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1 INTRODUCTION

1.1 Scope

The present document gives the scope, the context and the technical description of a project
relating to the assessment of drilling risers, subject of a six month internship thesis
framework.

1.2 Context — Offshore Drilling Process

Offshore drilling is performed from various types of drilling rigs, known also as mobile
offshore drilling units (MODU). These rigs may be fixed on the seabed (platforms, jack-up) or
floating units (semi-submersible, drillships). The purpose of drilling operations is to create
and to commission a well on the seabed, in contact with a hydrocarbon reservoir and
equipped for production of oil/gas.

Drilling equipment installed onboard is to ensure a very complex process. This process is
generally divided as follows:

1. Mechanical drilling

Drilling is performed by inducing a torque in the drilling string, composed by
successive segments of pipe and ended with a drill-bit in contact with the geological
formation. Depending on the rig, the following types of equipment are involved:

- Derrick, masts
- Rotary tables
- Topdrives (electrical engines)
- Hoisting/lifting equipment
2. Well barriers and well control

Well control is the part of the process which is the most critical from
safety/environmental point of view. The purpose is to ensure successive barriers
between the well and the rig in order to control at any moment of the operation the
events of blowout or gas release.

Well control involves:
- Drilling mud circuit (water mud or oil mud)
- Marine (drilling) riser : the subject of the proposed work

- Blow out preventer (BOP) and associated equipment.
3. Well completion

Well completion involves the installation and cementing of casing, as well as the
installation of production equipment

4. Well testing

Well testing involves several tests for determining the main characteristics of a drilled
well (pressure, temperature, chemical analysis of hydrocarbons).

June 25" 2015 Rev 0
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The present document proposes a work focusing on the integrity of drilling (marine riser).
This equipment is an important part of well control and an interface between all parts of the
process.

1.3 Drilling risers

Drilling risers (or marine risers) are one of the most safety critical systems for offshore
drilling operations. They provide a link between the drilling rig and the well, ensuring a
barrier between the sea and the drilling fluid (mud) and protecting the drilling equipment
(pipe, string) during operations (see Fig 1).

Drilling risers are generally used in water depth between 90m to 2000m. Recent
developments of very deep offshore rigs propose various designs of risers for 3000m or
more. Risers are typically rigid segments fabricated in steel, connected with specific joints.

If several existing industrial standards (API, ISO or NORSOK) provide technical
requirements for the assessment of marine risers integrity, there is no standard today for the
direct assessment of risers’ joints. TH HILL, a Bureau Veritas Group’s enterprise located in
Houston and specialized in drilling equipment, develops now such a new standard. The
thesis proposed here will address a part of this work, relating to the mechanical modelling of
risers and risers’ joints under the effect of environmental and functional loads.

Fig 1 : Examples of drilling risers joints
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1.4 BV Organization for this internship thesis
This thesis will be coordinated by the following personnel:

Thesis supervisor : Catalin Toderan
Tel : +33 (0)1 55 24 74 87
Fax : +33 (0)1 47 147001

E-mail : catalin.toderan@bureauveritas.com

BV Unit Manager : Laurent Leblanc
Tel : +33 (0)1 5524 72 43
Fax : +33 (0)1 47 14 70 01
E-mail : laurent.leblanc@bureauveritas.com

All correspondences, technical documents and deliverables will be written in English.
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2 TECHNICAL PROPOSAL

2.1 Scope of work

The scope of this internship thesis is to provide a methodology for the mechanical
assessment of marine risers’ joints including:

- Areport providing a documentation on existing technology for risers and joints

- A method for estimating the environmental loads (waves and currents) and their
cycles for a given offshore site, starting from a scatted diagram and meteorological
data; the definition of this method requires numerical tests using software available at
Bureau Veritas : Hydrostar, FlexCom

- A method for estimating the effect of vortex induced vibrations (VIV) on riser’s
structure, for fatigue assessment purpose; this will require a set of tests using a
specific module of FlexCom

- A structural modelling of risers and risers joints using global and local finite elements
models using one of the generic tool available at BV : ABAQUS or NASTRAN

- A test of the model with applied loads for the assessment of joints from yielding,
buckling and fatigue point of view.

The scope described above may be restrained or extended, depending on the findings of
each phase and on the available time.

2.2 Deliverables

The deliverables of the proposed internship will be a thesis report covering all aspects of the
scope. This document has to address the description of the work and will provide technical
interpretations of findings.

June 25" 2015 Rev 0
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This master thesis is a part of the 5- year Master of Science program in Marine Technology at
NTNU. The thesis has been a collaboration with NTNU and Bureau Veritas, with supervision
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Summary

Riser technology is pushed to its limits as the demand for deeper drilling operations increases.
There exist no standards for the mechanical assessment of marine riser joints today, however
new standards are under development at TH HILL, a Bureau Veritas enterprise in Texas. The
work in this thesis focuses on parts of the development work, more specifically creation of a

methodology of the riser and riser joints, with respect to strength and fatigue.

A documentation of the existing technology for riser and riser joints have been presented in
this thesis, and it includes an overview of the available products in the industry and standards
of riser components and analysis methodologies. Theory of the drilling riser system and the

different analysis, have also been presented in the thesis.

The global load analysis and fatigue analysis are carried out with Flexcom. The vortex-induced
vibration analysis is performed through an interface between SHEAR7 and Flexcom. The second
order vessel motions are calculated with Ariane. The methodology is developed based on one
case study, and the input data for the geometry is based on the documentation on the existing
technology. All input data have been carefully selected and discussed with employees from dif-
ferent sections at Bureau Veritas, who holds a broad industry experience within the field. Based
on these discussions, a number of sensitivity studies and investigations have been conducted.
This include definition of boundary conditions, current direction, wave effect, application of
second order vessel motions, simplified second order vessel motions and stress concentration
factors. From these investigations, a final analysis model has been established and one combi-

nation of current, wind and wave direction has been investigated.

The final analysis model consists of current, waves and second order motions. The current ve-
locity is 1.13m/s and the wind velocity is 22.5m/s. The current profile is based on a combination
of an internal metocean report from Bureau Veritas, and the API standard Interim Guidance on
Hurricane Conditions in the Gulf of Mexico (API, 2007). The riser is connected to the vessel,
which limits the significant wave height to 6m. The irregular waves are applied with a JONSWAP
spectrum and the second order vessel motions are calculated based on a dynamic positioning

system with maximum offset of 20m. In the global load analysis in Flexcom, yield and buckling
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have been investigated. The worst sea states have been selected based on the resultant moment
for a 1-hour analysis. The effective tension, bending moments and shear force, have been stud-
ied for a 3-hour analysis. Fatigue from waves and current have been investigated in two separate
analyses. The fatigue analysis in Flexcom investigates the affect from waves by use of three cycle
counting methods, i.e. rainflow, spectrum and statistics. The vortex-induced vibration analysis

investigates the effect from current, based on the eigenvalue analysis in Flexcom.

The results from the worst sea states in the global load analysis showed that the highest mo-
ments occurred at the bottom and at the top of the riser. Sea state 8, with Hs=6m and Tp=11.5s,
gave the highest moment at the bottom, and sea state 6, with Hs=6m and Tp=9.5s, gave the high-
est moment at the top of the riser. The standard deviation was largest at the bottom of the riser,
and the shear force was highest at the top. The effective tension showed that a small part of the

riser was in compression, but this has been neglected due to the results from hand calculations.

The results from the fatigue analysis showed that the damage due to waves, was close to zero for
all sea states. Flexcom calculates the damage with an accuracy of 1.0E-5, so hand calculations
of the damage for selected sea states was therefore carried out. From the analysis with stress
concentration factor 10, sea state 6, 5 and 4 showed a reduction in lifetime at the bottom and at
the top of the riser. The highest damage was at the top of the riser. A stress concentration factor
equal to 10 is most likely unrealistic, but it showed that Flexcom performs fatigue calculations.
The rainflow counting method gave the highest damage on the riser, compared to the statistics
and spectrum methods. The analysis with no second order vessel motions gave also almost zero
damage, and the results were exactly the same as the analysis with second order vessel motions.
Based on these results, the complexity of the methodology can be reduced by excluding the
calculations in Ariane. The results from the vortex-induced vibration analysis showed that the
damage due to current was highest at the bottom. The damage was, however quite low over the
whole riser. With a stress concentration factor of 9, the results showed significant damage of

0.47, at the bottom of the riser.

Based on the results from the different analysis, the potential of the methodology is shown, and

it can hopefully be a useful tool when developing new standards for deeper water depths.



Sammendrag

Stigerorteknologien blir presset til sine ytterste grenser nér ettersperselen etter dypere boreop-
erasjoner pker. Det finnes ingen standarder for den mekaniske vurderingen av marine stigerersledd
i dag, men nye standarder er under utvikling hos TH HILL, en Bureau Veritas bedrift i Texas. Ar-
beidet i denne avhandlingen fokuserer pa deler av utviklingsarbeidet, mer spesifikt etablering

av en metodikk for stigerer og stigerarsledd, med hensyn til styrke og utmatting.

En dokumentasjon av eksisterende teknologi for stigeror og stigerorsleddene har blitt presentert
i denne avhandlingen og den inkluderer en oversikt over tilgjengelige produkter i bransjen og
standarder for stigerearskomponenter og analysemetodikk. Teori av borestigerarssystemet og de

ulike analysene, har ogsa blitt presentert i denne avhandlingen.

Den globale lastanalysen og utmattingsanalysen er utfort med Flexcom. Den virvelinduserte
vibrasjonsanalysen er utfort via en kobling mellom SHEAR7 og Flexcom. Andre ordens farteys-
bevegelse er beregnet med Ariane. Metodikken er utviklet basert pa ett case-studie, og input
dataen for geometrien er basert pa dokumentasjonen av eksisterende teknologi. All input data
er noye utvalgt og droftet med ansatte fra ulike seksjoner pd Bureau Veritas, som innehar en bred
bransjeerfaring innenfor feltet. Basert pa disse diskusjonene, har en rekke sensitivitetsstudier
og underspkelser blitt giennomfort. Dette inkluderer definisjonen av grensebetingelser, strom-
retning, belge effekt, applikasjon av andre ordens fartgysbevegelser, forenklet andre ordens
fartoysbevegelser og spenningskonsentrasjonsfaktorer. Fra disse undersokelsene, har en en-
delig analysemodell blitt etablert og en kombinasjon av strem, vind og belgeretning har blitt

undersokt.

Den endelige analysemodellen bestar av strom, belger og andre ordens bevegelser. Stremning-
shastigheten er 1.13 m/s og vindhastigheten er 22.5 m/s. Stremprofilen er basert pd en kom-
binasjon av en intern metocean rapport fra Bureau Veritas, og API standarden Interim Guid-
ance on Hurricane Conditions in the Gulf of Mexico (API, 2007). Stigeroret er koblet til fartoyet,
noe som begrenser den signifikante belgehayden til 6m. De irreguleere bolgene pafores med
et JONSWAP spektrum og andre ordens fartaysbevegelser er beregnet basert pé et dynamisk

posisjoneringssystem med maksimalt avvik pd 20m. I den globale lastanalysen i Flexcom, har



flyt og knekking blitt undersekt. De verste sjatilstandene har blitt valgt basert pa resultant mo-
mentet for en 1-times analyse. Den effektive spenningen, boyemomentene og skjerkraften, har
blitt studert for en 3-timers analyse. Utmatting fra belger og strom har blitt undersekt i to sep-
arate analyser. Utmattelsesanalysen i Flexcom undersoker péavirkningen fra belger ved bruk av
tre tellemetoder av stress sykluser dvs. rainflow, spektrum og statistikk. Den virvelinduserte

vibrasjonsanalysen undersoker pavirkningen fra strem, basert pa egenverdianalysen i Flexcom.

Resultatene fra de verste sjatilstander i det globale lastanalysen viste at de hgyeste momentene
oppsto ved bunnen og ved toppen av stigergret. Sjotilstand 8, med Hs=6m og Tp=11.5s, gav det
hoyeste momentet pa bunnen, og sjotilstand 6, med Hs=6m og Tp=9.5s, gav det hoyeste mo-
mentet gverst pa stigergret. Standardavviket var storst ved bunnen av stigeroret, og skjeerkraften
var storst ved toppen. Den effektive spenningen viste at en liten del av stigereret var i kom-

presjon, men dette har blitt neglisjert pa grunn av resultatene fra hdndberegningene.

Resultatene fra utmattingsanalysen viste at skadene pd grunn av belger, var tilneermet null for
alle sjatilstandene. Flexcom beregner skaden med en neyaktighet pa 1.0E-5 s hdndberegninger
av skaden for utvalgte sjotilstander ble derfor utfort. Fra analysen med spenningskonsentrasjons-
faktor 10, viste sjotilstand 6, 5 og 4 en reduksjon i levetiden ved bunnen og ved toppen av
stigergret. Den hoyeste skaden var pd toppen av stigereret. En spenningskonsentrasjonsfaktor
lik 10 er mest sannsynlig urealistisk, men den viste at Flexcom utforte utmattingsberegninger.
Rainflow tellemetoden gav den hoyeste skaden pé stigereret, sammenlignet med statistikk og
spektrum metodene. Analysen uten noen andre ordens fartoysbevegelser gav ogsa nesten null
skade, og resultatene var neyaktig lik analysen med andre ordens fartoysbevegelser. Basert
pa disse resultatene, kan kompleksiteten av metoden reduseres ved & utelukke beregningene
i Ariane. Resultatene fra den virvelinduserte vibrasjonsanalysen viste at skader p& grunn av
strom var heyest ved bunnen. Skaden var likevel ganske lav over hele stigeroret. Med en spen-

ningskonsentrasjons faktor pa 9 viste resultatene vesentlig skade pa 0,47, ved bunnen av stigeroret.

Basert pa resultatene fra de ulike analysene, er potensialet for metoden vist og forhdpentligvis

kan den veere et nyttig verktoy for utvikling av nye standarder for dypere vanndybder.
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Chapter 1

Introduction

1.1 Background

Drilling risers provide a link between the well and the rig, and is therefore a safety critical sys-
tems during offshore operations. The drilling operations are usually conducted up to 2000m

water depths, but the demand for deeper operations are increasing.

Today there are no standard for the direct assessment of marine riser joints. However, there are
several standards of marine riser integrity, such as API, ISO, DNV and NORSOK. New standards
are therefore under development at TH HILL, a Bureau Veritas enterprise in Texas (Toderan,
2015). The work of this thesis focuses on parts of the development work, more specifically cre-
ation of a methodology for the mechanical assessment of marine riser joints, with respect to

strength and fatigue.

The geometry of the model is simplified so that it can easily be changed for different riser de-
signs. One case study has been investigated in the global load analysis, fatigue analysis and
vortex-induced vibration (VIV) analysis. The geometry is based on information from technical
standards and existing technology. The input data have been discussed with different teams
from Bureau Veritas. Based on these discussions, a number of sensitivity studies and investiga-

tions have been conducted.
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1.2 Literature review

As exploration moves into deeper water depths the importance of designing a safe marine drilling
riser system becomes vital. Several articles regarding dynamic and fatigue analysis methodolo-
gies of risers have been published over the years, but as the article The Complexities of Fatigue
Analysis for Deepwater Risers states, there is a need for finding analysis methods which are not
too simplified nor overly conservative (Campbell, 1999). Different areas cause uncertainties,
and are often the reason for why methodologies are less accurate. Vessel motion is one of the
uncertainties, and papers such as An Analysis of Marine Risers for Deep Water looks particularly
into the effect from vessel motions for riser in different water depths. The dynamic behavior due
to vessel response was found to be significantly affected by the riser length (Burke, 1973). These
findings were supported in the article Random Wave and Vessel Motion Effects on Drilling Riser
Dynamics, where the effect of random waves and vessel motions were found to be a significant

design factor (Sexton & Agbezuge, 1976).

Other uncertainties in the development of methodologies are vortex-induced vibrations, and
several approaches have been presented for how to calculate the response correct. The paper
Vortex-Induced Vibration of Deepwater Risers stresses the importance of finding a correct cal-
culation method for deepwater risers. The article focuses on important parameters to consider
in the analysis approach, and the effect of suppression devices and riser interference (Allen,
1998). Calculations including vortex-vibrations are often a costly analysis, and different articles
have been published of how the cost can be reduced, but still give an acceptable accuracy. The
paper Dynamic Analysis as an Aid to the Design of Marine Risers aim towards an economically
approach for calculating the riser response due to waves and current. Many riser models have
been designed in the time domain, often because it is the preferred calculation method or that it
is the necessary method for solving the problem. The frequency domain method has often been
a less desirable method due to linearization of the drag force, but as the article states, there
are still great uncertainties in the representation of waves and current that doesn’t often justify
the costly time domain analysis (Young et al., 1978). This is supported in the article Dynamic
Behavior of a Top Tensioned Riser in Frequency and Time Domain, where a comparison of deep-

water risers, solved in frequency domain and time domain, is presented. The article concludes
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however, that a frequency response method should be applied in the first phases of the design
process, but a time domain analysis should be conducted in later phases, in order to correctly
represent the nonlinearities (Morooka et al., 2006). Other articles, with focus on developing ap-
proaches with concern of vessel motions and current, are Nonlinear Response Analysis of Marine
Risers, which calculates the response in frequency domain (Ahmad & Datta, 1992), and Dynamic

Response of Marine Risers, which calculates the response in time domain (Ahmad & Datta, 1989).

Fatigue analysis methods for drilling riser is also a debated topic, and articles such as Dynamic
Response and Fatigue Damage Analysis for Drilling Riser, focuses on developing methods for
properly calculating fatigue damage. A time domain analysis has been used in the approach, in
addition to rainflow counting, S-N curve and Miner-Palmgren rule (Chen et al., 2012). Solution
in time domain and the choice of cycle counting method, are supported by the paper Method-
ology for Time Domain Fatigue Life Assessment of Risers and Umbilicals. The paper emphasizes
the need for describing nonlinearities from waves and vessel motions accurately, and states the
importance of selecting the correct simulation length, in order to calculate the correct fatigue
response. The methodology represented in this paper was used in the updated version of DNV-

RP-F204 Riser Fatigue 2010 (Steinkjer et al., 2010).

The need for new revisions was recognized by the DeepStar program in 1999. The recommended
practice for design, selection, operation and maintenance of marine drilling riser systems (API
RP 16Q) was developed in 1993, and since then new findings have led to improvements of the
analysis methodologies presented in the recommended practice. A Joint Industry Project be-
tween API and MCS International led to a revision of the standard, focusing on subjects such as

the methodology related to coupled analysis and drift-off (Kavanagh et al., 2002).

Based on the existing literature, little information have been found regarding the mechanical
assessment of riser joints. As drilling operations exceeds into deeper depths, the need for stan-
dards concerning these components is recognized. The development work presented in this

thesis can hopefully contribute to the development of a standard for riser joints.
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1.3 Objective

The objective of this thesis is to create a method for the assessment of marine riser joints. This
includes creating a simplified model of the riser, that can easily be modified for different riser
configurations. Rules and standards, in addition to the existing technology, should be carried
out to give the background information for selecting the cases to be investigated. A literature
study and familiarization of the software tools, should be carried out to obtain knowledge about
the topic. A global load analysis, fatigue analysis and a VIV analysis should be performed for
one case-study. Sensitivity studies and investigations regarding the input data in the different

analysis, should be carried out in order to validate the methodology.

1.4 Scope and limitations

The scope is to create a methodology for the mechanical assessment of marine riser joints, based
on strength and fatigue. Information on existing technology and rules and standards, should be
presented in order to create cases which can be used to validate the methodology. The method-

ology will hopefully contribute to the development of a new standard for riser joints.

The master thesis work has been performed with limited time. In the beginning of the thesis,
a workplan was created by Catalin Toderan, given in appendix E. Limited resources were made
available during the stay at Bureau Veritas, such as lack of software licences. The work in phase 4
and parts of phase 3 and 5 in the workplan, were therefore reduced after agreement with Catalin
Toderan and Svein Savik. This includes point 4 in the scope of work in BV proposal N° DTO4 -
6m Thesis: Assessment of Marine Riser Joint during Offshore Drilling Operation, dated 25/06/2015
(Toderan, 2015). The focus has been to develop the methodology for one combination of wave,

wind and current direction, in a global load analysis, fatigue analysis and VIV analysis.
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1.5 Thesis structure

1. Introduction gives information about the background, literature review, objective, scope and
limitations.

2. The marine drilling riser gives information about different drilling platforms, drilling riser
system, drilling operation and technology in the industry.

3. Theory compares the fundamental theory behind SIMA/RIFLEX and Flexcom, and presents
the theory behind the different analysis

4. Rules and standards presents the theory from rules and standards for the drilling riser and
its components, in addition to the methodology for the different analysis

5. Method of analysis presents the methodology of the mechanical assessment of riser joints.
6. Results and discussion presents the results and uncertainties from the analysis.

7. Conclusion summarizes the conclusion from the methodology and results.

8. Further work gives recommendations and suggestions for future studies.



Chapter 2

The marine drilling riser

In order to find potential hydrocarbon reservoirs, seismic surveys are used. The surveys give
information through sound waves, which are reflected by the rock formations, and sent to the
hydrophones. If the operation is successful, a series of tests will be conducted in order to map
the location and the properties of the reservoir. If the reservoir gives the desired outcome, the

drilling operation of the well can begin (Mather, 2011).

The well is tested after the drilling operation is conducted. Completing a well is expensive and
itis therefore important to know how much the well will produce. After testing, the well is either
plugged and becomes a dry hole, or is completed. If the well is completed a thin steel pipe is
inserted into the hole. The pipe consist of casings of same size, which are attached together and
create a long casing string. A drillstring with a bit at the end is run into the well and cuts the
hole and the casing string is attached with cement. Drilling mud helps to smooth the hole and
remove cuttings. The last phase is the workover phase, which includes solving problems related
to the well and cleaning the well. When a well is killed a kill fluid is pumped into the well (Hyne,
2001).
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2.1 Drilling platforms

The type of drilling platforms depend on different factors, such as the water-depth, location
and environment. The exploration wells are usually drilled by semi-submersibles, drill ships or
barges. Jack-up rigs, that are self-elevating, are also an option if the water depth is not too large.
However, fixed platforms are most common for development wells. In general, offshore drilling
platforms can be divided into three categories: fixed platforms, self-contained fixed platforms

and mobile units.

The first category, fixed platforms, consist of piles that go into the seabed, and a drilling tender
that is moored close to the platform. The tender is often a barge, which leaves after the drilling
operation is done. These types of platforms are usually used for development wells, and are less
common today. The second category, self-contained fixed platforms, are either concrete gravity
structures or tubular steel structures pinned by piles to the seabed. The gravity-based structures
can stand on the seabed freely, because of their large mass. The third category, mobile units,
are designed either to float or to rest on the seabed. The ones that float are drill ships, barges
and semi-submersibles. The ones that rest on the seabed are jack-ups and semi-submersibles

(Maclachlan, 1987).

CONCRETE TUBLLAR
GRAVITY PLATFORM
P ATFORM

SEMI- JACK-UP
DRILL SHIP SUBMERSIBLE

sLUBMERSIBLE LAND RIG

AlAler o A3 B

Figure 2.1: Offshore drilling platform types (Maclachlan, 1987)
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2.2 Drilling riser system

The marine riser system has according to American Petroleum Institute (API) four main func-

tions.

