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Abstract 


Oil and gas fields are today being developed at water depths characterized as ultra-deep waters, in 
 this report limited to 3500 meters. Pipelines, which are major components of these developments, 
 will experience challenges both in terms of design and installation. The installation processes require 
 special focus, as heavy pipelines may exceed the lay vessels’ tension capacities in these water depths.   


A  single  steel  pipeline  is  the  most  applied  concept  for  deep  water  field  developments  due  to  its 
 simple engineering concept, well known behavior and cost effectiveness. Pipe-in-Pipe solutions are 
 thermally efficient and are a proven technology, but applications are limited due to economical and 
 technical  aspects  restricting  the  sizes  and  weights  applicable  for  installation  in  deep  waters. 


Sandwich  pipes  can  maintain  a  thermal  and  structural  performance  close  to  Pipe-in-Pipe  systems, 
 with a lower submerged weight. This is however a relatively new concept that demands further tests 
 and studies in order to be applicable at ultra-deep water fields.  


Design to withstand buckling during the installation process requires thick walled pipelines due to the 
 combination  of  high  external  hydrostatic  pressure  affecting  pipes  at  these  depths  and  the  bending 
 during  the  pipe  laying  process.  Given  that  existing  lay  vessels  have  limited  tension  capacities  to 
 reduce the bending radius, measures must be implemented, both in terms of pipeline design and lay 
 vessel configurations, to allow for ultra-deep water installation. 


The thesis comprises development of 14 inch, 20 inch and 28 inch steel pipelines for installation at 
 water depths down to 3500 meters. Investigations are made on the effects of selecting pipelines with 
 higher  steel  grades  than  the  conventional  X65.  Static  analysis  studies  are  in  addition  made  on  the 
 feasibility  of  installing  these  pipelines  in  deep-  and  ultra-deep  waters,  and  to  investigate  limiting 
 factors  in  the  installation  processes.  Laying  analyses  are  performed  with  OFFPIPE  which  provides 
 results on bending moments, strains, and axial tensions affecting and limiting the layability. Further 
 studies are performed on the effects an increased allowable overbend strain (up to 0,35%) will have 
 on  the  installation  process,  and  to  understand  the  correlation  between  this  factor  and  other 
 parameters such as stinger radius, departure angle, top- and residual tension and bending moments. 


Wall thickness parameter studies indicate that the  use of higher steel grades will have a significant 
 contribution  in  pipeline  wall  thickness  reduction.  The  percentage  reduction  in  wall  thickness  is 
 greater for increasing water depths when higher steel grades are considered. This has a direct impact 
 on the total weight of the pipeline segment to be installed in deep waters and thus selection of lay 
 vessel.  The associated cost reductions could also be substantial. 


Static lay analyses show that large diameter pipelines have limited possibilities of being installed with 
existing  lay  vessels  at  ultra-deep  waters  down  to  3500  meters.  It  can  be  concluded  that  increased 
allowable overbend strain have several advantages for the installation processes and will extend the 
water  depths  possible  for  pipe  installation  with  existing  S-lay  vessels.  Overbend  strains  are  not  an 
issue  for  J-lay  vessels,  where  installation  of  large  diameter  pipelines  can  be  performed  to  water 
depths of 3500 meters by increasing tensioning capacities of existing J-lay vessels. 
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CHAPTER 1 INTRODUCTION 



1.1 Background 


In recent years there has been an increased focus on oil and gas fields located in ultra-deep waters. 


Significant  hydrocarbon  reserves  are  present  at  these  water  depths,  and  due  to  increased  energy 
 needs,  companies  are  starting  to  develop  fields  located  in  such  areas.  Considerations  to  pipeline 
 design and installation must be made to overcome both technical and economical challenges arising 
 at these depths.   


As of today, projects have been done in water depths beyond 2000 meters and planned projects are 
 ranging up to 3000 meters and more. The Medgaz project in the Mediterranean Sea has installed 24 
 inch  pipelines  at  depths  of  2155  meters,  and  a  gas  pipeline  project  between  Oman  and  India  had 
 plans of pipelines at depths of nearly 3500 meters.  


Significant  challenges  are  present  regarding  pipelines  for  oil  and  gas  field  developments  in  deep 
 waters.  Methods  of  pipelaying,  selection  of  pipeline  concept  and  ability  to  do  intervention  are  of 
 large  concern and  set  limitations to  how  deep  a  pipeline  can  be  installed.  Pipeline  installations  are 
 limited  by  the  laying  vessels,  but  also  technical  solutions  and  the  design  are  important  in  order  to 
 make pipeline installations and operations feasible at high water depths.  


Single  steel  pipelines  represent  the  most  common  pipeline  concept.  It  is  considered  to  be  the 
 simplest  engineering  concept,  has  well  known  behavior  during  installation  for  more  shallow  fields 
 and costs are relatively low. Going to deeper waters has caused other concepts and solutions to be 
 considered. Sandwich pipes and Pipe-in-Pipe are two alternative concepts to single steel pipelines for 
 application  in  deep  waters.  For  single  steel  pipelines,  development  of  higher  steel  grades  are 
 explored  and  considered  in  order  to  reduce  the  required  wall  thicknesses  and  pipeline  weights, 
 which may improve layability at such depths. 



1.2 Problem Statement 


In this thesis pipelines in deep- and ultra-deep waters are to be studied. Based on requirements set 
 by DNV (2007 a) and recommended practices pipelines shall be developed for water depths down to 
 3500 meters.  


During  installation  at  deep  waters,  pipelines  will  be  subject  to  bending  moments  near  the  seabed, 
 high  external  hydrostatic  pressure,  along  with  axial  tension,  affecting  the  installation  process. 


Pipelines must be designed to withstand buckling during the installation, which is a greater problem 
 with increasing water depths. When pipelines are installed empty, the concern of local buckling and 
 hence propagation buckling will be significant. 


