.70 [m] & T, = 5.0 []
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Appendix figure 13 Umbilical tension in reg. wavesvith amplitude ¢, =2.70 [m] and T,=5.0 & 7.0 [s]
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Splash zane dynamics in regular waves, [ =3.15 [m] & T, = 5.5 [3]
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Appendix figure 14 Umbilical tension in reg. wavesvith ampl

itude ¢,=3.15[m]and ,=5.5& 7.5 [s]

Splash zane dynamics in regular waves, [ = 3.60 [m] & T, = 6.0 [s]
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Appendix figure 15 Umbilical tension in reg. wavesvith ampl

itude ¢, =3.60 [m]and T, = 6.0 & 8.0 [s]
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Appendix C Contents on CD

C.1 Veres folder
e inputrer:
e inputrel:
o zerofreq.ret:

C.2 MATLAB folder

e SimplifiedMethod.m:

«  ROVmode.m:

e  TMSmode.m:

* RAOcalculation:

*  RAOCctO_SB.txt:

*  RAOCctl5 SB.txt:

* RAOCct_345 SB.txt:

C.3 Documents folder

Project_thesis MV:
* Mager_thesis MV:

Hydrodynamic coefficients for Skandi Bergen
Motion transfer functions for Skandi Bergen
Hydrodynamic coefficients for Skandi Bergen at 260

Calculation of response spectra and case stuldynth of ROV
Calculation of ROV geometry by slender elements
Calculation of TMs geometry by slender elements
Calculation of heave RAO at tip of LARS, subfolder

Heave RAO at tip of LARS for head sea

Heave RAO at tip of LARS for +15°

Heave RAO at tip of LARS for -15°

Project thesis from fall 2009
Master thesis spring 2010

C.4 Visualization folder

* Launch_atypical.avi:

ROV system lowered through splash zone and exiomssteep waves in

Hs=45[m] & T, =8 [s]

* Launch_typical.avi:

ROV system lowered through splash zone in a typreae condition in

He=4.5[m] & T, = 8s].

* Recovery.avi:
& T,=8][s].

C.5 SIMO folder

Recovery of the ROV system in a typical wave caaditn H; = 4.5 [m]

* Loweringinirregular seafolder*: Batch file, DYN(1-40), STA, S2X, syROV.dat

* Recoveryinirregular seafolder*: Batch file, DYN(1-40), STA, S2X, sys-ROV.dat
e Stationary analysesfolder: DYN, STA, sys-ROV.dat

e Loweringin regular seafolder: DYN, STA, sys-ROV.dat

»  Study of drag coefficients folder**: sys-Cd25.dat, sys-Cd30 .dat, sys-Cd35.dat, sy§-Qd#

*  Contains 40 different *.MAC files for specificatn of random phase angles and batch file for
execution of multiple simulations

** Contains system description files for diffeteirag coefficient of the ROV system.
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C.6 SimVis folder
- visualization.svp: The SimVis project file for sitation/visualization of marine operations
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