Ensure that the well and drilling vessel transport fluid between each other

* Give support of the choke, auxiliary and kill lines

Lead different tools into the well

Assist the Blow out preventer (BOP) stack by acting as a retrieving and running string

We can divide the system into three parts, an upper part, the riser and a lower stack. The infor-

mation in this chapter is taken from the standard API-RP-16Q (API, 2010a).
Figure 2.2 shows a drawing of the marine riser system.
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Figure 2.2: The marine riser system (API, 2010a)
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2.2.1 Upper part

Tensioner system

The purpose of the tensioner system is to control the stress and the displacement of the marine
drilling riser, by applying a vertical force through tensioner units. The tensioner units, which are
placed near the drillfloor on the drilling vessel, ensure constant axial tension, when the vessel
experience environmental loads. The constant tension is ensured by attaching one end of the
tensioner line to the tensioner, and the other to the tensioner ring near the outer barrel of the
telescopic joint. The line is usually built up by four lines, and the piston stroke is therefore % of
the heave motion of the vessel. The tensioner system is designed according to different criteria,
to ensure an effective system. The criteria are defined with respect to the dynamic tension limit
(DTL), friction and inertia losses, fluid and air requirements, wireline life, accumulator and air
pressure vessels. Redundancy is also important to consider when designing the system. If one
of the tensioner units is in maintenance, the tensioner system must still ensure a constant axial

stress in order to prevent buckling (API, 2010a).

Diverter system

The purpose of the diverter system is to direct flow from the well aboard the rig. Blowouts are
usually prevented by the BOP, but the BOP is not installed when the drilling process is in the
beginning phase (API, 2010a). The BOP’s main function is to seal the drill pipe when it is placed
in the drill hole, or when the hole is open. It is arranged in a vertical stack above the wellhead,
and therefore often referred to as the BOP stack (Maclachlan, 1987). It is therefore important to
have the diverter system if the well flows. The diverter system is installed below the rotary table
(API, 2010a). The rotary table is a housing where all of the casings and tools are run through,
and where the drill string and kelly are operated. The rotary table transmits the torque to the
kelly, which is connected to the drill string. The kelly is formed like a steel pipe and is able move

the drill bit vertically (Maclachlan, 1987).

Below the diverter is the flex/ball joint, which represent the first part of the marine riser system.
The diverter system may also consist of a diverter stack, which is installed on the wellhead. The

function of this is to divert subsea (API, 2010a).
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2.2.2 Theriser

Telescopic/slip joint

The purpose of the telescopic joint is to prevent damages to the riser, when the vessel experience
heave motions. As mention in the tensioner system, the outer barrel of the joint supports the
tensioner line. It is connected to the riser, while the inner barrel is connected to the vessel. The
tensioner ring is an important component of the telescopic joint. The function of the ring is to
transfer loads that support the riser. The telescopic joint is designed with respect to different
criteria. These criteria involve strength, stroke length, storage, tensioner ring, auxiliary lines,

packing element and handling of the joint (API, 2010a).

Riser joints

The riser joint is a high strength pipe with couplings welded to each end. The upper end of the
joint support the loads, when the BOP and the riser is removed from the spider (API, 2010a). The
spider is a steel frame placed around the rotary opening (Maclachlan, 1987). The riser couplings
come in four different designs; breech-block, flanged, threaded union and dog type. They usu-
ally support the auxiliary, choke and kill lines and the buoyancy equipment. The riser joints are
the main components of the marine riser system, and contributes to the four main functions of

the system (AP, 2010a).

Choke/kill and auxiliary lines

The choke/kill and auxiliary lines are attached to the riser main tube by brackets. The lines are
used when the BOP stack is closed and fluid must be carried in a controlled manner from the
wellbore to the surface. The design is developed based on different criteria, such as type of fluid
in the line, operation pressure, couplings, internal diameter, orientation, support and corrosion.
The choke and kill lines can also be flexible lines. These ensure that the flex/ball joints and the
telescopic joints can experience movement. They are typically designed either as flow loops
with threaded, clamped or flanged end fittings, steel reinforced hoses or as flexible pipes (AP]I,

2010a).
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Riser main tube

The main tube of the riser must be able to withstand loads from the environment, motions
from the vessel, weight and tension applied to the riser. The strength to resist these loads are
determined by the diameter, thickness and material characteristics. They are designed based

on criteria such as corrosion, fatigue, bend radius, length, pressure and collapse (API, 2010a).

Pup joints
Pup joints are joints with a smaller length. The purpose of this joint is to ensure that the required

length of the string is covered (Maclachlan, 1987).

Running equipment

The running equipment contributes with moving the riser and BOP stack vertically up and
down. The operation is supported by the riser spider at the drill floor. The support from the
spider helps to reduce impact loads and bending moments. The running equipment is designed
with respect to the max static load capacity, bending loads and impact loads during operation,

and loads from the environment and vessel motion (API, 2010a).

Buoyancy equipment

Buoyancy equipment is attached the riser in order to reduce the submerged weight, and by that
reduce the requirements regarding top tension. The equipment can be foam modules made of
composites or air chambers. The foam modules are installed around the riser joints, while the

air chambers are installed to the riser couplings (API, 2010a).

2.2.3 Lower stack

Lower marine riser package

The lower marine riser package (LMRP) connects the riser to the BOP stack and ensure hydraulic
control of the stack. The package consist of a flex ball joint, subsea control pods, hydraulic
connector, a riser adapter and sometimes annular BOPs. The design is based on several criteria
such as height, weight, loads, pressure, well control, water depth, running/retrieving the control

pods as well as emergency recovery (API, 2010a).
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Flex and ball joint

Flex joints reduce the bending moment of the riser, by providing flexibility to create angles be-
tween the BOP stack and the riser. They can also contribute with reducing stress at the lower
part of the telescopic joint. Flex joints can also be part of the diverter system, where they pro-
vide flexibility when the rig experience motions. Ball joints are used to seal drilling fluids, and
have less effective rotational stiffness, compared to flex joints. The design of these two types of
joints are based on criteria such as pressure, angular rotation, tensile loads and there location

in the system (API, 2010a).

The wellhead

The wellhead consist of a casinghead and a tubing head. The casinghead is at the bottom, and
the tubing head is on top of the casinghead. From the casinghead, a string casing is attached and
helps to release pressure by a gas outlet. The conductor pipe is attached to the wellhead, and
on top of the casing and tubing, the wellhead equipment is attached. The equipment consist of
the tubinghead, casinghead, christmas tree, pressure gauges and stuffing box (Hyne, 2001). A

drawing of the well and the christmas tree is shown in figure 2.3 and 2.4.

Wellhead Tubinghead PRESSURE GAUGE ————
Casinghead

Casing strings

MASTER VALVE

Tubing
TUBING HEAD

Tubing packer

CASINGHEAD

Figure 2.3: The well (Hyne, 2001) Figure 2.4: Christmas tree (Hyne, 2001)
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2.3 Drilling operation

The drilling operation is different from rig to rig due to factors such as water depth, rigtype and
standard practice, however the main features of the operation is given below (Maclachlan, 1987).
Move rig, run anchors and prepare rig

First, the rig must be moved to its location, anchors must be run and the rig must be prepared
for drilling. The path for the drillbit is restricted from deviating more than 20 m from the target

location. A temporary guide base (TGB) is installed on the seabed with four attached guidelines.

Drill 36" hole and run 30" casing

A hole opener, a 36" diameter bit, is run to the TGB to drill a hole 16’ below seabed. The hole is
filled with seawater and bentonite, to prevent it from collapsing. The hole opener is pulled back
and the outer conductor, 30" casing, is run into the hole and fixed with cement. A permanent

guide base (PGB) is attached to the outer conductor to ensure a safe landing of the BOP .

Drill 26" hole and run 20" casing
A 26" drilling bit is run down to the PGB and drills a vertical hole to 1500’ .The hole is filled with
seawater and bentonite in order to prevent sloughing. The bit is then pulled back to the rig and

the inner conductor is run into the hole. The 20" conductor is also fixed with cement.

Run 18 %" BOP stack and marine riser
The wellhead is then attached to the casing with internal diameter of 18%", and the BOP stack

and the marine riser are installed.

Drill 17 1" hole and run 13 3" casing
A drill bit with diameter 17 %" drills a hole and a 13 %" surface string casing is run down to the

hole and fixed with cement. A water base mud is used for this part of the operation.

Drill 12 i" andrun9 3"

A new drill bit with diameter 12 i" drills a holeand a 9 g" casing is run and fixed with cement.

Drill 8 ;" and run 7"
A8 %" bit drills the last part of the total depth. The water base mud is now replaced with an oil

base mud. A 7" liner is run and fixed with cement (Maclachlan, 1987).
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2.4 Technology in the industry

An extensive internet search has been performed in order to find how different companies de-
sign and manufacture the riser and its components. As the purpose of this thesis is to define a
methodology, it is important that the method can be applied to different configurations/designs
of risers. The geometry of the riser have been simplified, but a few important components have
been considered. These are the riser joints and the connections, the buoyancy modules and the
lower flex joint. Case-studies for validation of the methodology, can be established based on the

information given in this chapter.

2.4.1 Connections

The important information regarding the connections are the type
of the connection, the load rating and the geometric properties. The
different connections presented below are designed/manufactured

by Dril-quip, Oil States Industries, Claxton and GE Oil & Gas.

The FRC riser connector is a design by dril-quip, and is a flat-faced
flange connection with 6-8 bolt configuration, as shown in figure

2.5. The connection is flange in order to reduce the loads on the

bolts, and the configuration of the bolts makes exploratory drilling Figure 2.5: FRC
or high pressure drilling for TLP and Spar convenient. The FRC con- (Dril-Quip, 2014)

nection complies with API 16R and ISO-9001 and can be designed

with different load and pressure capacities. In addition, due to tensile load sharing, the thick-

ness of the pipe can be reduced, which reduces the weight of the riser (Dril-Quip, 2014).

Vetcogray has three different designs of connectors, the MR-6E riser, MR-6H SE riser and the
HME The MR-6E Riser, shown in figure 2.6, is a dog style connection. Its load rating is classified
after API 16R class E, and is rated for 2 million pound with a make-up torque equal to 950 foot-
pound. The outer diameter, without buoyancy material, is 41.125 inches and inner diameter

19.75 inches. The length is 23.125 inches and the weight is 2510 pound. The MR-6H SE Riser,
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shown in figure 2.7, has an external surface of pin and box, and is rated for 3.5 million pound
after API class H. It is an automated make-up connection, with capability of higher pressure
conditions by incorporation of a metal seal. The HMF riser, shown in figure 2.8, has a good
design for deep water conditions and for current water depth for 10011 feet in the gulf of Mexico
(GoM). The connector has pin/box flanges, and complies with API 16R, class D, E, E G, H, J. The
fatigue life of the coupling is extended by ensuring that the bolts are preloaded over the rated

coupling load before locking (GE Oil & Gas, 2008).

o ie ol "0 ring primary seal
Ay

/ Actuating screw
by

-
ol

0" ring trosh seal

e ——
MR-6E pin

Figure 2.6: MR-6E (GE Oil & Gas, 2008)

Elliptically shoped flanges

» minimizes weight

Profile for hydraulic
running tool

Two-diameter pin ond box
design enables quick,
accurate stabbing in

roughest seas

Figure 2.7: MR-6H SE (GE Oil & Gas, 2008) Figure 2.8: HMF (GE Oil & Gas, 2008)

Oil States Industries have in total six different design of connectors for semi-submersibles/drillships
and jack-ups. However, the Merlin connector, shown in figure 2.9, is the only connector suited
forjack-ups. The connector has great fatigue characteristics and is used for high pressure drilling
(Oil States Industries, 2016b). For semi-submersibles the OR-21-, OR-6-, OR-E OMR-M- or the
OR-6C connector is proposed. The OR-21 connector, shown in figure 2.10, is design with lock-
ring and is a full preloaded connection. The connection is designed to qualify the API 16R rec-
ommended practices. The OR-6 connector, shown in figure 2.11, is also a fully preloaded dig

type connector. The connector can be fitted with buoyancy (Oil States Industries, 2016c).
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Figure 2.9: Merlin (Oil States Figure 2.10: OR-21(Oil States Figure 2.11: OR-6(0Oil States
Industries, 2016b) Industries, 2016c¢) Industries, 2016¢)

The OMR-M connector, shown in figure 2.12, is a non-integral Merlin connector. It has great
fatigue characteristics and can be applied for water depths of 10000 feet (Oil States Industries,
2016¢). The OR-6C connector, shown in figure 2.13, is a fully preloaded dog type connector.
The connector have load rating 1.25M pound after API 16R (Oil States Industries, 2012a). The
OR-F connector, shown in figure 2.14, have tensile load rating 2.5M pound after API 16R. The

connector is flanged and is a fully preloaded connection (Oil States Industries, 2012b).

Figure 2.12: OMR-M (Oil Figure 2.13: OR-6C (Oil Figure 2.14: OR-F (Oil States
States Industries, 2016c) States Industries, 2012a) Industries, 2012b)
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Claxton have three types of connections, the SRP Shrink-Fit high performance flange, the API
custom/SRP high performance flange and the Merlin quick connection from Oilstates, displayed
in figure 2.9. The SRP Shrink-fit high performance flange, shown in figure 2.15, has operation
pressure equal to 12200 pounds per square inch. The outer diameter is 24 inches and the inner
diameter is 18.3/4 inches. The custom or SRP high performance flange, shown in figure 2.16,
has operating pressure 5000 pounds per square inch. The outer diameter is also 24 inches, but
the inner diameter is.1.1/2 inches. The Merlin quick connection from Oilstates, shown in fig-
ure 2.17, has operating pressure equal to 5000 found per square inch. The outer diameter is 24

inches and inner is 21 inches (Claxton, 2014a).
. - W ' L

LA o

Figure 2.15: SRP Shrink-Fit Figure 2.16: Custom/SRP  Figure 2.17: Merlin (Claxton,
(Claxton, 2014a) (Claxton, 2014a) 2014a)

2.4.2 Joints

The important information regarding the joints are the length of the joint, the operating pres-
sure and the geometric properties. The different joints presented below are designed/manufac-

tured by Dril-quip, Oil States Industries, Claxton and GE Oil & Gas.

Dril-quip has designed a joint with six auxiliary lines attached to the riser. The joints are usually
slick or buoyant joints, where the latter is manufactured by other companies. The buoyancy

joints are designed to integrate with the slick joints created by Dril-quip (Dril-Quip, 2014).

Cameron has two different designs for the riser joints, the LoadKing riser and the RF riser. The
LoadKing riser is designed for deep water, 7000 feet or more, and has tension ratings up to 4
MMIb. The RF riser is designed for mid water drilling, and has tension ratings up to 2 MMIb
(Schlumberger, 2015).

Oil States Industries have designed two joints, the OR-F joint and the OR-6C joint. The OR-F
joint is either slick a joint or buoyancy joint, of lengths between 5 feet and 90 feet, approved

by API 16F (Oil States Industries, 2012b). The OR-6C joints have the same length as the OR-E
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and is a box up pin down connection. The joint can also be buoyant joint or a click joint, and is

approved by API 16F (Oil States Industries, 2012a).

Claxton have several types of joints in different dimensions and operating pressures. All of
the joints have flange type API. Three joints have the same minimal diameter of 13.5/8 inches,
but different operating pressures and lengths. The largest operating pressure is equal to 15000
pound per square inch and is 20 feet long. Next in line is the joint with 10000 pounds per square
inch and length equal to 275 feet. At last is the joint with the smallest operating pressure, 5000
pound per square inch, with length of 50 feet. Another type of joint, designed by Claxton, has di-
ameter 20.3/4 inches. The joint is 55 feet long and has operating pressure equal to 3000 pound
per square inch. In addition to the joints mentioned above, Claxton has designed two other
joints with same minimal diameter of 21.1/4 inches. The operating pressures are 5000 pounds
per square inch and 2000 pound per square inch, and the lengths are 33 feet and 135 feet re-

spectively (Claxton, 2014b).

2.4.3 Buoyancy modules

The buoyancy modules are designed by several companies. However, the information regarding
the density of the modules are often protected, and the information is therefore limited. Two of
the largest companies designing buoyancy modules are Trelleborg and Balmoral Offshore En-
gineering, but both companies have limited information on their websites. Another company
which provides design of buoyancy modules is Matrix Composites and Engineering. They com-
pany has restricted the information available on their website, but after a wider search more
detailed information was found. Matrix Composites and Engineering have buoyancy modules
which are either in two or in three parts, depending on how the line assemblies are managed.
The modules consist of a core and a skin. The core is made of composites syntactic foam that is
vacuum processed and moulded, and the skin is FRP reinforced. Matrix Composites and Engi-
neering divide the densities in four different categories of densities, premium, ultra-light, hybrid
and standard. The first category is the lightest density and the last is the most heavy density. For
the premium density, the lift efficiency is maximized by reducing the cross-section area of the

buoyancy. The Ultra-light density has properties which helps reducing the tensioner capacity
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and improves the lift per riser joint. These qualities are achieved by decreasing the weight of
the riser when it is submerged, and by reducing the cross-section area of the buoyancy respec-
tively. As an example, for a 75 inch joints of total height of 3048 m/1000 feet the outer diameter is
reduced by 4 inches and the weight by 4884 kg/10745 pounds. The Hybrid density is more eco-
nomical compared to the Premium and Ultra-light densities, and the Standard density is used
when there are no specific requirements concerning the operational drag loads, the dry weight
or the dimensions. The densities are given in table 2.1 for selected depths (Matrix Composites

and Engineering, 2014).

Depth  Premium [kg/m3] Ultra-light[kg/m?3] Hybrid[kg/m?3] Standard[kg/m?3]
[m]

610 324 (min) 346 (min)

1219 396 (min)

1829 428 461 488

2134 449 484 516

3353 523 (min)

3658 601 (max) 649 (max)

4267 569 (max) 591 (max)

Table 2.1: Buoyancy module densities

2.4.4 Lower flex joint

The important information regarding the flex joints are the angular deflection and the working
pressure. The different flex joints presented below are designed by Dril-quip, Cameron, GE Oil

& Gas and Oil States Industries, and placed at the lower part of the riser, above the LMRP.

The lower flex joint designed by Dril-quip has angular deflection up to ten degrees, and are used
in water depths up to 12000 feet (Dril-Quip, 2014). Cameron have designed a flex joint with
same angular deflection and water depth. The joint has a working pressure up to 6000 pound
per square inch (Schlumberger, 2015). The flex joint designed by GE Oil & Gas has same angular
deflection, but an internal pressure of 3000 pound per square inch. The tensile load capacity is
up to 2 million pound (GE Oil & Gas, 2008). Oil States Industries has also same angular deflec-
tion, but a working pressure up to 6000 pound per square inch. The maximum water depth is

12000 feet and the max axial tension is 3500 kilo pounds (Oil States Industries, 2016a).



Chapter 3

Theory

There are several types of software that can be used to analyze drilling risers. Two of them are
presented in this chapter, RIFLEX and Flexcom. RIFLEX was used in the project thesis, while
Flexcom in the master thesis. A focus has been given to the theory based on the RIFLEX program,
but a comparison to the Flexcom software has been given for the fundamental theory in 3.1,

static analysis in 3.2.1, eigenvalue analysis in 3.2.2, and dynamic analysis in 3.2.3.

3.1 Fundemental theory

RIFLEX uses two reference systems for describing the motion of the particle, the total Lagrangian
formulation and the Co-rotated ghost reference. The first formulation is used for bar elements,

and the second for beam elements.
For a general reference system, the position of a particle at time t, is given by equation 3.1, where

X is the position vector and u is the displacement vector.

xX, ) =X+u (3.1

20
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This is implemented into finite element formulations with equation 3.2. The notations are the

same, expect the displacement vector is now denoted with v.

x=X+vVv (3.2)

Each node of the structure has three translations and three rotations. The movement of the
node is followed by a base vectors i;, which is parallel to the global base vectors I;, as shown in

figure 3.1.

z(n)
i3

initial
position
1([}]
)

displayed
and rotated position

Figure 3.1: Translation and rotation of nodal point (MARINTEK, 2015a)

The orientation of the nodal point is given in equation 3.3, where T;; is the rotation matrix.

:(n) _ x(n
i, =T;

1; (3.3)

The orientation of the nodal point at configuration C,,+; from a point at C,, is found by updating
the transformation matrix. This is shown with equation 3.4. I; is the original coordinate frame

vector.

i/ (n+1) =T (3.4)
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For small increments, equation 3.4 can be expressed with equation 3.5, where the rotation ma-

trix is expressed as Ty;.

n+l

i (n+1) =T 1; =T} Ty;1; (3.5)

The nodal displacement in the Cy, configuration is defined with two new coordinate systems,

as shown in figure 3.2.

Figure 3.2: Displacement for beam element(MARINTEK, 2015a)

The base vectors, i;, represent the transformation between the global system and Cy,, configu-

ration, and is given in equation 3.6.

i, =T; /1 (3.6)

The base vectors i(l.), follows the end of the beam as it deforms, as shown in equation 3.7. The

equation is obtained by inverting equation 3.6 (MARINTEK, 2015a).

i) =T5 0 = T) Ty i (3.7)
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3.1.1 Bar element

The motion of material particles have position vectors referring to a fixed coordinate frame with
base vectors I; in the initial configuration Cy. The strains in the deformed configuration, C,,
and incremental configuration, C,41, are referred to the initial configuration. This is the total

Langrangian formulation.

Motion

The motion of the material particle in the total Lagrangian formulation is shown in figure 3.3.

initial
configuration

[3r _,.-F/: deformed

D configuration
e g
o
II
1

Figure 3.3: Total Lagrangian formulation(MARINTEK, 2015a)

Strain
The strains for the Lagrangian formulation is defined by Green strains, where the differences in

length for segment PQ shown in figure 3.5, is given in equation 3.8.

ds? —dSs =2dX-E-dX (3.8)

The strain tensor is given in equation 3.9, where I; is the original base vector and I is the original
coordinate frame.

E =E;;I;1; (3.9)
The strain component is given in equation 3.10.

1({0u; O0u; Ouy, duy

Eij=— + +
Yo2\oX;  oX;  0X; 0X;

(3.10)
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Stress

The stress tensor is given by 2nd Piola-Kirchhoff stress, and is shown in equation 3.11.

S = §;;Li1; (3.11)

Principle of virtual work
The Green strain and the Piola-Kirchhoff stress is used in virtual work equations which express
dynamic equilibrium. Equation 3.12 express the virtual work, where Ay is the surface and f

surface traction. Vj is the volume and f; the body forces for initial configuration.

SaEdV():f

l'o'all'dA0+f fo'dll'dVo (3.12)
Ao Vo

Vo

For non-linear problems linearization between C,, and Cj,;; gives the incremental form of the
equilibrium equation, shown in equation 3.13. The first term gives the geometric stiffness, and

the second term material the stiffness.

(S:0AE+ AS:0E)dV, :f

Al’o'@“'dAo-Ff Af()'dll'dVQ (3.13)
Ag

o Vo

Dynamic equilibrium
The dynamic equilibrium equation is given in equation 3.14, where ¢ is the viscous damping

density function and p is the mass density.

S:OE-dV0+f po-ﬁ-@ll'dV()+f é'l:l'GU'dVo:f
Vo Vo

to-@ll'dAo-i-f fo-ou-dVy (3.14)
Ao Vo

Vo
Incremental form in is shown in equation 3.15.

(SZ@AE+ASIGE)61V0+[ ,00'Aﬁ'011'dV0+f 5'Ail'6l1'dV():f AtQ'GU'dA()-Ff Afo'@ll'dVo
Vo Vo W Ao Vo

(3.15)
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The fundamental theory is now implemented into finite element formulations. The bar element

has two nodes, with three degrees of freedom (DOF), as shown in figure 3.4.

Initial configuration

Figure 3.4: Bar element (MARINTEK, 2015a)

The strain is expressed with Green strain, stress with Piola-Kirchhoff stress and the displacement

with interpolation functions. The interpolation functions are given in equation 3.16.

N=N, =N, =[1-¢,] (3.16)

From virtual work equation 3.12, the internal reaction force vector can be expressed with equa-

tion 3.17. Ly is the initial stress free element length and N is the axial force.

- S. ; - CAx ;
Sz1 N | —Az
Sint = =— (3.17)
L
ng 0 AXx

| SZZ ] | AZ

From the non-linear problems expressed in equation 3.13, the tangential stiffness relation can
be expressed for an element, as shown in equation 3.18. kg and k), defines the geometric and

material stiffness matrices respectively.
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ASins = (kg +kyp)Av (3.18)

The external nodal load vector in three DOFs can be expressed with the interpolation functions

and intensity load vectors, as shown in equation 3.19.