Deep water pipelines will typically be thick walled pipes, which due to the high weight set limitations 
to  installation  depths  applicable  for  existing  vessels.  In  order  to  reduce  the  weight,  pipelines  with 
higher  steel  grades  are  considered,  as  increased  yield  strengths  will  decrease  the  required  wall 
thicknesses.   
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1.3 Purpose and Scope 


The purpose of this study is to study single steel pipelines for deep- and ultra-deep waters, and prove 
 their  layability  with  existing  lay  vessels,  in  addition  to  identify  the  effects  increased  allowable 
 overbend strains will have on the installation process. 


Scope of the thesis:  


-  Study relevant papers on deepwater pipeline challenges, -design and -installation. 


-  Identify main challenges for pipelines for development in deep- and ultra-deep waters. 


-  Wall thickness calculations.  


-  Study the effects of higher steel grades and ovality on wall thickness requirements. 


-  Decide pipeline coating design. Parameter study on  the effect of the change in thermal 
 conductivity from insulation coating thickness.  


-  Static  pipeline  laying  study  for  water  depths  down  to  3500  meters  with  the  computer 
 program OFFPIPE. 


-  Pipelay  parameter  study.  This  analysis  shall  provide  results  on  the  effects  increased 
 allowable overbend strains will have on the S-lay installation processes. 


-  Discuss and evaluate results.  


-  Conclusions. 



1.4 Thesis Organization 


Chapter  2 (Deepwater  Pipelines)  describes  the  subsea  pipeline  systems  applicable  for  deep-  and 
 ultra-deep waters and discusses the main challenges connected to development of pipelines at these 
 water depths. 


Chapter  3  (Design  Basis)  provides  the  design  basis  for  the  pipelines  being  studied  as  part  of  case 
 studies, including pipeline  and coating properties, material data and stress-strain relationship, data 
 about the physical environmental and design criteria, as well as on codes and standards applied in 
 the thesis.  


Chapter  4  (Design  Methodology)  discusses  the  code  checks  required  for  wall  thickness  design  and 
 installation analyses. DNV (2007 a) is the main standard used as design code. 


Chapter 5 (Deepwater Pipeline Design and Case Studies) comprises some of the main aspects in the 
 design processes to establish a layable and operative pipeline at deep waters. Theoretical studies and 
 calculations of wall- and coating thicknesses, in addition to parameter studies on effects from higher 
 steel grades on wall thicknesses and increased thermal conductivity on insulation coating thicknesses 
 are provided.  


Chapter  6  (Offshore  Pipelaying)  provides  an  understanding  of  pipeline  laying  methods  relevant  for 
deep  waters.  Selection  of  lay  method  will  be  done,  based  on  a  discussion  of  the  advantages  and 
disadvantages of the different concepts.   
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 Chapter 7 (Pipeline Laying Study) covers results and evaluations on pipe layability studies of S- and J-
 lay  to  water  depths  of  3500  meters,  and  provides  an  understanding  of  pipelay  parameters,  -study 
 input, and -assumptions made for the installation analyses. Results and discussions on the parameter 
 studies with increased allowable overbend strain’s effect on the installation process (with S-lay) are 
 provided. The pipelaying system modeled with the finite element software OFFPIPE is also explained.      


Chapter 8 (Conclusions and Further Studies) provides the conclusions and recommendations for 
further studies.
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CHAPTER 2 DEEPWATER PIPELINES 


Subsea  pipelines  are  essential  for  the  oil  and  gas  industry  throughout  the  world.  Their  ability  to 
 transport hydrocarbons between offshore fields, countries and continents are critical to maintain a 
 sufficient  import/export  of  oil  and  gas.  Pipelines  are  constantly  evolving  to  secure  a  safe  and 
 effective transportation of hydrocarbons, and to minimize the required human interference in form 
 of maintenance and repairs. 


As  companies  are  pushing  the  boundaries  for  oil  and  gas  recovery  in  increasing  water  depths,  the 
 need  for  safe  and  effective  pipelines  are  critical  for  cost-effective  and  environmental  reasons. 


Pipeline  design  and  concepts  in  deep-  and  ultra-deep  waters  are  being  developed  to  fulfill  the 
 requirements given by standards and regulations.  


In  the  following  chapter  general  pipeline  systems  are  highlighted,  including  concepts  relevant  for 
 deep-  waters,  and  discussions  of  main  challenges  related  to  pipelines  for  oil  and  gas  field 
 developments.  


In this thesis deep- and ultra-deep waters will be defined according to NS-ES ISO 13628-1 (2005) as: 


-  Deep waters: water depths from 610m to 1830m 
 -  Ultra-deep waters: water depths exceeding 1830m  



2.1 Pipeline Systems 


2.1.1 General 


Pipeline sections extending from a start-off point, typically from a platform to an end point such as 
 onshore facilities or another platform, are defined as a pipeline system (Braestrup, et al., 2005). 


Parts of the pipeline system will typically include: 


Risers 


Vertical or near-vertical pipe segment connecting the subsea pipelines to above water facilities. Steel 
 catenary-, flexible- and hybrid risers are variants applied for production and exportation purposes. 


Valve assemblies 


In-line valves such as check valves and ball valves, together with support structures and by-pass lines.   


Isolation couplings 


Devices that secure electrical isolation of two pipeline sections. 


Shore approaches 


Methods to connect subsea pipelines and onshore lines. This can be done by a beach pull, tunnel pull 
 and horizontal drilling.   


Pig launchers and receivers (pig traps) 


Facilities connected to a pipeline to dispatch and receive pigs. 
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 A variety of pipeline system configurations can be selected, based on factors such as location, water 
 depth, environmental conditions, function and design life.  


The different subsea pipelines can be classified as (Guo, Song, Chacko and Ghalambor, 2005) (figure 
 2-1): 


• Flowlines for oil and gas transport between subsea wells and -manifolds.  