S%, Py
_ _ T
$¢=| s¢ _fLN N| p, |dx (3.19)
St P,

Both structural mass and added mass are considered in the mass matrix. Structural and added

mass in three translations are given by equation 3.20 and 3.21 respectively.

m*=m’| N'Ndx (3.20)
Lo
h h
muu mx
m"=| m”", :fLONT ml | Ndx (3.21)
h h
mww mZ

The structural mass per unit length, m® is equal in all directions, but the added mass per unit

length, m" will vary in the three directions.

Both structural and hydrodynamic damping are considered in the damping matrix. The struc-
tural damping is expressed with the Rayleigh damping model, as explained in 3.2.3. There are
no hydrodynamic damping contributions in x-direction, but for y and z-direction the damping

is expressed in equation 3.22 (MARINTEK, 2015a).

T
Cuu Ny 0 Ny
c= Cuy :fL N, CJI;L N, dx (3.22)
0
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3.1.2 Beam element

The motion of the particles are related to a local coordinate frame with base vectors, I;, that both
rotates and translates around the average motion of the body. The base vectors come from the
original base vectors I;, from the initial configuration Cy, that rotates along Cyp,. By combining
the motion of the local position vector and reference system, the total motion can be found.

This is called the co-rotated ghost reference.

Motion
The motion of the material particle in the co-rotated ghost reference is shown in figure 3.5,

where Cy,, is the reference of the rotation center.

deformed

Cion fl'gura tion g
Incremental

configuration

—_—

Co-rotated
ghost reference

Co-rotated
T base vectors

X
mitial
" ,-/ configuration
31‘ /L
d—

L

1

Figure 3.5: Co-rotated ghost reference (MARINTEK, 2015a)

Strain
The strains for the co-rotated ghost reference is given by Green strains, where the differences in

length for segment PQ in figure 3.5, is given in equation 3.23.

ds? —dsS;=2dX-E-dX (3.23)
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The strain tensor is given in equation 3.24, where I; is the co-rotated base vector and I; is the
co-rotated coordinate frame.

E=E L1 (3.24)

Stress
The stress for the co-rotated ghost reference system is also given by 2nd Piola-Kirchhoff stress,
and is shown in equation 3.25.

S =§;;Ii1; (3.25)
Principle of virtual work
The Green strain and the Piola-Kirchhoff stress can also for the beam element be used in virtual
work equations. The equations will be the same as equation 3.12 and 3.13, but the E;; will be

E;j and the S;; will be S;;. Also, Ay, to, Vo and fo will refer to the co-ghost reference.

Dynamic equilibrium
The dynamic equilibrium equation is also expressed in the same way as for the bar element
shown in equation 3.14 and 3.15, however the same changes must be made, as explained in

principle of virtual work in the paragraph above.

The fundamental theory is now implemented into finite element formulations. The beam ele-

ment has three translations and three rotations for each node as shown in figure 3.6.

8

z2
Eyz
4 \\ v_\"z rVZE __,,ﬂ"axz
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Figure 3.6: Beam element (MARINTEK, 2015a)
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The beam element is based on small strains and Navier’s hypothesis. Shear deformations are
also neglected, as well as lateral contraction and coupling effects between bending and torsion.
The displacements are expressed with interpolation functions with natural coordinates. The
interpolation function in x and angular direction are the same as for the bar, shown in equation

3.16. However, in y and z-direction the interpolation functions are cubic.

From virtual work in equation 3.12, the internal reaction forces can be expressed in equation

3.26.
Su NZ . Nyx
S NT M
Sinr=| " | = f DX Y | dx (3.26)
Sw Lo | NL .. M,
T
So | NO,xx My

The equation consist of cross-section force resultants, which are determined from moment-
curvature and axial force-elongation curves. By using the incremental form of virtual work prin-
ciple defined in equation 3.13, the geometric and material stiffness can be found the same way

as for the bar element.

The external nodal load vectors are expressed in equation 3.27, where N is defined in equation

3.16.
_ : . 1T - .
Sy, Ny Px
s¢ N
ge—| "V | = f "Nl P | ax (3.27)
S, L Ny P
| Sp | | No | [ Po |
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Both structural and added mass are considered in the mass matrix. The structural mass is given

by equation 3.28.

:msf
Lo

dx (3.28)

The added mass is given by equation 3.29. The added mass per unit length changes with the

direction.

s
m;,,
S
m;,
N

mLULU

S
| My,

:fLO

| Mg |

dx (3.29)

Both structural and hydrodynamic damping are considered in the damping matrix. The struc-

tural damping is expressed with the Rayleigh damping model, and is presented in 3.2.3. There

are no damping contributions for the hydrodynamic damping in x-direction, but for y, z and

angular direction the damping is expressed in equation 3.30 (MARINTEK, 2015a).

cuu

Cyv

| Coo

J.

Ny

N <> o

=

Ny

dx (3.30)
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Flexcom uses a 3D beam element called a hybrid beam-column element with fourteen DOFs,
as shown in figure 3.7. The axial force is interpolated separately from the axial strain, and the
stress-strain compatibility relationship is not inserted into the virtual work, but applied outside

with Lagrangian constraints. The torque has also been applied with Lagrangian constraints.

Figure 3.7: Hybrid beam-column element (Wood Group Kenny, 2015)

The method for solving the equilibrium equations is called the convected coordinate method
(CCM). Each element has a convected coordinate axis (CCA) which follows the movement of the
element as it displays through space, as shown in figure 3.8. The local displacement vector in
the convected axis system is defined as utel = [y, uy ] and the local rotation vector as ule f=
(wy—ul, ug,] , when assuming small rotations. Each element has an equation of motion according
to the CCA, and is assembled into the global set of equations. The equation of motion for each
element are obtained from the virtual work statement, which includes calculation of the internal

virtual work and the external virtual work.

Figure 3.8: Convected axis system (Wood Group Kenny, 2015)
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The internal virtual work is calculated by substituting the strains and the stresses into the in-
ternal virtual work statement. The strains are Greens strains, and are a sum of the linear and
nonlinear strains. They are presented both on total and incremental form for calculation of the
internal virtual work. The stresses are 2nd Piola-Kirchhoff stresses and are given by the axial
force and the torque moments. An additional stress vector is defined due to the applied La-
grange constraints, which is solved directly in the finite element equations. The external virtual
work is calculated by substituting the displacements and accelerations into the external virtual
work statement. The displacements and accelerations are found by interpolation of the nodal
solution vector. The local nodal solution vector d%¢/ is based on the local rotation vector and
the local displacement vector given above. The interpolation is linear for u, and w,, but cubic
for uy, and u,. The forces, axial force and torque moment in x-direction, are constant over the
element. The equation of motion for each element is rotated before assembling them into the

global set of equations (Wood Group Kenny, 2015).

3.2 Analysis

3.2.1 Static analysis

In order to obtain equilibrium, a static analysis is conducted. A static analysis in RIFLEX begins

with equation 3.31. The displacement vector is found from this equation.

R%(r) =RE(r) (3.31)

The left hand side of the equation represents the internal reaction force vector, and the right
hand side represents the external force vector. Both of the reaction forces are nonlinear func-

tions.

The static equilibrium is found with Euler-Cauchy incrementation. This procedure is based on
dividing the load into small increment loads, and then solve for equation 3.31 for each step. The

difference in force vectors is given in equation 3.32.
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Ri(r) =RY(r) —RE(r) (3.32)

The displacement vector from the previous incremental load step, k, is used to solve the equa-
tion. The displacement vector at the new incremental load step is given in equation 3.33, where

Ar](c) is shown in equation 3.34.

) =1y — Ar} (3.33)
R ]!
Ar%:—[ a’; 1] ®RS_, -RH (3.34)

The partial derivative in 3.34 represents the tangential stiffness matrix, K, which be expressed
as in equation 3.35. Kg represents the material and geometric stiffness and Ky represents load

correction stiffness from the change of the displacement vector (MARINTEK, 2015a).

K_aR_aRS aRE_K K (3.35)
~or  Or or o B )
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Euler-Cauchy method does not fulfill total equilibrium, as shown in figure 3.9 (Moan, 2003).

calculated by
R Euler-Cauchy

—-—/ \‘ true variation of K{ rir=R
AR, Ty = br, = K (0) AR,
r, = rl_+£r:, = rlfkltr.}_Lth
-1
ry = rytir, = r,'}ZI(rzl AR,

AR,

AR,

Ar, | br,

Figure 3.9: Euler-Cauchy incrementation (Moan, 2003)

In order to correct the displacement vector, an approach called Newton-Raphson iteration pro-
cedure is adopted. The displacement correction is shown in equation 3.36 and 3.37 (MARINTEK,
2015a).

Jj_ J-1 J
r,=r, —Ark (3.36)
S A
Jj_ J
Ark— “or R,C 3.37)

The Newton-Raphson approach is shown in figure 3.10 and the combination of the incremental

and iterative method is shown in figure 3.11 (Moan, 2003).
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Ri-R = 0

R-Ri

Ri

T, L, L .

Figure 3.10: Newton-Raphson method (Moan, 2003)

iteration
increment

T
1 f T r

Figure 3.11: Combination of incrementation and iteration (Moan, 2003)

The convergence criterion is given in equation 3.38, where || r¢ ||= %2?21 r,%l. and € is a given

tolerance (MARINTEK, 2015a).

. . L
WAXLI e 1= 1 ]

;= ; <e€ (3.38)

[P [P
The increment steps must be small, and the analysis can therefore be time consuming because
equation 3.35 must be updated for each step. The efficiency can be increased with modified
Newton-Raphson method, where equation 3.35 is either updated after first iteration or never

updated (Moan, 2003).
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Flexcom solves the static analysis the same way as RIFLEX. Loads and displacement are divided
into increments, and are increased linearly to their full value over n steps. Convergence to equi-
librium is obtained by iteration to another fixed point in order to account for the nonlinearities.
This is done by updating the global rigid body vector D, on the convected axis. The global rigid
body vector is obtained from the global rigid body translation vector U, ;. The global rigid body
translation vector U, is added to the global displacement vector Uy, r, which gives the transla-
tion deformation components U. The translation deformation of a material point is shown in

figure 3.12.
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Figure 3.12: Translation deformation of a point in the material (Wood Group Kenny, 2015)

The total nodal solution vector is obtained from this, and is a sum of the global nodal solution
vector D¢/ and the global rigid body vector D,;, from the transformation of the local equilib-
rium equations from the local convected axis to the global axis. By updating the global rigid body
vector D,j, the geometric nonlinearities form large deflections are taken into account (Wood

Group Kenny, 2015).
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3.2.2 Eigenvalue analysis

In order to obtain the natural frequencies and mode shapes of the structure, an eigenvalue anal-
ysis is conducted. The result from an eigenvalue analysis will give an indication on how the

structure will behave when it is exposed to dynamic loading (DNV, 2010a).

An eigenvalue analysis in RIFLEX is derived from the dynamic equilibrium equation given in

equation 3.39.

M7 +Cr +Kr =Q(?) (3.39)

The damping matrix and the load for a free undamped vibration is set equal to 0, and the dy-

namic equilibrium equation is reduced to equation 3.40.

M7 +Kr =0 (3.40)

Since the vibration is harmonic, the displacement can be expressed as shown in equation 3.41.

r=¢sin(wt) (3.41)

When inserting the equation for displacement, 1, into the dynamic equilibrium equation, the
general eigenvalue problem is obtained, as shown in equation 3.42, where ¢ is the eigenvector,

w is the eigenfrequency, K is the stiffness matrix and M is the mass matrix.

(K- w*M)¢p=0 (3.42)

The stiffness matrix is symmetric and banded. The mass matrix is also symmetric, however it

can be either banded or diagonal, depending on whether the mass is consistent of concentrated.
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An important property of the eigenvectors is that they are linearly independent. This means that
the displacement can be expressed as a linear combination of mode shapes, as shown in equa-
tion 3.43, where ¢ are the mode shapes and y is the displacement amplitudes. This is convenient

because the total solution can then be found by modal superposition.

r=)Y ¢iyi(t) =y (3.43)
i=1

In order to use superposition principles, a modal equation of motion must be found for each
mode shape. This can be found by transforming the coupled dynamic equilibrium equation into
an uncoupled set of equations. The set of equations are expressed with generalized quantities,
which are derived by using orthogonality properties. The properties are shown in equation 3.44
an 3.45. The same properties are also assumed for the damping matrix (Langen & Sibjernsson,

1979)
$/Kp;=0, when i#j (3.44)
¢{Mp;=0, when i#j (3.45)

Flexcom solves the eigenvalue analysis the same way as RIFLEX, by solving for equation 3.42

(Wood Group Kenny, 2015).
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3.2.3 Dynamic analysis

A dynamic analysis is conducted in order to investigate how the structure behaves when ex-
posed to dynamic loading. The system becomes nonlinear because the inertia and damping
forces depends on the displacement, and because the internal force vector and the external
force vector depend on the displacement vector. In addition, the external force vector also de-

pends on the velocity. The dynamic equilibrium equation in RIFLEX is given in equation 3.46.

R, i, ) +RP(r, 7, 0) +RS(r, 1) = RE(r, 7, 1) (3.46)

The inertia force vector, R’, consist of mass from fluid, structural mass and hydrodynamic mass.
The damping force vector, R”, consist of structural and hydrodynamic damping, in addition to

discrete dashpot dampers.

There are three possible analysis methods; nonlinear time domain analysis, linearized time do-
main analysis and frequency domain analysis. The nonlinearities accounted for in these anal-
ysis are the geometric stiffness, contact problems, nonlinear material, load integration to the
exact surface and hydrodynamic loading when relative velocity is accounted for. The nonlinear
time domain analysis is a numerical integration procedure of the incremental dynamic equilib-
rium equation. The procedure is based on Newton-Raphson, and is time consuming because
the mass, damping and stiffness matrices must be updated for each step. In order to decrease
computational time, a linearized time domain analysis is a possibility. The method is based on
constant system matrices, expect for hydrodynamic loading, which is updated for each step.
The third option is the frequency domain analysis, where all the system matrices are linearized
at static equilibrium (MARINTEK, 2015a). According to DNV standards it is common to conduct

a time domain analysis for marine risers(DNV, 2010a)

The dynamic equilibrium equation is solved based on Newmark f -family and Wilson 6 -method,

shown in equation 3.47 and 3.48.

Frpar =1+ (1 —'}/)i;[AT + 'y.l;[.}.ATAT (3.47)
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) 1 . .
Fevar =F +EAT+ (5 = B+ (AT)? + PFrens (AT)? (3.48)

From these equations the displacement and velocity are found, as shown in figure 3.13.

I(U "U) e

T% k_‘ U 11

. 1 - U(t)
%1 |

' U
Y L'//" k+]
"k

L

/ Uk+l
Yk

o

"k e ]

Figure 3.13: Constant average acceleration (Langen & Sibjernsson, 1979)

From Wilson- method, the acceleration is interpolated between time t and t+ A t, as shown in

equation 3.49, where 0 is equal to 1.

Frypar =T+ g(rt+AT —I) (3.49)

The y value describes a system with or without artificial damping. If there are no artificial damp-
ing, the value is equal to 1/2. When the acceleration is assumed constant over each time step, 8
is equal to i. The time domain analysis is performed by using Newton-Raphson iteration, which
integrates the incremental dynamic equilibrium equations. In the equations, tangential mass,
damping and stiffness matrices are used in the beginning of the increment, in order to linearize
the equation. The tangential stiffness matrix can be established as a linear combination. The

equation is given by the global Rayleigh damping model. The model gives the overall damping
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level, and is shown in equation 3.50.

C=a:M+ayK (3.50)

An important aspect with this model is that the damping matrix is orthogonal to the eigenvec-
tors. With this property, the modal damping for a linear system can be expressed as shown in

equation 3.51, where w is the eigenfrequency.

a
Ly agwi] (3.51)
w;

Ai=-

At the end step of the iterations, the dynamic equilibrium equation is not satisfied. This must
be corrected by iteration. A modified Newton-Raphson procedure can be applied in order to

decrease computational time.

The loads acting on the system comes from weight and inertia, hydrostatic forces, hydrody-

namic forces and forced motion of line.

Hydrostatic pressure

The beam elements have pressure independent cross-section properties in the analysis, and
the equilibrium conditions will therefore not be affected by the hydrostatic pressure level. The
result of this is that the structure can be analyzed with a volume force model, which use vertical,
conservative forces to represent the hydrostatic effects. Since the forces are in equilibrium with

the effective tension, the axial force is left out when calculating the equilibrium for one iteration.

The hydrostatic pressure is therefore determined based on the effective weight and effective

tension defined in equation 3.52 and 3.53 respectively.

w=mpg—Aepg+Aipi& (3.52)

The mass in the equation is the mass of the pipe per unit length.
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T=T,— AePe— AiP; — p;AiV? (3.53)

The index notations refer to internal area and pressure, i.e. A; and P;, and the external area and
pressure, i.e. A, and P,. The tension in the pipe wall, which comes from the normal stresses, are

given as T}, in the equation and the v; is the velocity of the internal fluid (MARINTEK, 2015a).

Hydrodynamic pressure
A generalized Morison’s equation is used to calculate the hydrodynamic forces for an element

dx in three directions, as shown in equation 3.54.

Fr=dx[(pA+mBul —mBir+ CE\US + up— g | (U + up—ig) + CE,(US + ub— #r)]  (3.54)

The directions are denoted R in the equation, and represent the x, y and z-direction. The param-
eter r is the displacement component of the structure, p the water density, m, the added mass
in 2D, Cp the quadratic drag coefficient, Cp; the linear drag coefficient, U the current velocity
component and u! the velocity component (MARINTEK, 2015a). According to DNV rules, the
added mass coefficients should be 2, and the drag coefficient between 0.7 and 1.0 (DNV, 2010a).

The dynamic analysis in Flexcom is found by solving for the equilibrium equations at discrete
time steps. The discretization of the equations are solved with the Hilber-Hughes-Taylor method,
which is a special case of the Generalised-a-method. The variation of displacement, velocity
and acceleration for each time interval is solved by implicit integration which means that equa-
tions of motion are solved for each solution time. In other words, the solution at time ¢+ At
is based on the condition at time ¢+ A, and not at t, which is for explicit integration. In or-
der to ensure that the equilibrium equations are solved at any time of the solution, the steps
must be small enough. The velocity and the acceleration are found by solving the equations
for the Generalised-a-method by setting a,, =0. The damping model used in the analysis is
the Rayleigh damping model. This is the same model which is used in RIFLEX. The stiffness
component in the damping model includes both the geometric and the structural stiffness. The

hydrodynamic forces are calculated with Morison’s equation (Wood Group Kenny, 2015).
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3.2.4 Fatigue analysis

Fatigue crack growth for welded joints goes through three stages, initiation phase, fatigue crack
growth phase and final failure phase. Phase one is often dominating in machined components
with smooth surface. The initiation phase is modeled based on cyclic strain. For low cyclic strain
the plastic strain is the governing, but for high cyclic strain, the elastic strain is governing. The
fatigue crack growth is dominating in phase 2. The reason behind this is because of defects due
to the choice of material, welding procedure and other factors. The crack growth is due to cyclic
stresses/strains at the crack tip. The stresses are often below yield at this stage, which makes
it possible to apply linear elastic fracture mechanics. The stress/strain field is characterized by
the stress intensity factor K, which is related to the cyclic stress intensity factor AK. The crack
growth rate is given by the Paris-Erdogan crack growth relation % = C(AK)™, where C and m
are fitting parameters. In the last phase the crack growth rate will increase significantly and lead
to failure. The crack growth curve is shown in figure 3.14.
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Figure 3.14: Crack growth curve (Berge, 2006)
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The crack growth curve can be directly related to the S-N curve, where the exponent m of the

Paris’ law becomes the negative inverse slope of the S-N curve (Berge, 2006).
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>

Figure 3.15: S-N curve relation to the crack growth curve (Berge, 2006)

The S-N curves are found experimentally and give the number of cycles to failure, N, for a given
stress range, Ao, as shown by equation 3.55. The parameter m is the negative inverse slope of

the S-N curve and log a represent the intercept of log N axis, given by equation 3.56.

logN =loga— mlogAo (3.55)

log ais the intercept of the log N axis with the mean S-N curve and )¢ is the standard deviation

forlog N (DNV, 2011a).

loga=1loga—2siogn (3.56)

If the pipe thickness is larger than 25 mm, a thickness correction factor, which gives the ratio be-
tween the average pipe wall thickness and the reference wall thickness, is applied (DNV, 2010b).
The S-N curve is then given by equation 3.57 (DNV, 2011a).

k
t
logN =loga—mlog AU( ) (3.57)
tref
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Load-time histories can be obtained from the time domain analysis. The load-time histories

have a variable amplitude loading, because the structure is affected by waves, wind and current.

There are particular events which can be found in an irregular load-time history. These events

are listed below and defined in the load-time history in figure 3.16 (Berge, 2006).

Reversal is the event where the first derivative changes sign

Peak is the event where the first derivative changes from being positive to negative

Valley is the event where the first derivative changes from being negative to positive

e Range can either be positive or negative. A positive range is the difference between a valley

and peak, while a negative range is the difference between a peak and valley.

* Mean crossing is the total number of times the mean load level is crossed.

Time

|| _!:*]Rnnge Peak
a8l Revarseal (-)JRange
o ! ™ B
|

l

| S| PR TR N VNS e e - N, O

|

|

i

| Ref.load

| & —

I = Mean crossing

| Valley Reversal

Figure 3.16: Load history (Berge, 2006)

The load-time histories can be transformed into stress-time histories. This is calculated based

on equation 3.58 (MARINTEK, 2015b).

(3.58)
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The stress-time histories can then be divided into individual cycles. The cycles can be counted
with different methods and the method which gives the most accurate representation of the
fatigue process, should be selected in the analysis. Some examples of counting methods are
peak counting, simple range counting, level crossing counting and rainflow counting. If the low-
cycle fatigue is to be investigated, the recommended method is the rainflow counting method.
Additionally, the bandwidth of loading is an important factor for selecting the correct counting
method. If the loading is narrow-banded, all four methods can be used above. However, for

wide-banded loading the recommended method is rainflow counting.

The Rainflow counting method counts the reversals in the load history, which is given by the
stress-strain response of the material. The principle behind the method is shown in figure 3.17
and 3.18. The cycles are counted for each time the hysteresis loop is closed. The strain-stress

history is unaffected by each of the cycles.
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Figure 3.17: Strain history (Berge, 2006) Figure 3.18: Stress-strain response (Berge, 2006)
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The rainflow method comes from the pagoda roof analogy, shown in figure 3.19. The counting

is performed in the three steps listed below the figure.

Strain
1
half - 2
cycles cycles 3
2-3-2'|1~2-4
8-9-8 f4-5-7 T2 B4
5-6-5 |7-8-10

X Strain
recerd
~,

ﬁ Counfing

Figure 3.19: Pagoda roof rainflow analogy (Berge, 2006)

Time

* From inside of each peak/valley, the rain will drop down from the roof till it hits the edge.

Further will the rain drip from the edge of the roof.
* The cycle is completed when the rain meets another flow from above.

e If the flow starts from valley, the flow will stop when it comes opposite of another valley,
if the valley has a higher negative value. If the flow starts from a peak, the flow will stop

when it comes opposite of another peak, if the peak has a higher positive value.



CHAPTER 3. THEORY 48

The rainflow counting is performed for each load history representing a sea state. After counting
all the cycles, the fatigue damage can be found by Miner-Palmgren summation (Berge, 2006).
The Miner-Palmgren summation is quite simple, but has proven to give good accuracy. The
theory behind the method assumes that the damage per load cycle at a given stress range is
constant D = 1/N. In this equation the N represents the constant amplitude endurance, given

at a certain stress range (Almar-Nzess, 1985).

For a stress history, the Miner-Palmgren summation can be written as shown in equation 3.59.
The numerator in the fraction is the number of stress cycles, n, for a given range S;. The de-
nominator is the total number of stress cycles to failure, which is expressed by the S-N curve in

equation 3.55.

n(Si) (3.59)
(Si)

D=
Ly

The damage obtained from the summation must fulfill a given criterion, which is given in equa-
tion 3.60. The DFF is the design fatigue factor which is a safety factor which increases the prob-

ability. This factor is applied to avoid failure from fatigue (DNV, 2010b).

D-DFF <1 (3.60)
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3.2.5 Vortex induced vibration analysis

Slender structures are often influenced by vortex-induced vibrations. VIV are vibrations from
vortices shed from a cylinder, when placed in an environment with current. Two vortices are
shed for one cycle, and from this forces are developed. The forces are either in the in-line (IL) di-
rection or the cross-flow (CF) direction. The IL-force have twice the vortex shedding frequency;,
while the CF-force have the same frequency as the vortex shedding frequency. The force that
cause the CF vibrations is the lift force, and the force that cause the IL vibrations is the drag
force. The latter force is greatly affected by VIV. When VIV increases the drag force increases too.

This means that VIV will influence the static deformation.

The vortex shedding frequency is defined in equation 3.61, where St is the Strouhals number, U

is the flow speed and D is the diameter of the cylinder.

fr= 2™ (3.61)

The Strouhals number is a function of the Reynolds number, which defines the vortex shedding
pattern behind a cylinder. However, for Reynold numbers between 300 and 300000 the Strouhals
number is close to 0.2 and the vortex shedding process is close to constant. Experimental test are
often conducted in this regime, but full-scale structures will experience much higher Reynolds
numbers than the ones in the sub-critical regime. It is, however, been decided that one can use
the data from the sub-critical regime for the full-scale structures, and still have a conservative
analysis. In the latest publications there have been results showing that the Reynolds number
has a certain effect which leads to a higher Reynolds number, and therefore affects the response.
However, the results show great uncertainty and more data should be gathered for further inves-

tigation of this effect.

When the velocity of the incoming flow increase the frequency increase as well. This means that

the IL response will be at a lower velocity oppose to the CE This can observed in figure 3.20.
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Amplitude ratio, A/D

Reduced velocity U;

Figure 3.20: Response amplitude and reduced velocity for IL and CF respons (Larsen, 2011)

If a cylinder oscillates freely, a phenomenon called lock-in can occur. This means that the oscil-
lation frequency controls the vortex shedding frequency, and changes its frequency. The oscil-

lation frequency is defined in equation 3.62.

1 k
fosc =

2n | m+mgy

(3.62)

The oscillation frequency is different from the eigenfrequency because added mass changes.

The eigenfrequency is given in equation 3.63.

1 k
Com m+ meyg

fo (3.63)

How much the eigenfrequency will be affected by the added mass, depends on the amount of
dry mass of the cylinder. Therefore, a heavy or light cylinder will have different responses since
for a light cylinder the added mass is more able to change the eigenfrequency. This means that
for a given velocity range, a light cylinder will vibrate for longer time. The vibrations depends on
the response amplitude. The ratio A/D must be less than 1.2, otherwise damping will occur. An
illustration of three different cylinders response to reduced velocity and flow speed is shown in

figure 3.21 and figure 3.22 respectively.
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Figure 3.21: Response amplitude and reduced velocity for different cylinders (Larsen, 2011)
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Figure 3.22: Frequency and flow speed for different cylinders (Larsen, 2011)

From a forced oscillation test the added mass, drag and lift force and force coefficients can be
found. The oscillation pattern for the cylinder is harmonic and the added mass and the force
coefficients are plotted in contour plots, one for each of the response. Since the CF response will
always occur with the IL response, as shown in figure 3.20, the combined response coefficients
must be found. However, the result from investigating this shows that the coefficients are greatly
affected by small changes of the phase angles. In addition, the forces found from harmonic mo-
tions in CF and IL direction, are influenced significantly by higher order harmonic components

(Larsen, 2011).

There have been several investigations of VIV and fatigue and several experimental tests have
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been conducted. From the tests it has been shown that the IL vibrations can lead to fatigue
damage. This is because of the high number of cycles. CF vibrations can also lead to fatigue.

This is because of the high vibration amplitudes (Suzuki et al., 2015).

3.3 Stochastic theory

3.3.1 Regular wave environment

The regular wave environment can be modeled with Airy linear wave theory or with Stoke’s fifth
order wave theory. The two methods differ from where the boundary condition pressure is de-
fined. For Airy linear wave theory, the pressure is defined at the mean water level (MWL). This
means that the theory is only valid for infinitesimal amplitudes. For Stoke’s fifth order wave
theory the pressure is approximated at the MWL. This means the wave has a finite height and
describes therefore well the accelerations and wave induced velocities in the wave crest. Figure
3.23 illustrates the two wave theories (MARINTEK, 2015a).

A — Ay
——- Stoke 5th

Figure 3.23: Airy linear wave and Stoke’s 5th wave profile (MARINTEK, 2015a)

3.3.2 Irregular wave environment

The wave elevation of the irregular wave environment is created by summation of wave compo-

nents, as shown in equation 3.64. The amplitude, A}, is given in equation 3.65.

N
y=) Ajsin(wjt—kjx+e;) (3.64)
=1
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1 2
547 =SWphw (3.65)

The circular frequency, w j, and the wave number, k;, are given by the dispersion relation and the
random phase angle, €, is uniformly distributed between 0 and 27. The Gaussian distribution
represent the instantaneous wave elevation. This distribution has properties resulting in a zero

mean value and a variance which can be shown to be equal to equation 3.66 (Faltinsen, 1998).

o’ = f OOS(w)dw (3.66)
0

The wave spectrum used in the analysis is 3-parameter JONSWAP spectrum. The spectrum is
developed for the North Sea area, and is limited to fully developed sea states (Myrhaug, 2007).
The spectrum is calculated according to equation 3.67, where o = 0.07 if w > w, and o = 0.09 if

wp = o (MARINTEK, 2013).

exp

_ 5 o (@pY 5(wp\*
Sn(w)—EHSTp(?) exp(é—l(;) (1-0.2871ny)y (3.67)

The v is called the peakedness parameter and is calculated according to "Prediction of charac-

teristic response for design purposes" by Statoil shown in equation 3.68 (Haver, 2013).

6/7
2w Hg
(3.68)

=42.2
! ( gT;
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Rules and standards

The relevant standards for marine drilling risers are DNV-OS-F201-Dynamic risers (DNV, 2010a)
and Design of Offshore Steel Structures, General-LRFD Method (DNV GL, 2015). The relevant
recommended practices are DNV-RP-C203-Fatigue Design of Offshore Steel Structures (DNV,
2011a), DNV-RP-F204-Riser Fatigue (DNV, 2010b), API-RP-16Q-Design, Selection, Operation and
Maintenance of Marine Drilling Riser Systems (API, 2010a) and API-16R-Specification for Marine
Drilling Riser Couplings (API, 2010b). The standards and recommended practises presented in
this chapter are given for the marine drilling riser and the components used in the analysis in

Flexcom.

4.1 Limit states

Marine riser systems are designed after four limit states, ultimate limit state (ULS), fatigue limit
state (FLS), serviceability limit state (SLS) and accidental limit state (ALS). ULS requires that the
riser has strength and stability to resist loads with 102 annual exceedance probability. ALS is a
limit state based on ULS, but considers accidental loads instead. FLS is also based on ULS, but

considers fatigue from cycle loads. SLS requires that the structure must be able to operate.

The loads acting in the system are pressure loads, functional loads, environmental loads and

accidental loads. The pressure loads come from the internal and external hydrostatic pressures.

54



CHAPTER 4. RULES AND STANDARDS 55

The functional loads come from the weight of the internal fluid, the weight and buoyancy of
the riser, marine growth, applied tension, thermal loads etc. Environmental loads come from
waves, current, ice, earthquake and floater motions. Accidental loads come from fire, explo-

sions, collisions, etc.

The design loads are defined by multiplying the load with a load factor. The design bending
moment is given in equation 4.1 and the design effective tension is given in equation 4.2. The

index, F represents the functional loads, E, the environmental and A, the accidental loads.

Mg=vr-Mp+Yyg-Mp+ya-My 4.1)

Tea=Yr Ter+YE - Tep+YaA-Tea (4.2)

The load effect factors differ for each type of limit state. An overview of the load factors are given

in table 4.1 (DNV, 2010a).

Limit state YF YE YA
ULS 1.1 1.3 NA
FLS 1.0 1.0 NA
ALS/SLS 1.0 1.0 1.0

Table 4.1: Load factors for limit states

The ULS limit state can additionally be divided into two different load cases, as shown in table
4.2. Both cases must be considered in the design phase, and the condition which gives the most

unfavorable outcome should be selected.

ULS Permanent Variable Environmental Deformation
A 1.3 1.3 0.7 1.0
B 1.0 1.0 1.3 1.0

Table 4.2: Load factors for ULS
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The structure is considered safe if the design load effect, S; is smaller or equal to the design

resistance, Ry, as shown in equation 4.3.

Si<Ry 4.3)

The design resistance is defined as the product between the characteristic resistance and the
resistance factor. The resistance factor is defined as one over the material factor (DNV GL, 2015).

The material resistance factor is equal to 1.15 for ULS/ALS and 1.0 for FLS/SLS) (DNV, 2010a).

4.2 Drilling riser and components

4.2.1 Connections

The couplings can either be designed as dog-type, flange-type, collet-type, breech-block or
threaded coupling. The dog-type coupling is a coupling with wedges between the pin and the
box. The flanged type has flanged connections with bolts, and the collet-type a cylinder which
connects the coupling members with each other. The breech-block coupling has a design which
rotates slightly into another member, and the threaded coupling threads with a matching mem-

ber.

The connector is designed according to a rated load, which is determined based on application
ofloads. The stresses are measured and calculated in the connection, and must not exceed the
allowable stress limit. There are six classes of rated loads. These are 1.0, 1.25, 1.5, 2.0, 2.5 million
pounds. The size of the riser couplings are based on the size of the main tube, and the main

tube is often determined by the size of the BOP stack (API, 2010b).

4.2.2 Joints

The size of the joints are based on the size of the BOP, as mentioned above. The combinations

of outer diameter and BOP stack are presented in table 4.3 (API, 2010b).
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Main tube [inch] BOP [inch]

16 13.5/8
18.5/8 16.3/4
20/21 18.3/4
22/24 20.3/4
24 21.1/4

Table 4.3: Tube and BOP dimensions

It is the diameter, thickness and strength of steel that determines the strength of the joint, and
the stiffness properties are therefore found by only taking the steel part into consideration.
The materials are usually X-52, X-65 and X-80. The numbers 52, 65 and 80 represent the yield
strength in kilo pound per square inch. The length of the riser joints are often between 50 to 70
feet. The weight of the joint should include the weight of the main tube, choke, kill and auxiliary

lines, couplings and brackets in the model (API, 2010a).

4.2.3 Buoyancy modules

The buoyancy modules are often made of syntactic foam from composites, and are often needed
when the water depth becomes exceeds 2000 feet. The diameter of the foam is determined
based on the density, which is depended on the water depth. In addition, the diameter is also
depended on the required buoyancy and the bore of the diverter housing. The modules have
geometry shape as a half circle, which is connected with another half circle by straps around the

joint. The buoyancy joint has many modules along the total length of the joint (API, 2010a).

4.2.4 Flex joint

Flex joints are usually located at the bottom of the riser, but can also be found at the top and
in the middle of the riser. The characteristics of the flex joint is given by the angle of rotation.
The angle determines the rotation stiffness and varies between 10000 and 30000 foot-pounds
per degree of rotation. When the joint is exposed to different loads, it is important that it remain

its pressure integrity (API, 2010a).
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4.2.,5 Minimum tension

In order for the riser to be stable, the effective tension must be positive at all times. In order to

ensure this, the top tension must be above a minimum criteria given by equation 4.4.

_ Tsprmin- N

Timin = m (4.4)

Tsrmin is the minimum slip ring tension, and N is the number of tensioners while n is the num-
ber of failed tensioners. The factor Ry is between 0.9-0.95 and accounts for fleet angle and effi-

ciency.

The effective tension is given by equation 4.5.
Te=Treai —PiAi+PoAo (4.5)

Treai is the axial pipe wall tension and the internal and external pressure,P, and area,A, are indi-

cated with i for internal and o for external (API, 2010a).

4.2.6 Boundary conditions

The boundary conditions at the top of the riser includes the vessel motion and top tension. In
addition to this, it is often common to apply a flex joint to the top of the riser, to account for
the displacement of the rig. The bottom boundary conditions have usually a lower flex joint. If
the casing and LMRP, BOP and wellhead are part of the model, an additional spring for the soil
interaction should be modeled (API, 2010a).
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4.3 Methodology

The methodology for the mechanical assessment of marine riser joints includes a global load
analysis, a fatigue analysis and a VIV analysis. The methodologies suggested by standards and

recommended practices, are given below.

4.3.1 Global analysis

A global riser analysis is performed in order to find the static and dynamic behavior of the struc-
ture. In the modeling phase, all components of the system must be included for correct solution
of the system matrices. It is important that the discretization of the structure is thorough, in

order properly represent environmental loads.

The first step in a global analysis is to perform a static analysis. The analysis is performed using
anonlinear approach, where the purpose of this analysis is to establish a static equilibrium con-
figuration, by iteration from load increments due to weight, buoyancy, top tension and current.
The next step is to perform an eigenvalue analysis and then a dynamic analysis. The reason for
conducting an eigenvalue analysis before the dynamic analysis, is because the results will give
an indication on how the structure will respond to dynamic loading. By investigating the re-
sponse from the eigenvalue analysis, it is possible to discover situations were resonance could
be present. In the dynamic analysis, the nonlinearities from the static analysis can be treated in
three different ways, depending on the type of analysis. The different types are nonlinear time
domain analysis, linearized time domain analysis and frequency domain analysis. The time
domain analysis is the most common method, and is performed with Newton-Raphson equi-
librium iteration. The hydrodynamic loads are calculated according to modified Morison equa-
tion, which accounts for relative velocity and acceleration. Loading from external and internal
pressure is given by effective tension and weight. The damping is expressed by the Rayleigh

damping model. (DNV, 2010a).
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4.3.2 Fatigue analysis

A fatigue analysis must include wave induced cycles, low frequency cycles and vortex-induced
cycles. A general approach for calculating the wave induced and low frequency induced dam-
age, is to divide the scatter diagram into blocks. The probability of occurrence can then be found
for all the sea states in the block, and one sea state is selected to represent the block. This means
that the total probability is concentrated into the selected sea state. In order to calculate the
fatigue damage for the selected sea state, the stress cycle distributions must be found in order
to calculate the fatigue damage with a weighted fatigue damage accumulation, as expressed in
equation 4.6. In the equation, P is the sea state probability and D is the short term fatigue dam-
age (DNV, 2010a).
Ny

Dfar =Y D;iP; (4.6)
i=1

It is the low and moderate sea states, with high probability of occurrence, that contribute most
to the fatigue damage (DNV, 2010b). The S-N curves for different welded joints are found in
DNV-RP-C203-Fatigue Design of Offshore Steel Structures (DNV, 2011a).

Marine risers have usually not narrow-banded nor wide-banded stress responses. If the narrow-
banded assumption is valid, the stress cycles can be found from the stress maxima, and the
zero-crossing frequency gives directly the number of cycles per unit time. If the wide-banded
assumptions is valid, the distribution of the stress cycles can’t be found from the distribution
of the stress maximas. If both wave frequency and low frequency excitation are present, the
response will be normally wide-banded. The damage must then be found with cycle counting,
if a global time domain analysis is conducted. Rainflow counting is the recommended method

for finding the damage (DNV, 2010a).
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4.3.3 VIV analysis

The effect of VIV can contribute significantly to fatigue damage, and it is particularly important
for drilling risers. VIV are divided into CF vibrations, CF induced IL vibrations and pure IL vibra-
tions. The latter is usually not considered, which means the response will be non-conservative.
Additionally, the axial stress from the CF vibration is not included, which also limits the results

(DNV, 2010b).

A VIV analysis can be performed with four steps. The three last steps are required if more de-

tailed analysis is needed (DNV, 2010a).

» Simplified analysis
e Multi-modal response analysis
¢ Computational fluid dynamics

* Testing

The simplified analysis is estimated with current and no waves. The steps in the analysis are

listed below.

1. Use numerical finite element analysis (FEA) or analytical models to find mode shapes and

natural frequencies in CF and IL direction
2. Find effective velocity and excitation length

3. Define the vortex shedding frequency as a function of effective velocity, hydrodynamic diam-

eter and effective Strouhals number
4. Find the CF and IL frequency band for the excited modes

5. Find the amplitude for each mode from the excitation length for CF direction and from the

mode number for CF response for the IL direction.
6. Calculate the stress standard deviation and use S-N curves to find the fatigue damage

The requirements for using this method are that the structure must have an uniform cross-

section and the current must be unidirectional (DNV, 2010b).



Chapter 5

Method of analysis

The method is based on a simplified model that can easily be adapted to other riser designs. If
the model can be applied to other riser configurations, the method can be verified and possibly

be used in a standard.

The original plan was to create a fully parametric model, but was more difficult than anticipated.
The reasons for this is because another software had to be introduced in order to properly de-
scribe the response of the drilling vessel. Further explanations of this are given later in the chap-
ter. The geometry and the application of structural loads, are very simplified. The location of
the riser is Gulf of Mexico, and the environmental loads corresponds to the metocean from this

area.

Due to time limitations, one case-study has been investigated in the different analysis. Future
studies will involve performing the methodology for several cases, where the input data will
be selected based on the technical documentation presented in chapter 2.4 and the standards
presented in chapter 4. The input data for the selected case are based on the information given
in these chapters, and information from projects at Bureau Veritas given by Catalin Toderan

(Toderan, 2016).

62
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5.1 Geometry and design

The interface in SIMA/RIFLEX is similar to Flexcom. The marine drilling riser is built up by
nodes and lines. The lines give information about the topology of the system and can be divided
into segments. Each section is defined with a length and total number of elements per segment,
as shown in figure 5.1. Cross-section dimensions, mass, hydrodynamic- and stiffness properties

are defined for each segment of the line.

% SUPER-
NODE

Figure 5.1: Riser set-up in SIMA/RIFLEX (MARINTEK, 2013)

The drilling riser in Flexcom is designed with one main line, which is divided into six different
sections, as shown in table 5.1. The first column from the left indicates the order of the segments
from the seabed to the water surface. The well is at the bottom of the seabed, and the telescopic

joint at the water surface.

Order Section Length [m]
1 Well 2

2 BOP 15

3 LMRP 10

4 LF] 2

5 Buoyancy joint 1978

6 Telescopic joint 3

Table 5.1: Topology of the riser and section lengths

The element length is defined with a minimum length and maximum length. The minimum

and maximum lengths are set equal to 1m for all of the sections, expect for the buoyancy joint.
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For the buoyancy joint the maximum element length is equal to 4.6m. This has been done in
order to decrease the computational time in the different analysis. It is important to consider
that the stiffness transition from one element in one segment, to an element in another segment
when deciding the number of elements for each segment. In order to avoid numerical errors,

the stiffness transition should not be larger than a factor of 2 (Saevik, 2016).

The coordinate system is defined in figure 5.2. Information from the other softwares used in this
thesis, i.e. Arian, must correspond to the coordinate system in Flexcom. This has been verified

before conducting the different analysis.

+ X (DOF 1)
. Z (DOF 3)

Seabed | Y(DOF 2)

Figure 5.2: Coordinate system in Flexcom

5.1.1 Riser joints

Due to the increasing demand of deeper drilling operations, the length of the marine drilling
riser is set equal to 2000m. The analysis in Flexcom is performed in sea water, with density of
1025kg/m3. The buoyancy section is the longest section, and is the main focus in the global
load, fatigue and VIV analysis. From the documentation in chapter 2.4, the best suited joint for
deep water conditions is the LoadKing riser, designed by Cameron. The length of the joints are
taken from API’s recommended practice 16Q, which suggest lengths between 50ft to 75ft (API,
2010a). This is approximately 15m to 23m in the metric system. In order to select the proper

length in this interval, the buckling phenomena has been considered.

The critical load of a member is defined in equation 5.1.

T2EI
Ney = —— (5.1)
Iz
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The effective length of the joint is proportional to the product of the actual length and a factor,

K. The factor is based on the the boundary conditions of the member, as shown in figure 5.3.

(a) (b) (c) (d)
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Design value of K
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Rotation free Translation free

Figure 5.3: Effective length factor (Amdabhl, J., 2014)

If the length increases, the effective length increases too. This will result in a lower critical load of

the member, as shown in equation 5.1. Therefore, a conservative choice is to select the longest

length in the interval presented in API RP 16Q (Amdabhl, J., 2014). The buoyancy joints are there-

fore 23m long.



CHAPTER 5. METHOD OF ANALYSIS 66
5.1.2 Cross-section properties

The cross-section dimensions for the buoyancy joint are shown in figure 5.4. An important con-
sideration when selecting the dimensions of the main tube, is how the drill string will behave
when the riser experience large displacements. In order to ensure that the drill string don’t
touch the tube, the inner diameter must be large enough. The inner diameter is therefore equal
to 540mm and the outer diameter is 560mm. The buoyancy module thickness is 150mm, with
foam density equal to 800 kg/m?® (Toderan, 2016). The buoyancy modules are considered in
Flexcom by the definition of the buoyancy diameter and the increase in the total mass from the
foam mass.

516mm
560mm
860mm

//—\

Figure 5.4: Cross-section dimensions

The buoyant joint is designed as a continuous joint with buoyancy modules attached to the
main tube. In reality, the buoyancy modules are discrete parts attached to the riser joints, but a
continuous module has been selected, since the model should be simplified. Information about
foam densities from the industry are usually difficult to find. From the research of existing tech-
nology in chapter 2.4, Matrix Composites and Engineering provided more detailed information
compared to the other companies. From table 2.1, the densities were between 400kg/m? and
500kg/ m? for 2000m water depths. However, as mentioned in the chapter, these densities seems
to be based on 75 inch joints and are therefore not applicable since the modules are continuous

in Flexcom.

The cross-section is designed to accommodate four lines, which contributes to the total mass
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with approximately 18.6% of the weight of the main tube. The connections contribute to 5%
of the weight of the main tube and the lines, and is calculated based on 10% of the length of
the joint (Toderan, 2016). Due to deep water conditions and the location of the riser, the HMF
connection has been chosen to represent the connections in the model. The connections are
added on one side of the joint, and are connected with pin/box flanges. The four lines are not
visually designed in the model, but taken into account by the increase of weight per unit length.
The connections are designed with point masses at every 23m of the buoyancy joint. The mass
per unit length is the sum of the mass of the main tube, lines and buoyancy module, but not the
drilling fluid. The drilling fluid is taken separately into account in Flexcom. The mass per unit
length is in total 613kg/m. The buoyancy modules cover only the submerged part of the riser,
which is 85 joints and partly the last joint. The weight of the buoyancy module for the last joint

is 4283 kg. The mass calculations are shown in table 5.2.

Component M air [kg] M airw/fluid [kg] Buoyancy [kg]
1 Joint (Main tube) 6714 12726

4 Lines 1248 1248

1 Buoyancy module 6156 6156

Total (86 joints) 1214148 1726897 1173516

Table 5.2: Mass data for the marine drilling riser

5.1.3 Stiffness properties

The stiffness properties for the buoyancy joints are calculate based on the dimensions of the
joint and the material properties for structural steel. The stiffness properties are shown in table

5.3.