• Flowlines  for  oil  and  gas  transport  between  subsea  manifolds  and  production  facility 
 platforms. 


• Infield flowlines for oil and gas transport between production facility platforms. 


• Export pipelines for oil and gas transport between production facility platforms and shore. 


• Flowlines  for  transport  of  water  or  chemicals  between  production  facility  platforms  and 
 injection wellheads. 


Figure 2-1 Offshore Pipelines [Guo, Song, Chacko and Ghalambor, 2005] 


Flowlines  are  normally  referred  to  as  pipelines  transporting  untreated  well  fluids  (single  phase  to 
multi-phase  products).  This  can  also  include  pipelines  transporting  chemicals  for  flow  assurance 
purposes  and  pipelines  with  water  or  gas  for  injection  into  the  reservoir  to  increase  recovery  of 
hydrocarbons. Pipeline diameter will normally increase further downstream to handle the expected 
pressure and flow. 
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Export pipelines 


Pipelines applied for exportation of oil and gas is typically divided into: 


• Interfield pipelines 


Interfield pipelines are lines used for oil and gas transport inside a limited area, such as between 
 platforms or other offshore installations. These are normally small diameter pipelines. 


• Trunklines (Transmission pipelines) 


Trunklines  are  typically  large  diameter  pipelines  used  for  transport  of  hydrocarbons  from  a 
 platform to shore, subsea to shore and between continents, usually for long distances. Treated 
 mediums such as crude oil or sales gas are transported. One example is the Langeled trunkline 
 delivering natural gas from Norway to England.  


2.1.2 Flow Assurance 


Common for pipelines transporting oil and gas is the focus on flow assurance. Pipelines operating in 
 deep  waters  are,  due  to  challenges  arising  regarding  repair  and  interventions  at  these  depths, 
 particularly critical with respect to design for maintaining a satisfactory flow assurance. 


Flow  assurance  is  a  significant  aspect of  any oil  and  gas  transportation  system  where  formation of 
 hydrates,  wax,  scale  deposits  and  asphaltenes  can  cause  potential  problems.  Reduction  in  flow  or 
 blockage of flowlines in any part of the system will cause a non-optimal petroleum production, with 
 potentially severe economical losses.  


Several  mitigating  measures  can  contribute  to  flow  blockage  prevention.  Thermal  insulation  of 
 flowlines  (use  of  materials  with  low  thermal  conductivity),  chemical  injections  (methanol,  glycol, 
 inhibitors),  active  heating  (with  hot  fluids  or  electrical  heating)  and  pigging  (removing  fluids  and 
 deposits)  are  some  examples.  Flow  assurance  systems  can  in  addition  consist  of  equipment 
 controlling  temperature  and  pressure.  For  hydrate  formation  to  be  avoided,  temperature  in  the 
 flowlines should be kept above a given hydrate formation temperature. During shut-down and start-
 up the temperature may fall under this critical temperature. Insulation with external coatings can act 
 as barriers from reaching the hydrate formation zone, and injection of chemicals such as glycol and 
 methanol mitigates or prevent flowline blockage (further studies in section 2.2.7).  


Necessary  actions  to  secure  flow  assurance  depend  on  properties  of  the  transported  materials,  as 
 well  as  water  depth.  Both  concept  selection  and  design  are  influenced  by  the  required  flow 
 assurance for the given project. In deeper waters the changes in pressure and temperature are often 
 higher,  and  the  consequences  of  blockage  more  critical  than  for  more  shallow  waters.  This  may 
 require flowlines containing chemicals specifically aimed to maintain a sufficient flow.  


• Chemical injection lines 


In  order  to  avoid  potential  hydrates,  wax  and  paraffin  blocking  the  pipelines,  injection  of 
chemicals such as MEG (monoethylene glycol) and methanol can be sufficient. Chemical injection 
lines  can  be  independent  flowlines,  as  for  the  Ormen  Lange  project  (two  6”  MEG  lines),  or  as 
piggy-back lines (injection lines connected to a hydrocarbon pipeline).  
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 2.1.3 Specific Solutions 


Based on design and material selection, pipelines can be constructed as: 


-  rigid pipes 
 -  flexible pipes 
 -  composite pipes 
 Rigid Pipes 


Rigid  pipes  include  a  number  of  pipelines  made  out  of  carbon  steel  and  manganese  and/or  other 
 alloying  materials.  Pipe-in-Pipe,  Sandwich  pipes  and  single  steel  pipelines  are  examples  of  rigid 
 pipelines with potential of operation at deep water locations. Due to good mechanical properties and 
 costs, rigid pipelines are the most common pipelines for production and export of hydrocarbons at 
 deep water fields.  


Single carbon steel pipelines are widely used for offshore fields, both for shallow and deep waters. 


Material grades are typically X60 (steel grade with yield strength of 413N/mm2) to X70 (yield strength 
 482N/mm2), selected for subsea pipelines based on water depth, cost and wanted mechanical design 
 and properties. 


Compared  to  flexible  pipelines,  rigid  pipelines  can  be  constructed  in  larger  diameters  and  lengths, 
 and are cheaper to produce. They can be used for high temperatures and pressures conditions, and 
 have good characteristics for deep waters. Rigid pipelines with good mechanical properties such as 
 strength,  toughness,  ductility  and  weldability  are  developed  for  application  in  many  deep  water 
 projects throughout the world.      


One  of  the  challenges  with  rigid  pipes  is  their  lack  of  resistance  against  corrosion.  Application  of 
 coating  and  cathodic  protection  on  the  outside,  and  corrosion  resistant  alloys  on  the  inside,  are 
 measures  to  reduce  the  corrosion  during  the  pipeline  service  life.  Rigid  pipelines  may  experience 
 limited fatigue life, depending on the dynamic loads, compared to flexible pipelines. 