Axial stif.[N] Bending stif. [N/m?]  Torsion stif.[Nm?/rad]

7808617036 282992090 17007807

Table 5.3: Stiffness properties for the marine drilling riser
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5.1.4 Riser components

A well, BOP and LMRP are located at the bottom part of the riser. The stiffness for these compo-
nents are infinite, because the main focus is the buoyancy joint. The stiffness properties for the
well, BOP and LMRP are selected based on the stiffness of the buoyancy joint, multiplied with a
factor of 1000. In order to validate that the components are infinite stiff, the bottom of the riser
can be compared to a cantilever beam with a concentrated force at the end. If the displacement

is close or equal to zero, the stiffness is assumed infinite.

A lower flex joint (LFJ) is located between the LMRP and the buoyant joint. The rotational stiff-
ness of the joint is based on one the example model in Flexcom, which is 40675Nm/deg (Wood
Group Kenny, 2015). Information about the rotational stiffness is very difficult to find from com-
pany sites. From the research of the existing technology in chapter 2.4, the angular deflection
was often limited to ten degrees. The riser is however, often disconnected after two degrees be-
cause the drilling string will touch the inner wall of the riser tube and damage the tube (Toderan,

2016).

The telescopic joint is also designed with infinite stiffness for the same reason as explained for
the well, BOP and LMRP. As mentioned in chapter 2.2, the purpose of the telescopic joint is to
prevent damage of the riser when heave motions are present. The telescopic joint is usually
modeled with an inner barrel and an outer barrel. The inner barrel has a low axial stiffness in
order to for it to move inside the outer barrel (Saevik, 2016). The effect of the telescopic joint
is not modeled in the simplified model. The reason for this is because the top tension is set so
high that the riser will never be in compression. The effect of the heave motion of the ship will
therefore be compressed by the high tension, and there is no need to model the effect. Since
the telescopic joint is designed as a rigid element, there are possibilities that large moments will
occur at the top of the riser. If this is the case, an upper flex joint (UF]) should be considered in
order to minimize the moment. The reason for creating a model with no UF]J, is because there
exist configurations that don’t have this component (Toderan, 2016). Figure 5.5 shows to the left
the simplified model analyzed in Flexcom, and to the right a complex design of a marine drilling

riser.
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Figure 5.5: The marine drilling riser analyzed in Flexcom
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The boundary conditions applied to the model, have been discussed and investigated in the

analysis. Since the main focus is the buoyancy joint, the riser is fixed in all translations and

rotations at the seabed. According the Report for JIP structural well integrity from DNV, the

boundary conditions should be designed with a beam and a spring with non-linear stiffness

at the seabed. The soil node should have pinned boundary conditions (DNV, 2011b). Figure

5.6, shows the suggested design. This model has not been considered, as it is developed for

wellhead fatigue. However, according to the rules, presented in chapter 4, if the BOP, LMRP and

wellhead are part of the model, a rotational spring from soil interaction should be modeled. The

topic is however debatable, because the casing is not included, and the standard suggest these

boundary conditions when the casing is included (API, 2010a).
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Figure 5.6: Boundary conditions at the seabed (DNV, 2011b)

The boundary conditions at the top of the riser were more challenging to define. The reason for
this is because the tensioner system allows some displacement of the riser, but since it is not de-
signed in the model the effect must be considered somewhere else. One option of adding three
springs, each representing one translation, was considered. This became however challenging,
because the riser would then have a relative velocity to the vessel. The displacements from the
tensioner system were therefore neglected. The assumption is possibly correct, because the
vessel has a dynamic positioning system (DP) that contributes more to the displacements than
the tensioner system. The boundary conditions at the top of the riser included therefore the
second order vessel motions from the DP system. Further discussions about the top boundary

conditions and the final design, can be found in chapter 5.3and chapter 6.
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5.1.5 Hydrodynamic properties

The hydrodynamic force coefficients for the marine drilling riser are found in the Report for JIP
structural well integrity and are equal to 1.0 for the drag 2.0 for the inertia for all the components
of the riser (DNV, 2011b). The coefficients are added to the entire riser, but they only affect the

submerged part of the structure.

5.1.6 Top tension

Tension in the drilling riser is necessary in order to avoid buckling. The top tension is usually
applied through the tenisoner lines in the tensioner system, but since the model is simplified
the system has not been designed. The top tension has been applied by a concentrated force at

the top of the riser head in the vertical direction.

In order to find the necessary top tension, the total weight of the riser, including the weight of
the connections, choke- and kill lines, buoyancy modules and drilling fluid, have been added to-
gether. The drilling fluid can either water based or oil based, but in order to represent the worst
case, the fluid that contributed most to the weight was selected in the analysis. The worst case
was the water based fluid. The total buoyancy has been calculated and equilibrium between the

total weight, buoyancy and applied top tension, was found.

The different lengths of the riser components and joints are given in table 5.1. The submerged
length of the total buoyancy joint is 1971 m, which is 85,7 number of joints. This means that
16 m of the last buoyancy joint, of 86 joints in total, is submerged. The remaining part is not

submerged, and has therefore, not been taken into account in the total buoyancy force.

The top tension applied to the model was selected from standardized values, and the necessary
top tension was found through an iteration process. When the riser experienced compression,
the top tension was increased. Another option was considered before increasing the top tension,
and that was to reduce the diameter and thickness. However, since the risk of damage would be
high because the drill string could touch the inner wall of the pipe, the top tension was increased

instead.
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The initial top tension applied to the model, was 250 tonnes. This gave a large compression
force at the bottom of the riser. In order to find where the compression occurred, a new it-
eration process was conducted. By calculating the force joint by joint, it was discovered that
compression occurred at the 47,51 joint from the LFJ. This is equivalent to 1093m. This resulted
in a critical load equal to 2339N. By taking the average of the compression force at the bottom,
the Euler buckling force was equal to 1499903N. Calculations from the iteration process and
buckling problem are given in appendix B. The results from the buckling calculations showed
clearly that the member would buckle. A new top tension was therefore applied in order to avoid
buckling. The top tension was increased to 600 tonnes. Even though the required top tension
for obtaining equilibrium at the bottom of the buoyancy joint was smaller than 600 tonnes, a
top tension of 600 tonnes was selected because standardized values was required. The second
choice of top tension resulted in a positive force at the bottom of the buoyancy joint, equal to 44

tonnes. The top tension calculations can be found in appendix A.

5.2 Environment

The Gulf of Mexico was selected for the the location of the riser. GoM has experienced large
environmental changes over the years, which has made it challenging to design and operate

offshore structures.

5.2.1 Gulf of Mexico

In the 1940s, there were few regulations and no API guidance on how to design structures in the
GoM. There were only small hurricanes in the area until the Freeport platform was hit by almost
40ft waves, in 1949. Almost ten years later, new storms developed and became more sudden

compared to previous storms.

Over the next decade GoM was mostly affected by tropical storms, an one of them, hurricane
Hilda, destroyed 13 oil platforms in 1964. One year later, hurricane Betsy destroyed additionally

eight more platforms. This led to a committee that began to collect ocean data to calibrate
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hindcast models, and in 1969 the first API offshore standard was issued. Over the following years

more hurricanes in larger dimensions appeared, which led to improvements of the standard.

In the beginning of 2000 hurricane Ivan, Katrina and Rita appeared in the GoM from loop cur-

rents and eddies. This discovery led to a division of the Gulf, as shown in figure 5.7 (Berek, 2016).
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Figure 5.7: Regions in the GoM (Berek, 2016)

Due to the unpredictable changes in the GoM, it is difficult to create standards for the area. It
is therefore of interest to locate the riser in this area, in order to create a methodology than can

hopefully minimize the damage to the structure.
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5.2.2 Support vessel

Two choices were considered when selecting the drilling vessel, a semi-submersible and a drilling
ship. Since part of the analysis was conducted in Ariane, and data for a semi-submersible from
HydroStar was available, the semi-submersible was selected to represent the drilling vessel in
the analysis. First order wave motions for the vessel, are given by response amplitude operators
(RAO). The vessel has a dynamic positioning system with a limiting condition of 20 m offset. The
vessel is therefore allowed some displacement, which is transferred over to the riser head. The
displacement from the DP system is assumed to have an impact on the fatigue life of the riser,
and the second order drift motions from the vessel, are therefore considered in the analysis. The

riser’s effect on the vessel is neglected.

In order to take the DP system into account in Flexcom, the displacement from the vessel, due
to low frequency motions, have been calculated with Ariane. Ariane is a mooring software, de-
veloped by Bureau Veritas, which performs static and time domain simulations on the mooring
system. The Ariane software has in earlier versions, only been used for mooring lines. However,
in the version released in October 2015, a DP module was added in the software (Bureau Veritas,
2015a). Because of this there has been limited of time to gain experience with this module, and
the methodology had to be developed during this thesis. Mooring engineer, Martin Dumont,
from the marine and offshore division at Bureau Veritas, performed the calculations in Ariane
and developed the methodology for the DP system. The general outline of the methodology is

presented below.

The DP module is based on a basic diagram of operating DP systems however, only a few com-

ponents are implemented in the software and these are listed below.

GPS & gyro: Measurement device for the vessel’s position

* Anemometer: Measurement device for the vessel’s wind speed by use of wind models

Model algorithm: Gives the low-frequency (LF) positions and speeds of the vessel and
calculates the LF forces. The required inputs are the hydrodynamic model and global

vessel position, including both wave frequencies (WF) and LE

Control method: Determines the control demand for obtaining zero deviation from the
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position of the vessel and the setpoint. The setpoint is the desired location of the vessel
during DP operations. The required input is the model algorithm.
* Thruster allocation algorithm: Determines the angle and force needed to fulfill the control

demand. The required inputs are the control demand and thruster configuration.

The DP control panel from Ariane is shown in figure 5.8. The figure shows the DP system param-
eters tab. Additionally, there are two more tabs called setpoint and thrusters arrangement. The
"Ariane simulator" gives the true behavior of the system when the DP system is in operation,
and the "Update time step factor" multiplies the time step in Ariane with the time step from the

DB in order to get the correct time step when performing time domain simulations.
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&)

o " e . I |
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i = -  Quadranc pragrammng
e [ Digitel PID (Process valie actusten)
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Figure 5.8: DP control panel in Ariane (Bureau Veritas, 2015a)

The parameters tab shows two calculation loops, but only the right sided loop was used to obtain
the time series from the LF motions. The controller calculates the required thrust to get to the
setpoint with one of seven different methods. In order to tune the DP, so that it fulfilled the
limiting condition of 20m offset, an iteration process was performed for the "Error actuation

method". This included changing the controller coefficients, shown in figure 5.9.
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The allocator distributes the control demand for each thruster with one of four methods, and
six thruster constraints. The "Optimization under constraints" was used with five constraints
in order to tune the DP system. This included restricting the maximum force and angle for the

thrusters, restricting the force dynamic rates and angle dynamic rates and including dependen-

cies between the thrusters.

Figure 5.9 shows the controller coefficients from the controller option in the loop. These param-

eters were the only variables in the iteration process for tuning the DP system (Bureau Veritas,

2015a).

Ariane8 BETA - .FPSO_REAL_GainsOK_CoefExtrapolated_Test8. ... @J

Proportionnal gains
Proportionnal gain in surge |0 N/m E|
Proportionnal gain in sway 0 MN/m E|
Proportionnal gain in yaw |0 N.mjrad E|
Integral gains
Integral gain in surge |0.001 Njm/s E
Integral gain in sway (0.001 N/m/s B
Integral gain in yaw |0.001 Njrad/s El
Derivative gains
Derviative gain in surge |0 N.sfm E
Derviative gain in sway |0 N.sfm E
Derviative gain in yaw |0 N.m.s/rad B

Minimum saturation

Minimum force saturation in surge 0 kM
Minimum force saturation in sway |0 kM
Minimum moment saturation in yaw 0 kM.m

Maximum saturation

Maximum force saturation in surge |0 kM
' Maximum force saturation in sway |0 kM
Maximum moment saturation in yaw |0 kM.m

FIEIE] BRI

Figure 5.9: Controller coefficients in Ariane (Bureau Veritas, 2015a)



CHAPTER 5. METHOD OF ANALYSIS 77

The input data in Ariane were obtained from another software from Bureau Veritas, called Hy-
droStar. HydroStar is a seakeeping software that evaluates responses of the vessel, first-order so-
lutions, added mass and damping matrix, diffraction forces and Froude-Krylov loads, LF loads,
wave fields and pressure distributions around the ship. It also takes forward speed into account.
In order to solve the hydrodynamics problem, i.e. calculate the added mass, radiation damp-
ing and diffraction forces, input data of the frequencies, headings, water depth and speed must
be given. The hydrodynamics problem is solved by dividing it into a radiation problem and a
diffraction problem. The radiation problem is defined by a moving body in still water, while the
diffraction problem is defined by a fixed body in waves. When the hydrodynamics problem is
solved, the motion equation can be solved. The solution of the equation of motion gives the
RAOs. In addition to first order loads, Hydrostar also calculates second order loads. The second
order loads consist of drift forces, QTF in mode summation and QTF in mode difference (Mon-
roy, 2015). QTF stands for quadratic transfer function (Faltinsen, 1998). Sine a semi-submersible
was selected for the analysis, and a DP system was selected for the mooring system, the natural
period is long, which means that the drift forces and QTF in mode difference are the relevant
forces to consider in the analysis in Ariane. The results obtained with HydroStar are the input

values in Ariane.

In addition to the information from Hydrostar, the environmental data had to be defined in
Ariane. The environmental data were defined in a batch script, shown in figure 5.10. The col-
umn from left in figure 5.10, gives the peakedness parameter. The following columns gives the
standard deviation, significant wave height, peak period, minimum frequency and maximum
frequency, wave heading, seed, harmonic waves, wind surface speed, wind heading, current
surface velocity and current heading. The parameters are discussed in chapter 5.2.3, 5.2.4 and

5.2.5.
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wavemodel :

Jonswap

windmodel:

Constant

currentmode]l :

Constant

batch:

gamma sigma sigma Hs TP min fq max fq wave seed # wind wind current current
3.3 .07 .09 6.0 35 0.01 0.286479 0 200 225 0 A3

33 0.07 0.09 6.0 4.5 0.01 0.286479 0 0 200 22:5 0 113 0
3.3 0.07 0.09 6.0 555 0.01 0.286479 0 0 200 225 0 193 0
3.3 0.07 0.09 6.0 6.5 0.01 0.286479 0 0 200 225 0 1L 0
3.3 0.07 0.09 6.0 P 0.01 0.286479 0 0 200 ZZ.5 0 3 B 0
3.3 0.07 0.09 6.0 8.5 0.01 0.286479 0 0 200 22.5 0 2 0
3.3 0.07 0.09 6.0 9.5 0.01 0.286479 0 0 200 22.5 0 113 0
3.3 0.07 0.09 6.0 10.5 0.01 0.286479 0 0 200 22.5 0 i B 5 0
3.3 0.07 0.09 6.0 TEo5 0.01 0.286479 0 0 200 225 0 1403 0
3.3 0.07 0.09 6.0 13.5 0.01 0.286479 0 0 200 225 0 113 0
33 0.07 0.09 6.0 14.5 0.01 0.286479 0 0 200 275 0 118 0
5.3 0.07 0.09 G0 155 0.01 0.286479 0 0 200 22.5 0 1k 0
3.3 0.07 0.09 6.0 16.5 0.01 0.286479 0 0 200 225 0 3 0
3.3 0.07 0.09 4.0 3.5 0.01 0.286479 0 0 200 22.5 0 115 0
3.3 0.07 0.09 4.0 4.5 0.01 0.286479 0 0 200 225 0 113 0
3.3 0.07 0.09 4.0 50 0.01 0.286479 0 0 200 22.5 0 113 0
3.3 0.07 0.09 4.0 6.5 0.01 0.286479 0 0 200 225 0 193 0
303 0.07 0.09 4.0 FAE) 0.01 0.286479 0 0 200 22:5 0 113 0
3.3 0.07 0.09 4.0 8.5 0.01 0.286479 0 0 200 225 0 193 0
3.3 0.07 0.09 4.0 9.5 0.01 0.286479 0 0 200 225 0 1L 0
3.3 0.07 0.09 4.0 10.5 0.01 0.286479 0 0 200 ZZ.5 0 3 B 0
3.3 0.07 0.09 4.0 2 B T 0.01 0.286479 0 0 200 22.5 0 2 0
3.3 0.07 0.09 4.0 12.5 0.01 0.286479 0 0 200 22.5 0 113 0
3.3 0.07 0.09 20 2.5 0.01 0.286479 0 0 200 22.5 0 i B 5 0
3.3 0.07 0.09 20 35 0.01 0.286479 0 0 200 225 0 1403 0
3.3 0.07 0.09 2.0 4.5 0.01 0.286479 0 0 200 225 0 113 0
33 0.07 0.09 2.0 5.5 0.01 0.286479 0 0 200 275 0 118 0
5.3 0.07 0.09 20 6.5 0.01 0.286479 0 0 200 22.5 0 1k 0
3.3 0.07 0.09 2.0 Py 0.01 0.286479 0 0 200 225 0 3 0
3.3 0.07 0.09 2.0 8.5 0.01 0.286479 0 0 200 22.5 0 115 0
3.3 0.07 0.09 20 9.5 0.01 0.286479 0 0 200 225 0 1213 0
3.3 0.07 0.09 2.0 10.5 0.01 0.286479 0 0 200 22.5 0 4 B 0

Figure 5.10: BATCH script

Three combinations of headings were considered in the script, i.e. 0, 45 and 90 degrees. The
type of headings were wind, wave and current. The batch script in figure 5.10, shows one com-
bination of headings, where the wave, wind and current are applied in the same direction, 0
degrees. Since it is difficult to predict the combination that contribute most to the fatigue dam-
age, all combinations should be investigated in the different analysis. For future studies, more

directions could also be investigated in order to cover all possible outcome.

Each line in the script represents one case, and each case is described with a time history from
Ariane. In total, the batch script gives more than 500 time histories. The time histories are given
in scripts, and contain displacements in three DOFs relating to a specific time. These scripts
must be edited in order for Flexcom to read them. This includes removing all information which
is not relevant to Flexcom. In addition, the vertical DOF can be removed, because it is assumed

that the top tension is large enough to prevent vertical displacement of the riser.
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5.2.3 Wave

The irregular wave environment is created with 200 harmonics from a frequency range between
0.01 and 0.29 from a 3-parameter JONSWAP spectrum. The reason for selecting this frequency
range is because it ensures that all relevant frequencies are taken into account from 5% of the
spectrum’s left side, and 95% of the spectrum’s right side. The number of harmonics must be
large enough in order to create a fully irregular environment. A total number of 200 harmonic
waves has proven to be sufficient enough for achieving this. If the amount of harmonics are
more than 200, the computational time will increase (Dumont, 2016). The seed number is set
equal to zero for all sea states. This means that for each simulation, the wave time series will
vary. If the seed number is larger than zero, the time series would be reproduced from each

simulation (Bureau Veritas, 2015a).

The spectrum is defined by a significant wave height, peak period and a spectral peakedness
parameter. The standard deviation depends on whether the peak wave frequency is smaller or
larger than the wave frequency, as explained in chapter 3.3.2. The definition of the peakedness
parameter is given in equation 3.68, and varies with the significant wave height and the peak
period. In the analysis, the parameter is set constant to 3.3 for all sea states because the change
in the parameter from sea state to sea state is assumed to have no effect on the result (Dumont,

2016).

The scatter diagram is given by Bureau Veritas and represent extreme conditions for the GoM
(Bureau Veritas, 2016a). The drilling operation is limited by 6m significant wave heights because
the riser could be damaged if the wave height becomes higher (Toderan, 2016). When the waves
are higher than 6m, the riser will disconnect from the vessel and the drilling operation will stop.
The sea states below this limit are selected from the scatter diagram, and used in the analysis in
Ariane. Table 5.4, gives an overview of the selected sea states. The total probability of occurrence
is 86.4%, and the probability for each sea state is calculated based on total number of waves,

254232.
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Sea Hs[m] Tp sl Probability # waves
state

0 6 3.5 0.00009 23

1 6 4.5 0.00249 632

2 6 5.5 0.05630 14312
3 6 6.5 0.08579 21811
4 6 7.5 0.04746 12066
5 6 8.5 0.00613 1558
6 6 9.5 0.00057 145

7 6 10.5 0.00015 39

8 6 11.5 0.00006 14

9 6 13.5 0.00001 2

10 6 14.5 0.00001 3

11 6 15.5 0.00001 2

12 6 16.5 0.000004 1

13 4 35 0.01635 4157
14 4 4.5 0.12587 32001
15 4 5.5 0.22149 56309
16 4 6.5 0.08610 21889
17 4 7.5 0.01585 4029
18 4 8.5 0.00583 1483
19 4 9.5 0.00190 482
20 4 10.5 0.00033 83

21 4 11.5 0.00006 14

22 4 12.5 0.000004 1

23 2 25 0.00136 347
24 2 35 0.04767 12119
25 2 4.5 0.07084 18010
26 2 5.5 0.04427 11254
27 2.5 6.5 0.00489 1244
28 2 7.5 0.01466 3726
29 2 8.5 0.00649 1651
30 2 9.5 0.00114 291
31 2 10.5 0.00007 19

Table 5.4: Sea states below the limiting condition

5.2.4 Wind

A wind spectrum must be defined for the analysis in Ariane. The reason for this is because the
vessel is affected by the wind, which challenges the DP system to stay in position. The wind
spectrum is constant with surface velocity of 22.5m/s. The combinations of the wind in the
batch script were considered to be removed for the analysis in Flexcom. The reason for this was

because wind is less important since the main focus is the submerged structure. If the wind
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combinations were to be removed, there would be several cases with the same combination
of wave and current headings. By removing these cases, the total computational time would
decrease significantly. However, the time series from Ariane would not be the same for these
cases, because the wind would change the time series. In order to investigate all possibilities,
the time series, which also include the wind combinations, should be considered in the analysis

in Flexcom.

5.2.5 Current

The current is based on a combination of the metocean report given by Bureau Veritas (Bureau
Veritas, 2016a), and the API standard Interim Guidance on Hurricane Conditions in the Gulf of
Mexico (API, 2007). The current velocity at the surface in the metocean report, is for extreme
conditions, and gives a surface velocity 1.5m/s (Bureau Veritas, 2016a). This velocity is too high
for drilling operations, and the riser would disconnect from the vessel (Toderan, 2016). The API
standard is also for extreme conditions, but the surface velocity is instead 1.13 m/s (API, 2007).
This velocity is more reasonable for drilling operations, and is therefore used in the analysis
(Toderan, 2016). The current profile is selected from the metocean report and is given in table

5.5. The profile is for 1000m, which means that the current at 2000m will zero.

Depth [m] Current [m/s]
0 1.130
25 1.130
50 1.125
75 1.027
100 0.871
125 0.768
200 0.572
300 0.403
400 0.311
500 0.245
600 0.197
700 0.170
750 0.158
800 0.137
900 0.071
1000 0

Table 5.5: Current profile



CHAPTER 5. METHOD OF ANALYSIS 82

5.3 Global load analysis

There are two types of analysis required in a global load analysis, a static analysis and a dynamic
analysis. The methodology for the global load analysis in Flexcom is created through a series
of steps. Each step is performed in order to investigate possible outcomes from theories and

assumptions discussed during the master thesis work.

After creating the model according to the information given in chapter 5.1, the static analysis
was set up. The example model in the Flexcom software was used as a reference model to check
how the different analysis could be constructed. Each analysis consists of a pre-processor and
a post-processor. The pre-processor for the static analysis consists of the defined parameters,
the model and the different load cases. The loads include the boundary conditions and applied
loads, such as the top tension, the point masses and the internal fluid. The type of analysis is
defined at the same place as the loads. The static analysis is defined with a total analysis time of

one second, with a fixed time step of 0.1.

A separate analysis was created for the current. The static analysis included originally the cur-
rent, but this led to error messages, which was solved when the current was run in a separate
analysis. The current analysis restarts from the static analysis and runs for one second with a
time step of 0.01. The dynamic analysis restarts therefore from the current analysis, and has a
variable time step with a minimum value of 0.0001 and maximum 0.2. The analysis must run
long enough for the solution to reach steady-state. The fatigue analysis should therefore run
for one hour (Sevik, 2016). The loads are normally transferred from the static analysis when
the dynamic analysis restarts from the static. However, it was discovered that Flexcom some-
times disregarded some of the loads defined in the static analysis, i.e. top tension and boundary

conditions. These loads were therefore redefined in the dynamic analysis.

The first step in the global load analysis was to investigate the response from a simplified rep-
resentation of the displacement from the DP system. At the time it was unsure if it was possible
to incorporate a DP system with limiting condition of 20m in Ariane. This was because the DP
module in Ariane had recently been released, and the module had never been used at Bureau

Veritas.
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The simplified drift motions were represented by a harmonic motion in y-direction. This motion
was added as a sinusoidal boundary condition at the top node of the riser. The harmonic motion
should had been added in the z-direction in order to properly describe the second order drift
motions from the vessel, but this would give a circular motion, or a motion in the same pattern
as the sign infinity (co), depending on the phase of the wave. It was therefore decided that only
one harmonic motion should be added to the top node, and the translation in z-direction should
be fixed. For the x-direction it was not possible to fix the translation in this direction, because of

the applied top tension.

The rotational boundary conditions were investigated in fixed condition and in free condition.
The reason for investigating the boundary conditions was because of the simplified tensioner
system in the model. In reality, the tensioner system allows some rotation of the riser, and by
fixing them the response would be incorrect. Freeing them would also be incorrect, because the
tensioner system would prevent some of the rotation. In order to obtain the correct response,
the tensioner system should be modeled. The results from the boundary condition check is

given in chapter 6.1.

A harmonic motion is described with an amplitude, phase and frequency. Since the limiting
condition of the DP system was 20m, the amplitude was set equal to 10m. The period was set
equal to 100s in order to represent the slow drift motion (Seevik, 2016). The phase was set equal
to zero. In addition to the harmonic motion, a current was applied to the model. The current
was applied at 0 degrees, 45 degrees and 90 degrees. The purpose of adding a current was to
investigate the critical spots on the riser. There were no waves added to the model in this anal-
ysis. The reason for this was because of problems with the phase angle between the harmonic
motion and the waves. This is discussed more thoroughly later in the chapter. The results from

the analysis with different current directions are presented in chapter 6.1.

After performing the two first checks, the harmonic motion was replaced with the time histories
from Ariane. The motions were added in a file input option for the boundary conditions for the
vessel. The input file consisted of displacement in three translations, but only the motion in z
and y-direction, DOF 2 and 3, were added to the model. These motions consisted of both LF and

WEF motions. The results from this analysis are given in chapter 6.2.
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In the previous analysis, loads from waves acting on the top part of the riser, were neglected.
Wave frequencies were only considered as a motion at the top node of the riser. The reason
for not taking waves into consideration was because it was assumed that they would have little
effect on the riser because of the deep water depth. However, by neglecting the wave kinematics
at the top part of the riser the result could be incorrect. The reason for this is because waves
give velocities which is used in the Morison’s equation to calculate the drag loads. Drag loads

are particularly important for slender structures, and should therefore not be disregarded.

In order to investigate the importance of wave loads on the model, a regular wave was added
to the model. The model had now contribution from LF and WF motions from Ariane, current
loads and wave loads. The current was applied in the same direction as the direction which
was used to obtain the time history from Ariane. Adding a regular wave to a model that have
irregular motions from Ariane is however not correct. In addition, the phase angle between the
wave frequency motion at the top node of the riser, and the regular wave would also not be
correct. However, a regular wave was chosen because it has a higher amplitude, which makes it
easier to see the contribution from the waves. The results from this analysis is shown in chapter

6.2.

From the results, it was decided that waves should be included in the analysis however, the
waves had to be applied correct. Therefore, new time histories were obtained from Ariane which
only included LF motions. The LF motions were added to the top node of the riser, and the
wave kinematics were included by adding a JONSWAP 3-parameter spectrum in the analysis,
and RAOs for the vessel. The motion from the time histories were added through a file input
option for the drift motions. The motion was added to the second and third DOE which repre-
sents the y and z-direction. In order for the riser to be attached to vessel and for the vessel to
intake the motions, the displacement in the second and third DOF had to be fixed in the vessel

boundary condition option.

Another option of the application of waves was also considered. This option included adding
a separate input file from Ariane with just the WF time histories in Flexcom, in addition to the
input file for the LF motions. The thought was that since the time series in Ariane were ob-

tained by multiplication of the wave spectrum with the RAOs, the option of adding an input file
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of the WF motions would be the equivalent to adding a wave spectrum and RAOs in Flexcom.
However, after discussion with Yann Giorgiutti and Guillaume De Hauteclocque from Bureau
Veritas, it was concluded that the time series from Ariane does not contain enough information

for calculating the drag loads on the top part of riser. This method could therefor not be used.

By selecting the option of RAOs and wave spectrum, in addition to the drift motions from Ari-
ane, the phase angles would still not be correct. From the discussion with Giorgiutti and and De
Hauteclocque it it was concluded that the phase angles obtained from discretization of the JON-
SWAP spectrum in Flexcom would be different than the phase angles from the discretization of
the spectrum in Ariane. This means that the phase between the WF motions from the combina-
tion of spectrum and RAOs in Flexcom, would not be coupled with the LF motions from Ariane.
If the amplitudes and phases from discretization of the spectrum from Ariane could be inserted
into the analysis in Flexcom, this issue could be solved. However, it was assumed that the con-
tribution from the wave kinematics would impact more the fatigue life, and the phase problem

has therefore been neglected.

Additionally, according to Bureau Veritas rules, the assumption of decoupled LF and WF mo-
tions can be justified if the mooring system’s natural period is more than five times larger than
the zero-upcrossing period (Bureau Veritas, 2015b). In order to check this, a small test has been
conducted in the Ariane analysis. In the test the vessel was moved 40m from the initial position.
By investigating how long time it took for the vessel to go back to the initial position, with no
contribution from the environment, the natural period was found. The natural period can been
seen from figure 5.11, obtained from the analysis in Ariane. The y-axes shows the offset of the
vessel, and the x-axes shows the period. From the figure it can be observed that the system has
little oscillation, and it is therefore a little challenging to find the exact period. The natural pe-
riod for graph 0 is a little bit over 300s, and for graph 1 around 200s. The zero-upcrossing period
is found from the scatter diagram, and is given in table 5.4. The highest period from the table
is 16.5s, which gives 82.5s when it is multiplied with five. Since 85.5s is lower than both 200s
and 300s, it can be concluded that the assumption regarding decoupled LF and WF motions is

correct.
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Figure 5.11: Natural period of the vessel with DP

The RAOs used in the Flexcom analysis needed to be converted in order for Flexcom to read
them, and a lot of the time was used to convert these correctly for wave heading 0, 45 and 90.
The example file and manual from Flexcom was used as reference for the conversions. Part of
the RAOs from Ariane are shown in figure 5.12 and the format required in Flexcom is given below

(Wood Group Kenny, 2015).

HEADING=Wave Heading

Wave Frequency

Heave RAO, Surge RAO, Sway RAO, Yaw RAO, Roll RAO, Pitch RAO

Heave Phase, Surge Phase, Sway Phase, Yaw Phase, Roll Phase, Pitch Phase
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first_order_motions_data:
frequencies:

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1 0:11 0.12
0.13 0.14 0.15 0.16 ) 0 74 0.18 0.19 0.2 .21 .22 0.23 0.24
0.25 0.26 0.27 0.28 0.29 -3 .31 0.32 0.33 0.34 0.35 0.36
037 0.38 0.39 0.4 0.41 0.42 0.43 0.44 0.45 0.46 0.47 0.48
0.49 0.5 0.51 Q.52 Q.53 0.54 0.55 0.56 Q.57 0.58 0.59 0.6
0.61 0.62 0.63 0.64 0.65 0.66 0.67 0.68 0.69 0.7 0.71 0.72
0.73 0.74 0.75 0.76 0.77 0.78 0.79 0.8 0.81 0.82 0.83 0.84
0.85 0.86 0.87 0.88 0.89 0.9 0.91 0.92 0.93 0.94 0.95 0.96
0.97 0.98 0.99 1.0 1201 1.02 04 1.04 05 1.06 1.07 1.08
1.09 S g g (1 g M [ 113 1.14 115 1.16 3 M 74 1.18 1.19 1.2
q.21. 122 123 1.24 i 126 1 1.28 1.29 i3 131 ]3P
133 1.34 4.3y .36 1 .37 1.38 1.39 1.4 1.41 1.42 1.43 1.44
1.45 1.46 1.47 1.48 1.49 1.5 151 1.52 1.53 1.54 1.55 1.56
g 1.58 1.59 126 1261 1262 163 1.64 1265 1.66 d i 578 1.68
1.69 i BT L L2 173 1.74 Loty 1.76 i RS 1.78 1.79 1.8
headings:

0.0 150 30.0 45.0 60.0 £5_0 90.0 105.0 120.0 135.0 150.0 165.0

180.0 195.0 210.0 225.0 240.0 255.0 270.0 285.0 300.0 315.0 330.0 345.0
360.0

reference point:
cog

wave reference point:
cog

raos:

68.3283 270.0 0.0 0.0 0.9999 0.0 0.0 0.0 0.0399 270.0 0.0 0.0
34.1341 270.0 0.0 0.0 0.9997 0.0 0.0 0.0 0.0799 270.0 0.0 0.0
22.7226 270.0 0.0 0.0 0.9992 0.0 0.0 0.0 0.12 270.0 0.0 0.0
17.0069 270.0 0.0 0.0 0.9987 0.0 0.0 0.0 0.1603 270.0 0.0 0.0

Figure 5.12: RAOs from Ariane

The RAOs were first converted according to the example file in Flexcom. However, this resulted
in non-converging analysis. Several checks were performed in order to find why the analysis
did not converge. After thorough investigation, it was discovered that RAOs were defined in-
correctly according to the Flexcom manual. Since the example model in Flexcom converged
perfectly with the other definition of the RAOs, it was assumed that the RAOs for the model
could be defined in the same way. However, after redefining the RAOs according to the manual,
the analysis converged. Later in the fatigue analysis it was discovered that the frequencies from
Ariane had a different unit than in Flexcom. The frequencies in Flexcom had to be defined in
Hz, while in Ariane the frequencies were given in rad/s. The frequencies were then redefined

and the correct response was obtained. The RAOs can be found in appendix D.

Because of limited time, all the sea states from the batch script could not be investigated. One
combination of headings, 0 degrees for the wind, wave and current, was therefore selected for
the analysis in Flexcom. The computational time was still long, even for one combination of

headings. In order to reduce the time, the maximum element length was increased from 1m to
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4.6m, as mentioned in chapter 5.1. By changing the maximum element length, the result would
still not be affected by numerical errors because the software would use the smallest element
length at the transition between the sections, and then increase the length for each element till

a maximum length of 4.6m.

For the selected combination of headings, there were 31 different sea states to be investigated,
and these were created through a code in Flexcom. The code was created with "Excel variations",
which generates an analysis file for each sea state by using spread sheet. Part of the spreadsheet

is shown in figure 5.13.

DriftFileName Filename Hs Tp Wave Current
Displacement LF 0.dat 0 6.0 3.5 0 0
Displacement_LF_1.dat 1 6.0 4.5 0 0
Displacement LF 2.dat 2 6.0 5:5 0 0
Displacement_LF_3.dat 3 6.0 6.5 0 0

Figure 5.13: Inputfile for creating sea states with excel variations in Flexcom

Each line in the spreadsheet represents a load case. Flexcom calls the excel sheet by using the
keyword "Excel variations", reads each line, and create load case variations using the defined
parameters. The headings of each column in the excel sheet are defined as varying parameters,
and the text/values under each heading are input values for these parameters. When Flexcom
has found a new load case, it creates a new analysis keyword file. After creating a analysis file
for all the load cases in the excel sheet, the analysis files must be manually started by the user.
From figure 5.13, the first column consists the time history files from Ariane. The second column
gives the filenumber id, which helps the user to keep an overview over the files. The following
columns give the significant wave height, peak period, wave heading and current heading that

corresponds to the same values used to obtain the time histories from Ariane.

Some of the sea states where excluded from the analysis because they exceeded the limiting
condition of 20 meter offset. In order to find the sea states exceeding this limit, Arian was re-
run in order to obtain a file which gave the mean, maximum and minimum position of the riser
head. From the analysis with wind, wave and current heading in 0 degrees of freedom, it was
discovered that sea state 9, 10, 11, 12 were exceeding the limiting condition. These were there-

fore excluded from the global load analysis and fatigue analysis. The limiting condition was
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only checked for the LF motions, and not the combination of LF and HE Since HF motions are
present by the combination of RAOs and spectrum, there could be more sea states that exceeds
the limiting condition. During this investigation of the exceeding sea states, it was discovered
that the mean value of some of the sea state increased drastically. This was an odd behavior,
and the analysis in Ariane was rerun. After the second rerun, the mean values were correct. A

possible bug could therefore have occurred in the software.

In order to simplify the method, an analysis with no second order vessel motions was also inves-
tigated. The assumption was that an analysis without the second order vessel motions would be
more conservative since the drift motions could perhaps contribute to damping of the system.
A global load analysis and a fatigue analysis were therefore conducted with no drift motions.

The results from this investigation are given in chapter 6.2.

5.4 Fatigue analysis

The drilling riser will experience fatigue damage in the installation phase, drilling phase and
in the tripping phase. The tripping and installation phase is assumed to take one to four days.
During the drilling phase, the riser is connected to the vessel, and the fatigue damage during this
phase is calculated with Flexcom. The lifetime of the vessel is assumed to be 25 years (Toderan,
2016). According to Bureau Veritas rules, 2/3 of the lifetime should be calculated for fatigue

damage (Bureau Veritas, 2016b).

A module called "LifeTime" in Flexcom has been used for calculations of the fatigue damage.
This module performs a time domain fatigue analysis, which consist of three steps (Wood Group

Kenny, 2015).

1. Perform time domain analysis and store time histories of y & z bending moment and axial
force.

2. Specify stress concentration factor (SCF), S-N curve, probability density function (PDF),
hot spots and thickness effects.

3. Run LifeTime with statistics, spectrum and rainflow method.
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In order to calculate the fatigue life over the entire riser, a set of the hot spots were defined. The
set consisted of all elements from the bottom of the riser to the top of the riser. Time histories
from the first node of each element was stored from the time domain analysis, and the stress
used in the analysis was calculated from the combination of bending moments and axial force.
The SCF was set equal to one, and the S-N curve was taken from DNV standards, DNV-RP-C203
(DNV, 2011a). The Rayleigh PDF was selected for the fatigue calculations, and no thickness

effects were taken into account.

The S-N curve from DNV standards represents a seawater environment with cathodic protec-
tion. The curve selected for the analysis is the B2 curve, shown in figure 5.14. The data given for
the curve is shown in figure 5.15. The B2 curve is for hollow sections with automatic longitudinal

seam welds (DNV, 2011a).
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Figure 5.14: S-N curve in seawater with cathodic protection (DNV, 2011a)
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Table 2-1 S-N curves in air
S-Ncurve | N <107 cycles | N = 107 cycles Fai’igue limit at | Thickness exponent k Structural stress
loga, 107 eycles *) concentration embedded
m, loga, in the detail (S-N class),
my;=5.0 ref. also equation (2.3.2)
B1 40 15.117 17.146 106.97 0
B2 40 14.885 16.856 93.59 0
c 3.0 12.592 16320 7310 0.15
&1 30 12.449 16.081 65.50 0.15
(2 30 12.301 15.835 58.48 0.15
D 3.0 12.164 15.606 52.63 0.20 1.00
E 3.0 12.010 15350 46.78 020 143
F 3.0 11.855 15.091 41.52 0.25 127
Fl 3.0 11.699 14.832 36.84 0.25 1.43
F3 3.0 11.546 14.576 3275 0.25 1.61
G 3.0 11.398 14 330 2924 025 1.80
W1 30 11.261 14.101 26.32 0.25 2.00
W2 30 11.107 13.845 23.39 0.25 2.25
W3 3.0 10.970 13617 21.05 0.25 2.50
T 3.0 12.164 15.606 5263 025 for SCF<100 1.00
0.30 for SCF >10.0
*) see also section 2.11

Figure 5.15: Input data for S-N curve in seawater with cathodic protection (DNV, 2011a)

The S-N curve was defined with two options in Flexcom, i.e data pairs and log-linear curve. The
S-N curve defined with data pairs included three stress range values and the number of cycles

cause to failure for each stress range. The S-N curve using a piecewise linear curve included

91

two lines represented by the parameters m, a, and the interval of N. The reason for trying both

options of the S-N curve was because of the odd results from the fatigue analysis. It was assumed

that the definition of the S-N curve in the software was the reason for odd results, but after trying

both options the result remained the same.

The fatigue damage was calculated with three different methods, statistics, spectrum and rain-

flow (Wood Group Kenny, 2015).

* Statistics: Based on Rayleigh distributed stress peaks. Damage is found from standard

deviation and mean zero up-crossing period from axial and bending stress.

e Spectrum: Based on Rayleigh distributed stress peaks. Damage is found from combined
stress.

e Rainflow: Based in rainflow cycle counting technique. Damage is found directly from

stress histories. The rainflow method gives the most accurate solution of the damage,
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and is therefore the most important method (Saevik, 2016). More detailed explanation of

the theory relating to this method is given in chapter 3.

According to DNV-RP-F204, a fatigue analysis should include the cyclic load effects from first or-
der wave effects, second order floater motions, VIV, thermal and pressure induced stress cycles,
collisions and floater hull VIV motions (DNV, 2010b). The time domain analysis had a simula-
tion time of one hour, which is considered to be sufficient enough for fatigue calculations (Holm
etal., 2013). In order for the fatigue analysis to calculate the damage, the result file from the time
domain analysis had to be defined as an input file in the analysis. In addition, for each input file
the probability of occurrence had to be defined. Due to the limiting condition of the significant
wave height, only parts of the scatter diagram was used in the analysis in Ariane and Flexcom.
These sea states gave a total probability of 86.4%. The Flexcom software requires that the total
probability is 100% and therefore, in order to solve this issue one fatigue analysis was created for
each sea state with 100% probability of occurrence. Each analysis were created with excel vari-
ations. Since the probability of occurrence was incorrect, the damage had to be multiplied with
the true probability of occurrence for each respective sea state. The total damage was found
by adding the damage from each sea state together. In order to calculate the correct lifetime,
the damage should be multiplied with 2/3 of the total lifetime of 25 years. The results from the

fatigue analysis are shown in chapter 6.3.

Since the fatigue analysis gave odd results, a number of sensitivity studies were conducted. The
first check was to investigate the response from the time domain analysis. The resultant mo-
ment, standard deviation, effective tension and shear force were investigated for a 3-hour sea
state. The results from the check are given in chapter 6.2. The second check was the definition
of the S-N curve. The two options of how to define the curve was investigated, but the result
remained unchanged. A small error was however discovered in the software. The input stress
was required in Pa, but in the newest version of Flexcom the stress was required in MPa. This
was corrected after verifying with Flexcom support that the stress should have been defined in
MPa for version 8.4.1, which was used to generate the analysis. However, after correcting the
stress, the results still remained unchanged. In addition to the two checks, another S-N curve

was applied, in order to see if there were any damage. The S-N curve was taken from the exam-
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ple model in Flexcom, and was defined with parameters m=2.5 and @=10% (Wood Group Kenny,

2015). The results from using this S-N curve showed damage of the riser.

During the checks, it was discovered that the input files from Ariane were defined incorrect in
Flexcom. The input files consisted of three columns, time, displacement in DOF 2 and displace-
ment in DOF 3. However, after some investigation it was discovered that displacement for DOF
1, 4, 5 and 6 had to be defined in the input file, in order for Flexcom to read it correctly. The
displacement for these DOFs would not be applied to the model either way, because they were
not defined in the boundary condition option for the vessel. As mentioned in chapter 5.3, only
the second and third DOF were defined in the boundary condition option for the vessel, and
therefore only the displacement for these DOFs would be taken into account in the analysis.

New input files were therefore created with zero displacement in the other DOFs.

After correcting both the RAOs and the input files, the result remained unchanged. A last check
was performed, in order to see if the response was correct. A sensitivity test of the SCF was
performed in order to see how when damage would occur. Three analysis with SCF 1, 10 and 20
were conducted. In addition, a fatigue analysis with no drift motions was performed in order to
see if the riser would obtain more damage, since it was assumed that the drift motions would

give damping to the system. The results from these investigation can be found in chapter 6.3.

5.5 VIV analysis

The VIV analysis is performed with Shear 7 and Flexcom. The program uses the eigenvalue
solution, solved by Flexcom, and finds the fatigue damage caused by VIV by estimating which
of the modes will coincide with the vortex shedding. The modes can be axial modes, torsional
modes, bending modes or mixed modes, but it is the bending modes which are important for
Shear?. Since the bending modes appear often in pairs, the eigenvalue analysis will identify the
pairs and rename one the mode as unknown and the other bending mode. The bending modes
are used in the Shear7 analysis (Wood Group Kenny, 2015). For most problems the vibration
shape is determined by the lowest mode shapes. Higher mode shapes have often errors, and are

therefore neglected in the analysis (Langen & Sibjornsson, 1979). It is therefore important to not
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select too many of the eigenmodes for the VIV analysis. A total number of 80 eigenpairs have
been selected for the eigenvalue analysis and the convergence tolerance is set equal to 10°. The

eigenvalue analysis has been performed with and without current.

Animportant input in the eigenvalue analysis is to decide how many segments with equal lengths
should be used in the Shear7 analysis. Even though the model is created with segments of differ-
ent lengths, the eigenvalue analysis interpolates between the elements, and creates equally long
elements that can be inserted in the Shear7 analysis. The number of segments should, accord-
ing to the output file from the Shear7 analysis, be above 185. The number of segments selected
in the analysis is therefore 400. This input changes however the fatigue damage, and the input
should therefore be selected with care. Another important input is the number of modes to be
considered in the Shear7 analysis. This number must be equal to the number of eigenpairs in

order for the analysis to work.

After identifying the bending modes, the model is converted into the required format in the
Shear7 analysis. The current is also redefined as well as the S-N curve. When redefining the
current in the Shear7 analysis, one or a few extra lines with zero surface velocity should be de-
fined. This is because Shear7 defines the current from the top of the riser, and not at the water
line. The converted model contains information obtained from the eigenvalue analysis such as
drag diameter, inner and outer diameter, internal fluid mass, unit mass, added mass, number of

segments per element and the element length, the axial stiffness and the type of riser.

An important check in the VIV analysis is to ensure that all of the bending modes selected from
the eigenvalue analysis, are in fact bending modes and not mixed modes. The mixed modes
are created by combining the axial, torsion and bending modes. In order to check this, a graph
of mode number with modal curvature, should be monotonically increasing. If some of mixed

modes are present, the plot will be show local maximas (Wood Group Kenny, 2015).

The result from the eigenvalue analysis and the VIV analysis, both with and without current, can
be found in chapter 6.4. A sensitivity analysis of the SCF is also carried out for the VIV analysis,

with SCF equal to 1, 1.3 and 9. SCF 9 is the highest SCF value in Shear7.



Chapter 6

Results and discussion

The results from the different analysis in Flexcom are presented in this chapter. The x-axis in all

the graphs are given from origo, which is located at the seabed.