As fields are developed at deeper waters, the industry is pushed to improve rigid-, including carbon 
 steel pipelines to withstand loads and forces affecting the pipes at these depths. Colder and harsher 
 environments along with restricted possibilities to perform interventions are setting requirements to 
 pipeline design. Some of the areas studied are:     


• Use of higher material grades – To reduce pipeline weight 


• Pipe-in-pipe and Sandwich pipes – To improve flow assurance  
 Flexible Pipes 


Flexible  pipelines  are  made  of  different  functioning  layers  of  metal  and  thermoplastic  materials. 


Carcass, liner, armor- to withstand radial- and axial tension loads, and an outer sheath are the typical 
inside  to  outside  construction  of  flexible  pipelines.  Their  high  axial  tensile  stiffness  combined  with 
low  bending  stiffness  (unbounded  flexible  pipes)  is  characteristics  that  make  them  applicable  for 
spooling onto relatively small diameter spools.   
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 Exportation and production of oil and gas between wellhead (manifolds) and rigid pipes are typical 
 areas  of  use  for  flexible  pipelines,  but  longer  transportations  have  been  done  for  specific  fields 
 (Palmer  and  King,  2008).    Flexible  pipes  have  also  been  applied  as  injection  lines  for  gas  and 
 chemicals  into  reservoirs.  Benefits  (compared  to  rigid  pipes)  are  related  to  ease  and  speed  of 
 installation,  less  free  span  distances,  good  insulating  and  corrosion  properties,  as  well  as  no  field 
 joints which affect the probability of leakage and the ability to function in high dynamic motions. 


Still,  problems  arising  with  use  in  deep  waters  usually  exceed  the  advantages  of  selecting  flexible 
 pipelines.  High  costs  combined  with  limitations  to  withstand  external  pressure  are  critical  factors 
 which so far have put limitations for use at deep waters.  


Composite Pipes 


Composite  pipelines  are  constructed  by  two  or  more  materials  with  different  chemical  or  physical 
 properties.  Epoxy  reinforced  with  glass  fiber,  carbon  fiber  or  silicon  nitride,  are  examples  of 
 composites  developed  to  maintain  a  high  strength  combined  with  corrosion  elimination. 


Characteristic for composite materials are their high strength in relation to weight. Still, concerns on 
 making reliable joints with sufficient mechanical strength are present. According to Palmer and King 
 (2008) a combination of corrosion resistant composite- and high strength low cost steel materials can 
 make a well functioning pipeline, with composite typically as the internal corrosion protection. 


2.1.4 Pipeline Concepts 


Pipelines  transporting  oil,  gas  or  other  well  fluids  can  be  divided  into  concepts  based  on  their 
 structure and composition. Pipeline concepts most relevant for deep water applications are: 


• Pipe-in-Pipe (PIP) systems 


PIP consists of concentric inner and outer pipes, where the inner pipe transports the fluids and is 
 insulated, while the external pipe provides mechanical protection. The inner pipe is designed for 
 internal  pressure  containment,  and  thermal  insulation  materials  shall  secure  required 
 temperature  along  the  route.  The  outer  pipe  shall  secure  adequate  protection  from  external 
 pressure and other external loads affecting the system.  


Thermal  insulation  capacities  of  PIP  make  this  concept  a  viable  solution  for  HP/HT  conditions, 
 where flow assurance is a critical factor. This concept is however complex and costly, in addition 
 to having a relatively high weight. 


• Bundle systems 


Bundle  systems  have  a  configuration  with  an  outer  carrier  pipe,  inner  sleeve  pipe,  internal 
flowlines  and  an  insulation  system.  The  carrier  pipe  acts  as  a  mechanical  protection  and  shall 
maintain  a  corrosion  free  environment  for  the  flowlines.  The  sleeve  pipe  shall  sustain  internal 
flowlines with a dry pressurized compartment. Sleeve pipes are typically insulated and flowlines 
are  gathered  around  heat-up  lines  to  satisfy  flow  assurance  for  the  system.  This  concept  is 
relevant  where  several  small  flowlines  are  required  for  transportation  of  chemicals  and  other 
fluids.  
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• Sandwich pipes (SP)  


SP are a relatively new concept which consists of an inner and outer steel pipe that is separated 
 by a polymeric annulus. The structural concept will typically be two external thin and stiff layers, 
 and  a  thick  and  flexible  core  in  the  center.  A  polymer  between  these  layers  is  affecting  the 
 thermal and also the mechanical capacity of the pipe. This concept is promising for deep waters 
 due  to  high  strength,  -insulation  capacity  and  relatively  low  weight.  But  further  studies  are 
 required for this concept to be an actual solution for deep water projects. 


• Single steel pipelines 


Single pipelines are the most common concept for transportation of oil and gas, where carbon 
 steel is normally the main material. Typical steel grades are up to X65, but X70 have been used 
 for offshore pipelines, and even higher grades are studied. Materials such as duplex- and super 
 duplex steels can be possible substitutes. For single pipes the wall is designed to withstand both 
 internal  pressure  containment  and  external  loads  and  hydrostatic  pressure.    Insulation  and 
 corrosion are maintained by external and internal coatings.    



2.2 Deep Water Challenges 


Pipelines  have  been  installed  at  depths  close  to  3000  meters  and  companies  are  working 
 continuously  to  develop  sustainable  and  secure  projects  at  even  greater  depths.  Characteristic  for 
 these projects are the increased focus on challenges, which are often comprehensive and critical at 
 deep  water  locations.  Pipeline  installation,  possibilities  to  do  interventions  and  pipeline  coating 
 design are all challenges that get even greater as the water depth increase. 


Projects  comprising  pipelines  for  oil  and  gas  developments  in  deep  waters  have  several  challenges 
 that need to be considered before and during project execution: 


Environmental  conditions,  concept  selection,  design,  material  selection,  pipe  laying,  increased 
 hydrostatic pressure, flow assurance, corrosion, safety, economy, ability to do pipeline intervention, 
 temperature,  installation  requirements,  thermal  management,  ability  to  do  seabed  intervention, 
 recovery factor, and so on. 