Chapter 6.1 gives the results from the simplified representation of the second order vessel mo-
tions. In this analysis, steady state and effective tension have been investigated. In addition, the
boundary conditions at the top and the current direction at 0,45 and 90 degrees, have also been
investigated and compared. Chapter 6.2 gives the results from the application of the true second
order vessel motions. Different types of applications of the vessel motion in the software have
been investigated, in addition to the effect of waves. For the final analysis model, the response
from 31 sea states have been investigated. The results from the worst sea states for a 3-hour
sea state have been studied with respect to yield. Chapter 6.3 gives the results from the fatigue
analysis for the 31 sea states from the time domain analysis. The analysis have been performed
with SCF 1, 10 and 20, and no second order vessel motions. Chapter 6.4 gives the results from
the VIV analysis. The analysis has been performed with SCF 1, 1.3 and 9. Chapter 6.5 presents

the uncertainties in the methodology.
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6.1 Simplified global load analysis

Steady state

The results from the simplified second order vessel motions, represented by a harmonic motion
in y-direction, are presented below. The post-processing is performed at a user defined time,
and it is therefore important to look at the load time history to see if the analysis has reached
steady state. Figure 6.1 shows a snapshot of element 233. The graph shows great irregularities in
the first 80s, but has reached steady state after 300s. The post-processing is therefore conducted
at t=300s.
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Figure 6.1: Time history of bending moment
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Effective tension

Another plot of interest is the effective tension, shown in figure 6.2. In the Flexcom model, the
hydrodynamic coefficients are applied over the entire riser. However, the top part of the riser
is not submerged and should therefore not have the applied coefficients. The effective tension
can be investigated in order to see if Flexcom applies these coefficients to the non-submerged
part. If there is a change in the slope, the coefficients are not considered. There are two changes
in the slope in figure 6.2, one at the bottom and one at the top. The change in the slope at the
bottom is due to the flex joint in the model. At the top of the riser, the change in the slope occurs
at the water line. This indicates that the coefficients are not taken into account when the riser is

not submerged.
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Figure 6.2: Effective tension, 600 tonnes top tension
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As mentioned in chapter 3, the effective tension is defined as the difference between the total
column tension and the tensile force in the displaced fluid column. The equation is given in 6.1.
The external pressure represents the force which is in compression in the displacement fluid
column. If this force is larger than the total column tension, the effective tension will become

negative.

Te= (Tt — piSi) — (—peSe) (6.1)

The effective tension can be explained by Archimedes’ law, which says that the weight of the dis-
placed fluid is equal to the upthrust. The law can only be applied to closed pressure fields, and
does not give any information about the stresses or the internal forces. When forces acts on a
segment of the body, the pressure field will be open, and in order to use the law the pressure field
must be closed. The problem is therefore divided into two parts, one part where the pressure
field is closed and replaced by the upthrust, and another part with the true weight, W;ye. The
sum of these parts gives the segment’s apparent weight, W,. Since the pressure field was closed
for the first part, and the force P,S, was subtracted, the force must be added in the second part
to the true tension Tie. The true tension and the force gives the effective tension 7. Figure 6.3

shows the derivation of the problem.
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Figure 6.3: Derivation of effective tension (Sparks, 1984)

The internal pressure will also contribute when this is applied to a riser. An extra weight will
then contribute to the true weight, and the equation becomes equal to equation 6.1 (Sparks,

1984).
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If the external pressure becomes larger than the column tension, the riser will possibly buckle.
It is therefore important that the effective tension is positive at all times. Figure 6.2 shows the
effective tension of the riser when 600 tonnes are applied as top tension. The graph is negative
at the very first part of the riser from the seabed, and the reason for this could be due to the
high stiffness of the elements at the bottom part of the riser. In order for the effective tension to
become positive, as possibility is to increase the top tension to 700 tonnes, as shown in figure
6.4. A top tension of 600 tonnes is however, assumed to be sufficient enough to prevent buckling

as explained in 5.1.6 and appendix A and B.
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Figure 6.4: Effective tension, 700 tonnes top tension
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Bending moments

Figure 6.5 shows the bending moment in z-direction and figure 6.6 shows the bending moment
in y-direction. The moment is relatively large at the bottom of the riser. The reason for this is
because of the defined boundary conditions, which are fixed in all translations and rotations.
As mentioned in chapter 5.1, the wellhead connection to the seabed and the soil are usually
designed with a spring at the seabed and pinned boundary conditions at the soilnode. If the
bottom part of the riser was designed with a spring and pinned boundary conditions, the mo-
ment would probably be reduced. However, it is difficult to know how much the moment would
be reduced, because the elements at the bottom of the riser have a high stiffness and therefore
contributes also to the high increase of moment. At 27m from the bottom, a flex joint is added
to the riser. The properties of the flex joint are demonstrated well in the figure, by reducing the
moment significantly where it is applied. At the top of the riser, the moment increases, which
could be due to the infinite stiffness of the telescopic joint. Another possibility could be due
to the combination of the defined boundary conditions, where the translation in z-direction is
fixed, and the motion from the second order vessel motions are applied in y-direction.
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Figure 6.5: Local z-moment, free rotations, 0 degree current heading
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Figure 6.6, shows no moment i the y-direction. The reason for this is because the model and
the applied loads are symmetric about the axes. Both the second order vessel motions and the

current are applied in y-direction, which gives zero torque and no moment.
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Figure 6.6: Local y-moment, free rotations, 0 degree current heading
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Boundary conditions

The rotational boundary conditions were investigated in fixed and in free condition in order
to find the design that represents best the properties of the tensioner system. The moment in
z-direction with fixed boundary conditions is shown in figure 6.7, and in y-direction in figure
6.8. The current is applied at zero degrees for both the fixed and the free case. The local z-
moment with fixed and free rotations show great differences in the moment at the top part of
the riser. From figure 6.5, the maximum moment is equal to 60kNm, and in figure 6.7 itis SMNm.
The moment difference of 2.8MNm, and could possibly affect the lifetime of the riser and the
vessel in the fatigue damage calculations. A possible solution to reduce this momentis to add an
upper flex joint. Another possibility is to free the boundary conditions and neglect the rotational
constraint from the tensioner system, as shown in figure 6.5. A third possibility is to design the
tensioner system in more detail with tensioner lines. However, since the model should be as
simplified as possible, it was decided that the rotations should not be constrained. Adding an
upper flex joint is also a good solution, but since there exist designs without the flex joint it was
preferred to design the riser without the joint.
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Figure 6.7: Local z-moment, fixed rotations, 0 degree current heading
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Figure 6.8, shows no moment i y-direction. The reason for a zero moment is the same as for
figure 6.6. The figure shows that the moment in y-direction at the top of the riser does not

change when the rotations are free or fixed.
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Figure 6.8: Local y-moment, fixed rotations, 0 degree current heading
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Current direction

The current direction was also investigated. Figure 6.5 and figure 6.6 showed the moment when
the current was applied at zero degrees, and figure 6.9 and figure 6.11 shows the moment when
the current is applied at 45 degrees. Figure 6.10 and 6.12 shows the moment when the current
is applied at 90 degrees. All figures show that the critical spots occur at the same locations on
the riser. The highest moments are at the top and bottom, which is expected since the elements
at the top and bottom have infinite stiffness and are also close to the boundaries. The moment

over the buoyancy joint is relatively constant because the cross-section does not change.

From figure 6.5, when the current was applied at zero degrees, the maximum moment were at
the bottom of the riser and equal to 440kNm. From figure 6.9, when the current is applied at 45
degrees, the maximum moment is equal to 400kNm. The moment at the top of the riser from
when the current was applied at zero degrees was also larger than at 45 degrees. From figure
6.10, when the current is applied at 90 degrees, the maximum moment is lower than the two
other cases. The magnitude is 340kNm at the bottom and 20kNm at the top. By comparing the

moments from each case, the largest moment occur when the current is applied at zero degrees.
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Figure 6.9: Local z-moment, free rotations, 45 degree current heading
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Length v Moment
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Figure 6.10: Local z-moment, free rotations, 90 degree current heading

The reason for a higher moment with current applied at zero degrees could be because the drift
motions were added in y-direction, which is the same as zero degrees. From figure 6.6, when the
current was applied at zero degrees, the moment was constant and equal to zero over the entire
length of the riser. The moments from figure 6.11, when the current is applied at 45 degrees, and

figure 6.12, when the current is applied at 90 degrees, are therefore compared instead.

From figure 6.11, the moment at the bottom of the riser has a max magnitude of 115kNm, while
in figure 6.12 the max moment is 125kNm. The moment at the top from figure 6.11, is close to
25kNm, while in figure 6.12, the moment is 30kNm. The case which gives the highest moments

is therefore the case when the current is applied at 90 degrees.
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Figure 6.11: Local y-moment, free rotations, 45 degree current heading
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Figure 6.12: Local y-moment, free rotations, 90 degree current heading
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6.2 Advanced global load analysis

Drift motions with WF and LF motions

Figure 6.13 and figure 6.14 shows the moment in z-direction and y-direction when the harmonic
motion is replaced with the time histories from Ariane. The time histories consist of both LF and
WF motions from the DP system. The time history representing sea state 0 is used, and the cur-
rent, wind and wave are applied at zero degrees. The moments from the harmonic motion are
quite different than the moments from the true motion. The maximum moment at the bot-
tom of the riser from figure 6.5 was 400kNm, but close to 80kNm in figure 6.13. At the top of
the riser, the moment from figure 6.6 was about 60kNm, while from figure 6.13 the moment is
close to 25kNm. The moments from the harmonic motion shows therefore a more severe case
with respect to yield, because the moment is higher. The moment in the simplified analysis was
close to symmetric, while for the true second order vessel motions the moment is not symmetric

because the motions are irregular.
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Figure 6.13: Local z-moment with WF and LF motions from the vessel
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The moment in y-direction is also quite different. The motions from the simplified analysis
were only applied in y-direction, while in the analysis with the true second order vessel motions,
both y and z-direction had displacements from the vessel. This explains why there is a moment
in y-direction in figure 6.14. The moment is close to symmetric about the axes, but since the
motions are irregular, the moment will not become completely symmetric. The magnitude of

the moment is close to 100kNm at the bottom and 10kNm at the top in figure 6.14.
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Figure 6.14: Local y-moment with WF and LF motions from the vessel



CHAPTER 6. RESULTS AND DISCUSSION 109

Wave effects

The effects from applying a regular wave to the riser is shown in figure 6.15 and figure 6.16. The
model includes the second order vessel motions, both WF and LF motions, in addition to the
regular wave and current. Figure 6.15 shows that the moment increases significantly at the top
of the riser. This is because the waves decreases exponentially with the water depth. In deep
water, when the water depth becomes more then A/2, the waves will die out (Pettersen, 2007).
As mentioned in 5.3, if neglecting the effects from the wave kinematics, the response would
be non-conservative since the drag loads are not considered. Figure 6.15 shows that this effect
should not be neglected since the moment increases significantly at the top of the riser. Waves

should therefore be applied to the model in order to obtain a correct response.
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Figure 6.15: Local z-moment with regular wave
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The moment in figure 6.16 is slightly reduced at the bottom of the riser, compared to the mo-
ment in figure 6.14. The magnitude at the bottom has a maximum value equal to 90kNm, while
in figure 6.14 the magnitude is slightly above 100kNm. The moment at the top is also reduced
by 10kNm compared to the moment at the top from figure 6.14. The reason for the decrease in

moment could be due to the dominating moment in z-direction.
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Figure 6.16: Local y-moment with regular wave
Final analysis model

The results below are given for one combination of headings when both waves and second order
vessel motions are considered. The motions include the LF motions, and the wave kinematics
are considered by adding RAOs and wave spectrum to the analysis. The current, wave and wind
are applied at zero degrees. A total of 31 sea states have been investigated, but a selection of the

worst sea states are presented and discussed in more details in this thesis.
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Bending moments

Figure 6.17 is presenred in order to give an overview of the loads on the riser. The envelope
curve shows the moment in z-direction for all of the sea state. The maximum moment occurs at
the bottom of the riser, because of the boundary conditions and the high stiffness of the bottom
elements. The increase in moment at the top of the riser shows the effect from the wave kine-
matics. The magnitude of the moment is close to the magnitude of the moment at the bottom of
the riser. When comparing the moment from figure 6.15 with figure 6.17, it can be observed that
the shape of the moment is quite similar, as well as the magnitude at the bottom of the riser. The
magnitude of the moment at the top of the riser in figure 6.16 is however, larger than in figure
6.17. This could be because the WF are added to the drift motions at the top of the riser in figure
6.15, which gives a double effect of the wave kinematics at this location. It could also be because
the wave is a regular wave and therefore has a higher amplitude than the irregular waves added
in figure 6.17.
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Figure 6.17: Z-moment for all sea states
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The highest moments from figure 6.17 are shown in figure 6.18. Sea state 12, 11,10, 9, 8, 7, 6, 5,
4, 3 have the largest moments in the figure. As mentioned in the global analysis chapter 5.3, sea
state 12, 11, 10 and 9 exceeds the limiting condition for the DP system, and should therefore not

be considered in the analysis.
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Figure 6.18: Z-moments for the worst sea states
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The highest moments within the limiting condition of 20m offset, are shown in figure 6.19. The
highest moments at the bottom of the riser comes from sea state 8, 7 and 6. The highest mo-
ments at the top of the riser comes from sea state 4, 3 and 5. The dominating moments are

however, the moments at the bottom of the riser with magnitudes close to 300kNm.
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Figure 6.19: Z-moments for the worst sea states within limiting conditions
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Figure 6.20 shows the moment in y-direction. The maximum moment occurs also at the bottom
of the riser because of the boundary conditions and the stiff elements at the bottom. When
comparing the moment from figure 6.16 with figure 6.20, it can be observed that the shape of
the moment is somewhat similar, but the moment has less variation at the bottom part of the

riser. The magnitude of the moment at the bottom is however, smaller in figure 6.16 than in

figure 6.20.
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Figure 6.20: Y-moment for all sea states
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The highest moments from figure 6.20 are shown in figure 6.21. Sea state 12, 11,10, 9, 8, 7, 6, 5,
4, 3 have the largest moments in the figure. Since sea state 12, 11, 10 and 9 exceeds the limiting

condition, the sea states are removed from the results.
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Figure 6.21: Y-moments for the worst sea states
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The highest moments within the limiting condition are shown in figure 6.22. The highest mo-
ments at the bottom of the riser comes from sea state 8,7 and 6. The highest moments at the
top of the riser comes from sea state 4,3 and 5. The dominating moments are however, at the

bottom and have magnitude close to 450kNm.
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Figure 6.22: Y-moments for the worst sea states within limiting conditions
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In order to investigate the moment diagrams with respect to yield, the resultant moment was
studied and the worst sea states were selected. The resultant moment was however, obtained
for a 1-hour sea state because the results were used in the fatigue analysis. Therefore, a new
analysis was run for 3-hours for the three worst sea states from the resultant moment from a
1-hour sea state. The resultant moment for the three worst sea states from the 1-hour analysis

are shown in figure 6.23.

The worst sea states from the resultant bending moment are sea state 6, 7 and 8. Sea state 8 gives
the highest moment at the bottom of the riser, and sea state 6 gives the highest moment at the
top of the riser from figure 6.23. The moment is maximum 475kNm at the bottom, and 250kNm

at the top.
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Figure 6.23: Resultant moment, 1-hour sea state
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When comparing the moment from the 1-hour analysis with the moment from the 3-hour anal-
ysis, it can be observed that the magnitude increases slightly at the bottom for the 3-hour anal-
ysis, shown in figure 6.24. The moment increases from 475kNm to approximately 540kNm. At

the top of the riser, the moment stays relatively the same.
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Figure 6.24: Resultant moment, 3-hour sea state
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Standard deviation
The standard deviation of the bending moment shows the variation of the moment over the
riser. The deviation is highest at the bottom of the riser. Over the length of the buoyancy joint,

the deviation is lower, but increases at the end of the riser. Sea state 8 has the highest deviation

at the bottom, with a magnitude close to 70kNm.
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Figure 6.25: Standard deviation, 3-hour sea state
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Effective tension

The effective tension increases drastically in the beginning of the riser towards 6MN. Similar
to figure 6.2, the bottom of the riser is slightly negative due to the high stiffness of the bottom
elements. The effective tension is the same for all of the sea states, but it can be observed that

there is a small deviation from the minimum and maximum values for each sea state.
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Figure 6.26: Effective tension, 3-hour sea state
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Shear force

The shear force is the highest at the top of the riser. Sea state 6 has the highest shear force with
a magnitude approximately equal to 40kNm. The shear force for sea state 7 is close to 3.7kNm,
while sea state 8 has a shear force close to 3kNm. At the bottom of the riser, the shear force i

highest for sea state 8, and is approximately equal to 17kNm.
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Figure 6.27: Shear force, 3-hour sea state
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6.3 Fatigue analysis

Analysis with SCF 1

In the fatigue analysis, when SCF was 1, the results showed no damage over the whole riser. This
was unexpected since the moment diagrams showed a great variation over the riser. The axial
force was also investigated, but is only presented in the effective tension. Since both the axial
force and bending moments had some variation, it was assumed that there would be more axial
and bending stress variations. From investigating the output file from the fatigue analysis, it was
discovered that the software calculates only damage if the lifetime is below 99999. If the fatigue
life exceeds 99999 years, the value is set automatically equal to infinity or 99999. A lifetime of
99999 years is however, quite high and the small damage would most likely not have a significant
impact on the riser. In order to see what the damage would be, the damage is calculated by hand
calculation and by the equation D=1/N, given in chapter 3.2.4. The damage is then corrected by
multiplying it with the correct probability. The results are shown in figure 6.28, 6.29 and 6.30. All

three plots give the same results for each sea state because the lifetime exceeds 99999 years.
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Figure 6.28: Fatigue damage, SCF 1, Spectrum method
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Figure 6.29: Fatigue damage, SCF 1, Rainflow method
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Figure 6.30: Fatigue damage, SCF 1, Statistics method
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Analysis with SCF 10

In order to see when the riser would experience any damage, the SCF was increased to 10 and
then 20. A SCF of 10 or 20 could be unrealistic, unless the geometry is very special. When the SCF
was equal to 10, there were only three sea states that had a different lifetime than 99999 years.
The three sea states were sea state 4, 5 and 6. The remaining sea states, which were constant,

had a infinite lifetime.

Figure 6.31 shows the fatigue damage for sea state 6, 5 and 4 with the spectrum method. The
largest damage occur at the top of the riser, for sea state 4. However, the damage is still quite
small, with a magnitude close to 0.9E-5. Sea state 5 has the next largest damage of 0.5E-5. There
is also a small change in damage at the bottom of the riser, where the damage is equal to 0.2E-5

for sea state 4, and 0.25E-5 for sea state 5.
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Figure 6.31: Fatigue damage, SCF 10, Spectrum method
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The fatigue damage by using Rainflow counting shows that damage increases at the bottom
and top of the riser. The damage at the top of the riser is close to 1.5E-5 for sea state 4, and at
the bottom the damage is a little bit above 0.5E-5 for sea state 5. Compared to the spectrum
method, the damage for sea state 4 with the rainflow method, is significantly higher than the

damage from the spectrum method.
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Figure 6.32: Fatigue damage, SCF 10, Rainflow method
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Figure 6.31 shows the fatigue damage for sea state 6, 5 and 4 by using the statistics method. The
largest damage occur at the top of the riser from sea state 4, and at the bottom from sea state 5.
The damage at the top of the riser is close to 1.0E-5, and at the bottom the damage is close to
0.25E-5. If comparing the results from the statistics method with the results from the rainflow
and spectrum method, it can be observed that the results from the spectrum and the statistics
method are quite similar. The damage at the top of the riser and the bottom is however, higher

from the statistics method.
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Figure 6.33: Fatigue damage, SCF 10, Statistics method
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Analysis with SCF 20
When the SCF is increased to 20, sea state 1-7 and 14-19 show a change in the lifetime of the

riser. The remaining sea states, which were constant, had a infinite lifetime.

Figure 6.34 shows the fatigue damage for the selected sea states obtained from the spectrum
method. The largest damage occur at the top and at the bottom of the riser. The damage is
highest at the top of the riser, where sea state 4 is the dominating sea state. The damage at the

top of the riser is 1.18E-3 and 0.42E-3 at the bottom for sea state 4.
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Figure 6.34: Fatigue damage, SCF 20, Spectrum method
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A closer look at the damage at the top of the riser, is shown in figure 6.35. Sea state 4 gives the

largest damage of approximately 1.2E-3. The next largest damage is given by sea state 3, and is

approximately 0.7E-3.
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Figure 6.35: Fatigue damage at the top, SCF 20, Spectrum method
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Figure 6.36 shows the fatigue damage from using rainflow method. The largest damage also

occurs at the top and at the bottom of the riser. The damage is highest at the top of the riser,

where sea state 4 is the dominating sea state.
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Figure 6.36: Fatigue damage, SCF 20, Rainflow method
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A closer look at the damage at the top of the riser is shown in figure 6.37. Sea state 4 gives the

largest damage of approximately 1.4E-3. The next largest damage is given by sea state 5, and is

approximately 0.8E-3.
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Figure 6.37: Fatigue damage at the top, SCF 20, Rainflow method
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Figure 6.38 shows the fatigue damage from using the statistics method. The largest damage also
occurs at the top and at the bottom of the riser. The damage is highest at the top of the riser,

where sea state 4 is the dominating sea state.
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A closer look at the damage at the top of the riser is shown in figure 6.39. Sea state 4 gives the
largest damage of approximately 1.2E-3. The next largest damage is given by sea state 3, and is

approximately 0.7E-3. Sea state 5 gives a similar magnitude of damage from sea state 3.
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Figure 6.39: Fatigue damage at the top, SCF 20, Statistics method

When comparing the three different figures of the damage with SCF 20, it can be observed that
the rainflow method gives the highest damage. The damage at the bottom from the spectrum
and statistics method are quite similar. Both the statics and the spectrum method are based
on the Rayleigh distributed stress peaks, and the damage was calculated from either standard
deviation and mean zero up-crossing period or the combined stress. For the rainflow method
however, the damage was found directly from the stress histories and the damage obtained with

this method is therefore more accurate than the other two methods. The result from the rainflow
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method should therefore be investigated when looking at the response from other drilling riser

designs.

Fatigue hand calculations

Four sea states have been selected for further investigations, sea state 4, 5, 15 and 16. Sea state
4 and 5 are selected because they showed a change in the damage when the SCF was increased
to 10. Sea state 16 and 15 are also selected because their probability of occurence gave these
sea states the highest damage when all the sea states exceeded 99999 years in lifetime. Since
Flexcom has limitations for calculating the true fatigue damage, the calculations are performed

by hand for a few selected elements based on the stress histograms. The damage is shown in

table 6.1.

Sea state Element Damage
1 3.04397E-12
27 1.11314E-13

4 30 6.70727E-15
260 1.13576E-13
466 2.50784E-10
1 2.34668E-13
27 1.08089E-14

5 30 8.43038E-16
260 7.19117E-15
466 9.72311E-12
1 6.70918E-14
27 1.69715E-14

15 30 1.95932E-14
260 1.83826E-14
466 1.60542E-11
1 3.65906E-13
27 1.01969E-13

16 30 1.88754E-13
260 5.93358E-14
466 1.48804E-11

Table 6.1: Hand calculations of damage
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The elements selected for the fatigue hand calculations are element 1, 27, 30, 260 and 466. Ele-
ment 1 is at the bottom of the riser, at the seabed. Element 27 is the element before the flex joint
begins, and element 30 is the element after the flex joint. Element 260 is approximately at the

middle of the riser, and element 466 is at the waterline at the telescopic joint.

The damage is calculated according to equation 6.2, where @ and m is taken from the S-N curve
from chapter 5.4. Since the stress is quite low, the parameters are taken from the slope which

represents cycles over 1.0E+7.

kip 1& "
D= i;ﬁi = Eizzini(Ao-i) (6.2)
The equation should however, only be used when the number of stress blocks, k, is higher than
20. This is to ensure that there is no problem with the numerical accuracy. The number of stress
blocks from the fatigue analysis is less than 20 for all the elements. The damage shown in table

6.1 could possibly be incorrect (DNV, 2011a).

The hand calculations show that the damage is highest at the bottom and at the top of the riser.
The largest damage occur at the top of the riser. This corresponds well with the results from the
analysis. The hand calculations show that the damage is quite small for all of the sea states. The
highest damage occur for sea state 4 at the top of the riser. This sea state has also the highest
damage at the bottom of the riser. Sea state 5 should, according to the analysis in Flexcom, have
the next highest damage at the top, but when comparing the damage with sea state 15 and 16,
the damage is lower than these sea states. It is difficult to say why the damage is lower, but it

could perhaps be related to the limitations of equation 6.2.
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Analysis with no drift motions
The damage from sea state 4, 5, 15 and 16 are compared with the results from SCF 1, 10 and
when the analysis does not consist of any second order vessel motions. Figure 6.40, 6.41 and

6.42 shows the comparison for the three different methods.

From all of the figures it can be seen that the damage does not change when second order vessel
motions are not applied. The results from the fatigue analysis when SCF was 1, and the results
from the fatigue analysis when only RAOs and wave spectrum were defined, are completely the
same. This simplifies the methodology greatly because the calculations in Ariane are not neces-
sary. This means that only the RAOs and the wave spectrum should be defined in the analysis.
It is possible that the damage could be different when using another design/configuration or

changing the water depth of the riser. This should be verified in future studies.
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Figure 6.40: Fatigue damage from spectrum method with SCF 1, 10 and no drift motions
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When comparing the moment diagrams from the time domain analysis with second order ves-
sel motions and without these motions, the result is different for the bending moments in y-
direction. The bending moments in y and z-direction from the worst sea state from the time

domain analysis, is shown in figure 6.43.

The z-moment shows that the moment is the same, or close to the same, for both analysis. The
graph shows that the effect from the drift motions is insignificant, and that the wave kinematics
dominate the response. This could be due to the phase difference between the drift motions and
the wave motions. Since the WF and LF are out of phase, it is possible that the motions cancel
each other. This should be investigated in future studies. For the y-moment the envelope curve
is zero for the analysis with no drift motions. This is because the second order vessel motions
are applied in y and z-direction, which give a moment in the y-direction. However, for the other
analysis, the drift motions are not present and the loads are completely symmetrical about the
axes. The environmental loads are the waves and the current, and both of these are applied at
zero degrees, which is the y-direction in the model. This explains why the moment is zero. With
respect to yield, it is difficult to say if the response from the two analysis will differ. The resultant
moment should be compared for the two analysis in order to investigate this possibility. The
focus has however been at the fatigue anaysis for the comparison of the two different cases, and

from the results in the fatigue analysis the two options give no significant change of the damage.
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Figure 6.43: Local y and z-moment for sea state 8 with and without drift motions
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6.4 VIV analysis

The results from the eigenvalue analysis must be found in order to perform the VIV analysis.
In addition, the natural frequencies and mode shapes obtained from the analysis can give an

indication how the riser will respond in the dynamic analysis.

As explained in chapter 5.5, the eigenvalues appear in pairs, where one of them is unknown and
the other is a pure bending mode. The first seven eigenmodes and eigenvectors are found, but
only the pure bending modes are presented in this chapter. The pure bending modes are found
for both with and without current. The eigenfrequencies are given in table 6.2. The results
in the table show that there are very little differences between the eigenvectors with current
and without current. Additionally, the table shows that the eigenperiod is decreasing when the
eigenvector is increasing. This is correct, because when the number of modes increases and the

total length of the riser is fixed, the eigenperiod for each mode have to decrease.

Eigenvector Eigenperiod Eigenperiod
no current [s]  w/current(s]

1 113.29 113.23
3 55.14 55.12
5 36.36 36.35
7 27.03 27.02

Table 6.2: Eigenfrequencies and eigenperiods

Eigenmode 1, 3, 5 and 7 are compared to the expected shape, sin(*F*), where L is the total
length of the riser (Larsen, 2014). When n equals one in the expression for the expected shape,
mode 1 in figure 6.44 has a similar shape. When n equals 2, the expected shape is similar to the
shape for mode 3 in figure 6.45. The same goes for mode shape 5, represented by figure 6.46
and mode shape 7, represented by figure 6.47. From these observations the results seems to be

correct.
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In order to investigate if the bending modes from the eignvalue analysis are pure bending modes
and not mixed modes, the maximum curvature for the modes should increase monotonically.
The maximum curvature is given in figure 6.48. The graph without current is increasing mono-
tonically. However, the graph with current has alocal maxima at node 31. This means that mode

31 is amixed mode, and needs to be removed for the Shear7 analysis. When mode 31 is removed,

the graph will look like figure 6.49.
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The results from the VIV analysis with SCF 1 is shown in figure 6.50. The VIV analysis was per-
formed for the eigenvalue solution with and without current, but from the graph it can be ob-
served that the results remain the same with and without current. Since the current also had to
be defined in the Shear7 analysis, it was possible that there would be a double effect when using
the eigenmodes with current. However, from the results it seems that this has not affected the
graph. The reason for this is probably because the eigenmodes with and without current were
quite similar. However, for another riser design/configuration the effect could contribute to a

more significant change in the graphs, and should therefore be investigated in future studies.

From the figure the damage is highest at the bottom and at the top of the riser. The damage is
around 1.13E-5 at the bottom, and close to 0.4E-5 at the top. The damage is close to constant

from 500m from the seabed to around 1900m.
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Figure 6.50: Fatigue damage from VIV with SCF 1

A new analysis was performed with a higher SCF in order to see how the response would change.
With a SCF of 1.3, the damage can be found in figure 6.51. The figure shows that the damage is
still quite low, but it has increased at the bottom of the riser to 4E-5 and at the top to 1.5E-5.
When the SCF is increased to its maximum value 9, the results show that the damage is quite

high. The damage at the bottom is close to 0.46 and at the top the damage is close to 0.22.
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6.5 Uncertainties

The results for the marine drilling riser is based on assumptions, simplifications and experimen-
tal data. It is therefore important to be aware of these uncertainties when evaluating the data

obtained from the analysis. Some of the uncertainties are presented below.

6.5.1 Simplified model

The design of the riser is very simplified in the analysis. The different components, such as the
BOP and LMRP, have a complex and detailed geometry. This has however, not been considered
in the analysis. The results from the analysis could therefore be quite different if the model was

designed with more details.

6.5.2 Finite element method

The program is based on the finite element method (FEM), which is an approximate method.
Uncertainties from for instant the choice of element type or number of elements for each seg-
ment, could affect the results. The maximum element length for the buoyancy joint was changed
in the analysis from 1m to 4.6m, in order to decrease the computational time. The stiffness tran-
sition from one element in one segment to another element in another segment did however not
exceed a factor of 2. For future studies, a sensitivity study could be performed with 1m maxi-

mum element lengths for the buoyancy joint, in order to see if this changes the results.

6.5.3 Damping

Damping from the auxiliary lines and the velocity dependent bending moment of the flex joint,
is not included in the analysis. In addition, the interaction between the soil and the template to
the wellhead system, is not included in the analysis. Damping contributes to reduce the dynam-
ics, which can reduce the fatigue damage. By not including these contributions of damping, the

results from the analysis will be non-conservative (Holm et al., 2013).



CHAPTER 6. RESULTS AND DISCUSSION 145
6.5.4 Drag coefficient

The drag coefficient is a function of the Reynolds number, and the Reynolds number depend on
the velocity and the hydrodynamic diameter. For Reynolds number between 50 and 2.0E+5, the
drag coefficient is almost a linear function. Between 2.0E+5 and 5.E+5, the wake of the cylinder
becomes more narrow, which leads to a lower pressure gradient and a drop of the drag coeffi-
cient. When the Reynolds number increases again, the drag coefficient will gradually increase
again. In the analysis the drag coefficient is equal to one for all components, but it should in

reality be varying (Chakrabarti, 2005).

6.5.5 Seed number

The seed number was set equal to 0 in the analysis. The seed number could have an impact on
the results and a sensitivity analysis should therefore be conducted in order to investigate if the

fatigue damage changes.

6.5.6 Number of segments in VIV analysis

The number of segments from the element set in the eigenvalue analysis must be defined as a
positive non-zero number. This number could affect the results significantly. From the output
file in the Shear7 analysis, the suggested number of segments should either be equal or greater
than 180. A sensitivity analysis should therefore be performed in order to see the effect from this

parameter.

6.5.7 Environment

The scatter diagram used in the analysis, are based on a metocean report provided by Bureau
Veritas (Bureau Veritas, 2016a). The data in the scatter diagram are based on predictions and
historical data obtained over a certain period. The data will always consist of uncertainties. In

addition directional spreading of the waves is neglected. If this effect was taken into account,
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the waves would hit the rig out of plane, which results in movement of the BOP in two planes.

The BOP would move in circles, which would reduce the fatigue damage (Holm et al., 2013).

6.5.8 S-N curve

The S-N curves are based on experimental data and the "Safe-life" design approach. This means
that the intercept of the log N axis is given by the mean minus two standard deviations. This
is a conservative approach and the probability of failure is 2.5%. When comparing this to the
"Fail-safe" design approach, which is the mean minus one standard deviation, the probability
of failure becomes 15%. The difference in the probabilities show a great difference in the degree
of conservatism of the results. Figure 6.53 shows the regressions lines for a) the mean fatigue
life, b) mean minus one standard deviation and c) mean minus two standard deviation (Almar-

Neess, 1985).

g
*.

log

Figure 6.53: Regression lines for S-N curve (Almar-Naess, 1985)

6.5.9 Miner summation

The Miner rule does not take stress interaction into account. Since the fatigue is due to cycle
loading, the damage is connected to all of the cycles. The load histories give stress variation
around a constant mean level. Due to interaction effects, the miner sum becomes smaller than
one. From tests a mean value of 0.5 has been found, and is suggested in a relative miner sum.
However, the design codes use a failure criterion equal to one, and therefore overestimates with
a factor two on the cumulative fatigue life. Even though failure criterion is set to one, most
standards require a Miner sum lower than one for certain type of structures, because of a need

for an additional safety factor due to difficulties for repair and maintenance (Almar-Naess, 1985).
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Conclusion

The main goal for this thesis was to develop a methodology for the mechanical assessment of
marine riser joints during drilling operation. A model has been established for a global, fatigue
and VIV analysis, and sensitivity studies of SCE application of drift motions, type of drift mo-
tions, boundary conditions and current directions, have been carried out. The model has been

created based on the literature study of existing technology and rules and standards.

From the global load analysis, the boundary conditions at the top of the riser were investigated
both with fixed and free rotations. The results showed a great increase in the bending moment
at the top of the riser when the rotations were fixed. The difference between the moments were
2.8MNm, which led to the conclusion that the rotations should be free. The investigation of cur-
rent direction showed that the critical spots on the riser were at the bottom of the riser. A current
at 0 degrees gave the highest bending moments in z-direction and a current at 90 degrees gave
the highest bending moments in y-direction. A comparison of the response from the simpli-
fied motion and the true drift motions showed that the moments were significantly larger in the
simplified analysis. The investigation from wave effects showed an increase in the moment at
the top of the riser. This led to the conclusion that wave kinematics must be considered in the

method.

One combination of headings was investigated in terms of yield and fatigue. The worst bending

moments from the resultant moment within the limiting conditions were sea state 6, 7, and
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8. Sea state 8 gave the highest moment of approximately 475kNm at the bottom of the riser.
Sea state 6 gave the highest bending moment at the top of the riser of approximately 250kNm.
The the standard deviation, effective tension, shear force and resultant bending moment were

investigated in terms of yield for sea state 6, 7, 8 for a 3-hour sea state.

The fatigue damage from the time domain analysis gave low damage from all the three cycle
counting methods. This was surprising since the moments and axial force showed variations
over the riser, which would give stress variations. A sensitivity analysis with SCF 10 showed that
sea state 6, 5 and 4 gave an increase in damage at the top and bottom part of the riser, and
sea state 1-7 and 14-19 showed a difference when SCF was 20. Rainflow counting, when SCF
was 10, gave the highest damage of 1.5E-5 at top from sea state 4, compared to the statistic and
spectrum method. From SCF 20, sea state 4 gave a damage of 1.35E-3 at the top with rainflow
counting. Fatigue hand calculations showed that sea state 4 gave the highest damage at the
top of the riser, but sea state 15 and 16 gave the next highest. Further investigation should be

performed in order to obtain agreement in the results from Flexcom and the hand calculations.

A comparison of the fatigue analysis with no drift motions showed that the damage remained
unchanged. This could be because the drift motions are not significant enough to cause stress
variations. The wave effects are also not large enough to contribute to significant stress cycles of
the riser, which could be due to the limiting condition of the wave heights. Other reasons could
be that the high top tension, in combination with the stiff elements, prevent stress variations of

the riser.

The results from the VIV analysis showed also low damage, but oppose to the time domain anal-
ysis, the largest damage occurred at the bottom of the riser, close to 1.15E-5 for SCF 1 and 0.47
for SCF 9. The combination of the current profile from the metocean report and the surface
velocity from the standard is perhaps not significant enough to cause large damage to the riser.
Other possibilities could be that the S-N curve is too conservative. This could also be the reason

for the low damage in the time domain analysis.

Based on the results from the different analysis, the potential of the methodology is shown. With
further work, as discussed in chapter 8, the methodology can hopefully be a useful tool when

developing new standards for deeper water depths.



Chapter 8

Further work

The methodology presented in this chapter serves as a framework for the mechanical assess-
ment of riser joints. One geometry case has been investigated, but in order to validate the
methodology the response from several cases should be studied. An investigation of different
riser lengths, combinations of headings, environments and other drilling platforms, i.e.jack-up,

could also be investigated for a broader application of the method.

Since the results from the fatigue analysis and VIV analysis gave a low damage, further investiga-
tions of the applied loads, structural properties and fatigue data should be conducted. Addition-
ally, since the hand calculations gave results which disagreed with the results from the Flexcom

analysis, further investigations of the calculations of stress cycles should be conducted.

Since the drilling phase has been investigated in the analysis, other phases could be studied
such as the installation and tripping phase. In addition, since the riser has been investigated
in connected condition, other conditions such as disconnected, drift-off or emergency connect
could be investigated in order to broader the application of the methodology. All sea states

should then be taken into account in disconnected condition.

Due to time limitations, the focus has been on the global load analysis, fatigue analysis and VIV
analysis. In order to obtain the exact damage for given hotspots, a local analysis of the joints on

the riser should be conducted in a finite element software.
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Appendix A

Top tension calculations

Properties of the foam, fluid and steel are given in table A.1.

Fully submerged joints 85 [-]
Partly submerged joints 1 (-]

Steel density 7850 (kg/ mS3]
Foam density 3 800 [kg/m?]
Waterbased density 1250 [kg/m?]
Oilbased density 3 980 (kg/ m?]
Saltwater density 1025 [kg/m?]
G-modulus 7.93E+10 [N/m?]
E-modulus 2.1E+11 [N/m?]

Table A.1: Material properties

Areas of the foam, steel and fluid for the buoyancy joint are given in table A.2.

Asteel (m?] Afoam [m?] Afluid [m?]

0.0372 0.3346 0.2091

Table A.2: Steel, foam and fluid area for buoyancy joint

! Weight of pipe includes the weight of foam, waterbased fluid and steel
% At the LFJ
3 Given by Toderan (2016)



APPENDIXA. TOP TENSION CALCULATIONS II

Mass for one buoyant joint is calculated in table A.3.

Mteel [kg] Mtoam [kgl Muyaterbased [kg] Moilbased [kgl Buoyancy [kg]
Joint (23m) 6714 6156 6012 4713 13694
Lines 1208.4

Connection 40

Total 7962 6156 6012 4713 13694

Table A.3: Mass calculations for one buoyant joint

Mass for the partly submerged joint is calculated in table A.4.

Mgicel kgl Mtoam Myyaterbased kgl Moilbased kgl Buoyancy [kg]
(kgl
Not submerged (7m) 2411 1830 1435
Submerged (16m) 5551 4283 4182 3279 9526
Total 7962 4283 6012 4713 9526

Table A.4: Mass calculations for partly submerged buoyant joint

Mass for all buoyancy joints are calculated in table A.5.

Msteel [kgl  Mfoam [kgl Muyaterbased kgl Moilbased [kgl Buoyancy [kg]
Total (86 joints) 684732 527543 517032 405318 1173516

Table A.5: Mass calculations for all buoyancy joints

Top tension calculations are shown in table A.6

Top tension 250000 600000 kgl
Buoyancy 1173516 1173516 kgl
Weight of pipe ! 1729307 1729307 (kg]
Required ? -305.8 44 [tonnes]

Table A.6: Top tension calculations

! Weight of pipe includes the weight of foam, waterbased fluid and steel
% At the LFJ

3 Given by Toderan (2016)



Appendix B

Buckling calculations

The transition between tension and compression must be found when 250 tonnes is applied as top ten-
sion. Equilibrium was found at 38.49 joints from the top by subtracting the top tension and the buoyancy

from the weight of the pipe. The mass calculations are given in table B.1.

Mteel & fluid & foam [Kg] Mtoam kgl Buoyancy [kg]
Total (38.49 joints) 537859 235071 522914

Table B.1: Mass calculations for the joints in tension

The top tension calculations for the 38.49 joints are given in table B.2.

Top tension 250000 (kgl
Buoyancy 521682 kgl
Weight of pipe ! 772930 [kg]

Table B.2: Top tension calculations for joints in tension

The buckling calculations for the beam in compression (47.51 joints) are shown in table B.3. The average

force of the required load has been used to calculate the actual load.

Length f/bottom 1093 [m]
Critical load 2339 [N]
Actual load 1499903 [N]

Table B.3: Buckling calculations

I



Appendix C

Damage calculations

Sea state 4 has probability of occurrence equal to 0.04746. The damage is found in table C.1.

Element No. of cycles Equivalent range [MPa]  Damage '
1 2949248.790 0.25
2170286.896 0.75
612363.108 1.25
135080.097 1.75
3.044E-12
27 6083107.046 0.25
684405.826 0.75
1.113E-13
30 10387659.48 0.25
6.707E-15
260 7704068.213 0.25
576341.748 0.75
9005.340 1.25
1.136E-13
466 4592723.307 0.25
1688501.216 0.75
1211218.205 1.25
567336.409 1.75
324192.233 2.25
229636.165 3.25
36021.359 5.00
9005.334 7.00
2.508E-10

Table C.1: Damage calculations for sea state 4

v



APPENDIX C. DAMAGE CALCULATIONS

Sea state 5 has probability of occurrence equal to 0.00613. The damage is found in table C.2.

Element No. of cycles Equivalent range [MPa]  Damage !
1 3111344.907 0.25
1909132.041 0.75
508801.700 1.25
45026.699 1.75
2.347E-13
27 5966037.629 0.25
508801.996 0.75
1.081E-14
30 10108493.940 0.25
8.430E-16
260 7447416.028 0.25
324192.233 0.75
7.191E-15
466 5020476.948 0.25
1972169.420 0.75
900533.982 1.25
391732.282 1.75
243144.175 2.25
171101.457 3.25
9005.334 5.00
9.723E-12

Table C.2: Damage calculations for sea state 5

! Coefficients used for calculating the damage: m=5 & G=7.178E+16



APPENDIX C. DAMAGE CALCULATIONS

Sea state 15 has probability of occurrence equal to 0.12587. The damage is found in table C.3.

Element No. of cycles Equivalent range [MPa]  Damage !
1 9635888.330 0.25
121574.292 0.75
6.709E-14
27 9910556.174 0.25
1.697E-14
30 11441491.700 0.25
1.959E-14
260 10734559.710 0.25
1.838E-14
466 6276835.669 0.25
3759797.549 0.75
1166212.653 1.25
207126.572 1.75
22513.758 2.25
1.605E-11

Table C.3: Damage calculations for sea state 15

! Coefficients used for calculating the damage: m=5 & G=7.178E+16



APPENDIX C. DAMAGE CALCULATIONS

Sea state 16 has probability of occurrence equal to 0.22149. The damage is found in table C.4.

Element No. of cycles Equivalent range [MPa]  Damage !
1 7632256.872 0.25
468291.867 0.75

3.659E-13
27 10860769.070 0.25

94558.935 1.020E-13
30 11211987.970 0.25
211631.902 0.75

1.888E-13
260 10937316,78 0.25
36022.451 0.75

5.934E-14
466 7114434.134 0.25
3160970.103 0.75
774482.703 1.25
72044.903 1.75
9005.613 2.25

1.488E-11

Table C.4: Damage calculations for sea state 16

! Coefficients used for calculating the damage: m=5 & G=7.178E+16



Appendix D

Response amplitude operators
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APPENDIX D. RESPONSE AMPLITUDE OPERATORS

Surge
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APPENDIX D. RESPONSE AMPLITUDE OPERATORS
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Appendix E

Workplan

BV Marine&Offshore Division Np= 29/01/2016
DTO4 — Subsea&Drilling Paris - HO
Scope : Internship of Martine Concerns: Author(s) :
Bay —Memo Jan 16 Catalin Toderan (CTN) CTN
Martine Bay (MBY) MBY

Validation : CTN

1** Memo of M. Bay Internship — 29 Jan 2016

1. Scope of the internship — discussion
The scope was discussed and clarified during the first week of internship, in accordance with
the internship agreement from 2015. The understanding is as follows
- The work do not concern any operational project, certification or consultancy service
- The goal is to define and validate a full methodology for the assessment of drilling risers
and components jwith regard to yielding and fatigue; this methodology will be used by BV
in the next future to perform a large number of tests to calibrate acceptance criteria for
risers and risers joints (this calibration is outside the scope of the internship)
- The validation is done on a number of case studies selected by MBY and CTN based on
the documentation carried out during the first phase of the work
- The work will involve BV specialists from various departments : Research Dep (Hydro,
Metocean), Operational team DTO2 (use of Flexcom and Shear7 tools), Operational
Team DTO1 or Tecnitas (Detailed FEM, fatigue assessment).
2. Internship Workplan
CTN proposes the following workplan:
Phase 1 Technology documentation : Estimated duration 3 weeks
- Design and manufacturing of risers and
components : models, types, suppliers
- Technical standards (APl, NORSOK,
DNVGL)
- Calculation tools background (Flexcom,
Shear 7)
Phase 2 Investigation on environmental loads and Estimated duration 1 month
familiarization with associated software tools
(Hydrostar). Co-work with the Research
Department. Targeted regions will be: N Sea
Norway, GoM, Brazil or West Africa.
Selection of sites for case studies.
Phase 3 Technical investigation on VIV and Shear 7 Estimated duration 1 month
limitations. Test of Shear 7 for various riser sections
Phase 4 Final selection of 2 or 3 case studies Estimated duration 1 week
(site+technology)
Phase 5 Modeling, validation of models, solving and Estimated duration 2.5 months
postprocessing : Flexcom, Shear7, Hydrostar,
Abaqus
Validation of the method and identification of
limitations
Phase 6 Final reporting and presentation 0.5 months

The detailed scheduling is kept flexible for fitting with the availability of BV personnel, in particular
operational teams. For this reason, we may have some overlaps for the phases 1 to 4.
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Appendix F

Contents in Zip-file

Flexcom

Flexcom program folder: Contains all of the Flexcom files * keyxm and the project file Drilling.fcproj.

Input files folder:

- Excel input files for using "Excel variations" in Flexcom: Sea_ states_ first.xlsx, Sea_ states_ RAO.xlsx,
Time_ domain_ first.xlsx, Time_ domain_ RAO.xlsx - Input file in Ariane: Batch.txt.
- Input files for drift motions in Flexcom: Displacement_ LF_i.dat, i=0,...32

- RAOs for 0 degree heading: RAOS.incx.

Post-processing

- Time domain output files: Data to create plots for final time domain analysis.
- Fatigue output files: Data to create plots for fatigue analysis.
- Histograms: Data for calculating damage by hand.

- Shear7 output files: Data to create plots for VIV analysis.

Excel

Fatigue calculations.xlsx: Fatigue hand calculations from appendix C.

Top tension calculations.xlsx: Top tension and buckling calculations from appendix A and B.

Other
Poster.pdf: Poster for poster exhibition at NTNU.
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