2.2.1 Pipelaying 


Installation  of  pipelines  in  deep  waters  is  one  of  the  most  critical  challenges,  as  this  often  is  the 
governing factor for how deep a pipe can be laid. This is due to requirements on allowable bending 
moments  and  stresses/strains  in  the  pipes.  Installation  method,  lay  vessel,  size-  and  weight  of  the 
pipeline, pipe material and factors such as currents, waves and seabed conditions are all contributing 
to the challenges of safely installing a pipeline without exceeding the criteria set. Today there are a 
limited  number  of  vessels  performing  pipelaying  at  ultra-deep  waters.  The  vessels  tensioning 
capacities  required  for  deep  water  installations  are  high,  especially  for  large  and  thick  walled 
pipelines, which may be too costly to justify for. A high top tension may also result in large bottom 
tensions  being  left  in  the  pipeline  at  the  seabed,  giving  larger  and  more  frequent  freespans, 
especially for uneven seabeds (Bai and Bai, 2005). 
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 S-lay  is  a commonly  used pipe  installation  method,  due  to the  speed of  laying  and  ability  to  install 
 large  diameter  pipelines.  (See  CHAPTER  6  for  further  information  on  offshore  pipelaying).  Some  of 
 the  challenges  linked  to this  method  are  the  potential  of  exceeding  acceptable  strain values  at  the 
 overbend and bending moments at the sagbend (figure 2-2). This is depending on the stinger length 
 and  -radius,  tensioning  capacity,  tip  slope,  curvature  of  the  pipeline  and  longitudinal  trim  of  the 
 vessel.  These  aspects  will  set  the  maximum  depth  of  installation  (Iorio,  Bruschi  and  Donati,  2000). 


Heavy pipeline segments can also result in stinger and/or pipe damages due to pipe interaction with 
 the stinger tip, typically from vessel movements caused by waves. 


Figure 2-2 Critical Areas for S-Lay [Karunakaran, 2010 c] 


To be able to install pipelines at a greater water  depth several actions can be made. This could be 
 increase of the stinger length and tensioning capacity. Still, this will have practical limitations due to 
 waves and currents acting on the stinger, as well as the requirements to clamping actions which may 
 damage the pipeline. Lay tensioning capacity requirements in ultra-deep waters are usually too high 
 to handle even for the best S-lay vessels. 


J-lay is a much applied technique for installation of pipelines in deep waters (figure 2-3). The pipeline 
 is installed in a J-shape by welding the pipes together at a vertical position. Challenges related to this 
 installation method are time consumption, due to only one or two work-stations, and limitations to 
 pipe diameter. Another challenge is the need of dynamic positioning system (DP) for the installation 
 vessel, which can be a severe problem in case of bad weather, where pipeline damage may occur due 
 to  the  pipe  curvature  exceeding  the  allowable  bending  moments.  Especially  the  curvature  at  the 
 sagbend is a challenge and can lead to pipeline collapse due to buckling at great depths where the 
 external pressure is high. In most cases J-lay is considered the best applicable installation method for 
 pipelines in ultra-deep waters (Cavicchi and Ardavanis, 2003).  


Iorio,  Bruschi  and  Donati  (2000)  have  discussed  the  use  of  higher  graded  steels  to  reduce  pipeline 
 weight and hence extend the layable water depths. Perinet and Frazer (2007 and 2008) investigate 
 the  benefits  of  steep  S-lay,  combined  S-  and  J-lay  and  increased  allowable  strains  in  the  overbend 
 during installation.     


The  long  free  spans  during  deep  water  installations  give  potential of  fatigue  damage  due  to  vessel 
response and  vortex  shedding.  Critical  loads  can  interfere with  the  long  suspended  pipe  caused  by 
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 the  vessels  response  to  wave  actions,  and  vortex  shedding  induced  oscillations  may  result  in 
 vibrations and potential high dynamic stresses, which is particularly critical for low tension added to 
 the  pipe  during  laying.  Other  factors  of  concern  are  the  ability  to  lay  pipelines  accurately  in  the 
 seabed corridors, and to predict the actual configuration on the seabed. This can be controlled in a 
 better  manner  if  integrated  monitoring  systems  and  use  of  ROV  (Remotely  Operated  Vehicles)  are 
 applied as part of the installation processes. 


Figure 2-3 J-Lay vs. S-Lay at Deep Water [Iorio, Bruschi and Donati, 2000] 


2.2.2 Material Selection and Wall Thickness Design 


Materials  and  -compositions  are  significant  aspects  to  develop  sustainable  pipes  for  oil-  and  gas 
 recovery. Materials selected shall satisfy requirements to strength, corrosion and fracture toughness 
 as well as requirements to weldability. Harsher environments will often be present at deeper waters, 
 and loads affecting the pipelines will in many cases be more severe than for shallower waters. High 
 temperatures  and  pressures  of  the  transported  fluids,  along  with  aggressive  chemistry,  are  factors 
 requiring  a  special  consideration  for  internal  and  external  pipe  materials.  Stresses  arising  from 
 temperature changes are often somewhat higher for deep water pipelines, due to low temperatures 
 at the seabed and high internal temperatures. Higher stresses and strains affecting the pipes during 
 the installation processes will also have an influence on the material selection.    


Studies have been done on the effects of applying higher graded steels in pipeline design. This will 
reduce  the  required  wall  thickness  due  to  higher  yield  strength,  which  in  order  will  decrease  the 
weight, making pipelaying in deep water more feasible. Even though selection of high graded steels 
(X70,  X80,  etc.)  has  its  benefits,  it  also  causes  challenges.  Weight  reduction  can  result  in  less  on-
bottom  stability, which  may  require  use of  implementing  measures  such  as  rock  dumping, mats or 
anchors, to secure an adequate stability.  
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 Use of higher steel grades is not optimal if welds are performed with a lower quality than the pipe 
 itself, as this may cause possible failures during operation. Need of higher weld quality is a concern 
 due to a decrease in lay rate, which already is a problem, especially for large diameter pipelines using 
 the  J-lay  method  for  pipe  installation.  Another  aspect  of  concern  is  corrosion.  Decrease  in  wall 
 thickness affects the possible corrosion before having to change the pipeline or parts of it, which is a 
 costly and extensive operation, especially in deeper waters.  Thinner walled pipelines are in addition 
 more likely to be damaged due to extreme environmental loads and can get problems in rough sea 
 bottoms (Iorio, Bruschi and Donati, 2000).      


Wall thickness is the most relevant factor for a steel pipelines capacity to withstand loads imposed 
 during  installation  and  operation.  A  big  concern  for  the  pipeline  design  is  the  wall  thickness 
 requirements  that  affect  the  deep  water  pipelines.  Due  to  high  external  pressure  (in  combination 
 with bending), which increases with water depth, thick walled pipelines are needed to avoid collapse. 


Possibilities to perform installation for such heavy pipes, in addition to costs, will then be factors that 
 comes  into  account  for  a  go  or  no-go  decision  for  the  given  project.  Thick  walled  pipelines  may 
 experience  difficulties  to  welding  and  problems  concerning  upheaval  buckling.  For  the  projected 
 Oman-to-India  gas  pipeline  the  design  studies  concluded  with  the  need  of  30mm  or  thicker  wall 
 thicknesses  for  pipelines  with  a  diameter  of  20-26  inch  in  a  water  depth  down  to  3000  meters 
 (Palmer and King, 2008). 


External  hydrostatic  pressure  is  almost  without  exception  the  determining  factor  for  pipeline  wall 
 thickness design in deep waters. Design to avoid initiating- and propagating buckling, as well as local 
 buckling  caused  by  the  external  pressure  in  combination  with  bending,  is  of  extreme  importance. 


Buckling can cause severe damage and even collapse of the pipeline if no counter-measures are put 
 into action.  


2.2.3 Concept Selection 


Concept  selection  is  a  major  part  of  making  deep  water  fields  economically  feasible.  Costs  and 
 technical  challenges  with  the  different  concepts  are  governing  for  the  final  selection.  Technical 
 challenges are related to pipeline concepts which can withstand the external water pressure without 
 exceeding the lay vessels tensioning capacities due to pipe segment weights. These shall in addition 
 provide satisfactory flow assurance (reduce the chances of hydrates, wax, etc.), be able to transport 
 the hydrocarbons with high enough rate and have the necessary strength to avoid deformation and 
 damage during the laying operation.  


Pipe-in-Pipe  (PIP)  and  Sandwich  pipes  (SP)  are  two  possible  concepts  besides  standard  single  steel 
pipelines  with  insulation  coatings.  “One  of  the  advantages  of  PIP  system  is  the  possibility  of  using 
materials  with  excellent  thermal  properties,  considering  that  the  structural  integrity  is  provided 
independently  by  the  outer  and  inner  steel  layers”,  Grealish  and  Roddy  (2002)  (referenced  by 
Castello and Estefen, 2008). There are still challenges related to the costs and weight of this solution, 
which  can  problematic  during  pipelaying.  The  SP  concept  has  benefits  due  to  the  possibility  of 
obtaining  good  structural  strength  combined  with  a  satisfactory  flow  assurance.  Weight  is  also 
generally lower than for the PIP solution, due to use of less steel (Castello and Estefen, 2008). One of 
the  challenges  is that  this is  not  a  well  known  concept  in  ultra-deep  waters,  especially  not  ranging 
over more than 3000m. For single steel pipelines the challenges are related to the weight which may 
exceed  the  lay vessels  tensioning  capacities.  This  is due  to the  requirements  to  wall thicknesses to 
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 withstand collapse in deep waters. A heavier pipeline will increase the costs of the project by limiting 
 the vessels capable of pipelaying.  


2.2.4 Free spans   


Spans occur where the pipe is moving over a depression in the seabed. Depending on the span length 
 and height of the pipeline, this can cause potential problems to fatigue and overstresses.  Problems 
 can  arise  both  due  to  static  and  dynamic  loads.  As  deep  water  pipelines  often  are  left  with  a  high 
 residual tension at the seabed, the probability of critical free spans increases. 


Vortex  induced  vibrations  (VIV)  are  able  to  cause  fatigue  damages  to  the  pipelines  if  their  natural 
 frequencies  are  close  to  the  vortex  shedding  frequency.  Natural  frequency  is  affected  by  the  span 
 length,  mass,  flexural  rigidity,  the  boundary  conditions,  effective  axial  force,  etc.  of  the  pipeline.  If 
 the spans are long or the pipe mass is low, there is a higher probability of fatigue damages due to 
 vibrations.  Even  though  currents  are  generally  lower  for  deeper  waters  there  might  exist  so-called 
 near  bottom  loop  currents  at  these  locations.  Vibrations  can  then  cause  damages  both  to  the 
 pipeline, coating and welds. This effect can be reduced if VIV suppression devices, such as shroud and 
 strake, are installed as part of the pipeline (Karunakaran, 2010 b). 


Pipelines  in  free  span  may  cause  overstresses  in  the  pipes  due  to  unacceptable  bending.  This  can 
 cause local plastic deformation and buckling (figure 2-4). The weight of the pipe and content affects 
 this issue, along with the drag- and lift force at the bottom which contributes to the static load.   


Figure 2-4 Span Problems [Karunakaran, 2010 b] 


2.2.5 Pipeline Repair and Intervention 


The ability to perform pipeline repair in deep waters are limited. As this is too deep for divers, there 
 are  more  challenges  in  developing  sufficient  diverless  methods  of  pipeline  repair  and  intervention.  


Even though there are methods using mechanical connectors, there is still a way to go before this is 
an optimal solution for pipeline repair. In case of severe damage to the pipelines in operation mode, 
there are to this date few repair measures to implement. This shows the importance of well known 
survey information, in advance, to avoid these situations. Due to lack of methods and experience on 
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 pipeline  repair  in  ultra-deep  waters  the  costs  are  high,  making  it  problematic  for  companies 
 operating oil and gas fields in such depths (Abadie and Carlson, 1995) (McKinnon, 1999). 


Lee (2002) indicates the importance of having repair plans in the early stages of a project. This is to 
 minimize the downtime of the pipelines, which due to long waiting time for repair units can lead to 
 potentially  significant  economical  losses.  Approximately  4-6  months  waiting  time  is  expected  for 
 spool  piece  repair  units  provided  by  diverless  systems,  from  design  to  delivery.  Repair  clamps 
 operated by ROVs, to stop leakages, may use 3-4 months. Connectors are in addition custom made 
 based  on  wall  thicknesses,  steel  grades,  diameters  and  materials,  and  may  not  be  kept  in  stock. 


During  installations,  where  buckling  or  flooding  are  potential  damage  scenarios,  reverse  lay  of  the 
 pipeline may be the most suitable measure to repair the area with defects.   


2.2.6 Seabed Intervention 


Seabed intervention is, as for pipeline repair and intervention, both more expensive and demanding 
 as the water depth increases. Even if the seabed at deeper waters often has a smoother and a softer 
 seafloor  than  shallower  waters,  other  challenges  can  occur  at  these  depths.  This  is  related  to 
 landslips,  mudflows  and  subsidence  due  to  more  unstable  seabed.  These  situations  are  difficult  to 
 prevent, and are hence both costly and time consuming to avoid or rectify.  Today there are many 
 measures  to  stabilize  and  protect  the  pipelines  at  the  seafloor  by  seabed  intervention.  Rock 
 dumping,  trenching,  mechanical  supports  and  anchors  are  some  typical  methods  of  intervention. 


Still,  the  lack  of  knowledge  and  limitations  to  these  measures  in  deep  waters  is  problematic  and 
 further study on the field is required (McKinnon, 1999). 


2.2.7 Flow Assurance 


Hydrate-  and  wax/gel  formation  are  serious  concerns  for  pipelines  at  deep  water  fields.  Low  sea 
bottom water temperature and high pressure are the two main factors that can cause challenges in 
deep  water  projects.  An  example  is  the  Ormen  Lange  field  in  the  Norwegian  Sea  where  subzero 
temperatures  at  sea  bottom  are  present  at  the  deepest  parts  of  the  field  (approx.  1000m).  Even 
though subzero temperatures are unusual in deep waters, the temperature can be relatively low (2-4 
degrees  Celsius)  and  will  in  combination  with  high  internal  pressure  cause  hydrates  and  potential 
hydrate-plugs  if  inside  the  hydrate  zone  (figure 2-5).  Given  that  deep  waters  often  consist  of  soft 
seabeds  and  hilly  terrain,  the  chances  of  hydrate  accumulation  are  concerning  due  to  low  spots 
(Mehta, Walsh and Lorimer, 2000). Wax and hydrates have the potential to block pipelines, causing 
serious  problems  to  flow  assurance  and  production  rates.  Reduction  in  internal  diameter  and 
increased  surface  roughness  reduce  the  throughput  and  increase  the  pressure.  For  temperatures 
where  hydrates,  wax  etc.  can  become  a  problem,  it  may  result  in  production  stops  and  hence 
workovers to repair the damages. This is both time consuming and expensive processes. Use of wax 
inhibitors, MEG or methanol can prevent or reduce these severe problems, in addition to application 
of  sufficient  insulation  coatings.  Insulation  materials  that  have  been  applied  for  shallower  waters 
may have to be optimized to prove applicable for deep water environments.   
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Figure 2-5 Hydrate Formation Zone [Toscano, 2007] 



2.3 Summary 


Rigid pipelines are, compared to flexible- and composite pipes, more applicable for deep waters due 
 to their strength to withstand external pressure, in addition to the relatively low costs. Single steel 
 pipes are beneficial for large diameter pipelines compared to Pipe-in-Pipe and Sandwich pipes which 
 are limited by weight and lack of tests at ultra-deep waters, respectively. Single steel pipelines have a 
 relatively simple construction, well known behaviors in installations, and are cost effective. 


Several  technical  and  environmental  challenges  are  affecting  the  pipeline  design  and  installation 
 processes.  Pipeline  design  due  to  high  external  pressure  is,  in  combination  with  bending  during 
 pipelaying,  possibly  the  most  challenging  aspects  for  deep  water  fields.  Limitations  in  number  of 
 vessels able to perform S- and J-lay at these depths are pushing prices up. Pipeline insulation is also a 
 challenge  in  order  to  secure  a  satisfactory  flow  assurance  at  deep  waters  where  hard  and  cold 
 environment can be present.  


To  improve  pipeline  layability,  use  of  higher  graded  steels  such  as  X70  and  X80  has  big  potentials. 


Increasing  steel  grades  will  reduce  the  required  wall  thicknesses  to  avoid  collapse  and  decrease 
pipeline weight. An overall cost reduction is most likely the outcome of increased steel grades.    
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CHAPTER 3 DESIGN BASIS 



3.1 General 


A  design  basis  is  developed  by  a  number  of  considerations  and  calculations.  To  decide  upon  the 
 following  design  basis,  for  pipelines  in  deep-  and  ultra-deep  waters,  the  given  standards  and 
 recommended practices have been applied: 


• DNV-OS-F101 (2007)  Submarine Pipeline Systems 


• DNV-RP-F105 (2006)  Free Spanning Pipelines 


• DNV-RP-F109 (2007)  On-bottom Stability Design of Submarine Pipelines 
   



3.2 Water Depths 


Pipeline design and installation in water depths of 800m, 1400m, 2000m and 3500m are considered 
 in this study. 



3.3 Pipeline and Coating Properties 


3.3.1 Pipeline Data 


Following pipeline data are given (table 3-1): 


Nominal Diameter:  14”  20”  28” 


Outer Diameter, D:  355,6 mm  508,0 mm  711,2 mm 


External corrosion and 
 insulation coating 


Multilayer system: 


0,3 mm FBE / 1300 kg/m3
 2,7 mm PP + Adhesive / 900 kg/m3
 Variable thickness PP foam / 620 kg/m3  


3,0 mm PP shield / 890 kg/m3


Ovality, fo 1,5%  1,5%  1,0% 


Wall thickness tolerance, tfab 1,0 mm 


Table 3-1 Pipeline Data 


U-value for the pipelines maximum of 5,0 W/m2K. 


3.3.2 Pipeline Material Data 


Following pipeline material properties are given (table 3-2): 
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Characteristics  Unit  Values 


Carbon Steel Pipelines  inch  14  20, 28 


Material Grade  -  X65   X70   X80 


Density  Kg/m3 7850  7850  7850 


SMYS  MPa  448  482  551 


SMTS  MPa  530  565  620 


Young’s Modulus   MPa  2,07 x 105 2,07 x 105 2,07 x 105


Poisson’s Ratio  -  0,3  0,3  0,3 


Max  Yield  Strength/Tensile  Strength 


Ratio  -  0,93  0,93  0,93 


Table 3-2 Material Properties 


3.3.3 Stress- Strain Relationship 


The  stress-strain  relationship  is  based  on  the  Ramberg-  Osgood  relationship,  which  is  used  to 
 characterize a material stress-strain response. Input data in table 3-3 and table 3-4 are chosen from 
 two points on the stress- strain curve. These results in a hardening parameter, n, and the Ramberg- 
 Osgood stress, σR, given in table 3-5 and table 3-6. The Ramberg-Osgood parameters are used in the 
 further pipeline laying study (and to obtain the Moment-Curvature relationship (see APPENDIX D)). 


Stress (MPa)  Strain, ε (-) 


SMYS (first point)  448  0,005 


SMTS (second point)  530  0,200 


Table 3-3 Ramberg- Osgood Input Data for X65 


Stress (MPa)  Strain, ε (-) 


SMYS (first point)  482  0,005 


SMTS (second point)  565  0,200 


Table 3-4 Ramberg- Osgood Input Data for X70 


Hardening parameter, n  25,24 


Ramberg- Osgood stress, σR 428 MPa 


Table 3-5 Ramberg- Osgood Parameters for X65 


Hardening parameter, n  27,08 


Ramberg- Osgood stress, σR 464 MPa 


Table 3-6 Ramberg- Osgood Parameters for X70  
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3.4 Environmental Data 


3.4.1 Seawater Properties 
 Seawater density is chosen as: 


Density (at 10  ̊C):  1025 kg/m3
 Min. temperature:  5,0  ̊C 
 3.4.2 Seabed Friction 


The seabed friction is assumed to be: 


Seabed friction, axial:  0,3 



3.5 Design Criteria  


The following criteria are applied for installation analyses in this thesis:  


• Sagbend:  Moment  criterion  is  in  accordance  with  DNV  (2007  a),  assuming  Load  Controlled 
 condition criteria. 


• Overbend: The pipeline part on the stinger is assumed to be displacement controlled, with a 
 maximum  allowable  strain  of  0,25%  (X65)  and  0,27%  (X70).  Maximum  allowable  overbend 
 strain criteria of 0,35% is  set for the pipelay parameter study (section 7.5). 


Material parameters (table 3-7) are based on the following location and safety class (DNV, 2007 a): 


• Location class 1: Area of no frequent human activity. 


• Safety  class  low:  Low  risk  of  human  injury  and  minor  environmental  and  economic 
 consequences. 


Factor  Class  Value 


Material resistance factor, γm SLS/ULS/ALS  1,15 


Safety class resistance factor, γSC


- Pressure containment 


LOW  1,046 


Material strength factor, αU NORMAL  0,96 


Maximum fabrication factor, αfab UOE  0,85 


Temperature de-rating  None 


Condition load effect factor, γC  Pipe resting on uneven seabed  1,07 


Table 3-7 Material Parameters 
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CHAPTER 4 DESIGN METHODOLOGY 



4.1 General 


The following methodology is applied to investigate: 


• Wall thickness sizing 


• On-bottom stability 


• Pipeline installation feasibility 


4.1.1 Limit States 


DNV (2007 a) are set as the governing standard for the following pipeline design. Based on the Load 
 and  Resistance  Factor  Design  (LRFD)  given  in  this  standard,  the  design  load  effects  (LSd)  shall  in  no 
 failure modes exceed design resistance (RRd). 





  1    (4.1) 


Limit states are divided into following categories, according to DNV (2007 a): 


Serviceability Limit State (SLS): Pipeline must be functional when affected by routine loads to satisfy 
 the SLS requirements. 


Ultimate Limit State (ULS): ULS require that the pipeline does not collapse when subjected to the peak 
 design loads. 


Accidental Limit State (ALS): For ALS to be satisfied the pipeline shall withstand severe damages such 
 as cracks due to unplanned loading conditions like dropped objects, fire and so on.    


Fatigue  Limit  State  (FLS):  The  pipeline  shall  be  designed  to  withstand  cyclic  dynamic  loads  and 
 accumulated fatigue through the life period.  



4.2 Ultimate Limit State 


ULS design is set as the governing criteria for the pipeline design considered in this thesis. Exceeding 
 the  ULS  may  cause  severe  consequences,  such  as  pipeline  collapse.  The  pipeline  must  have  a 
 structural design with an integrity and strength, giving the required safety against failure in the ULS.  


Ovalization 


Ovalization results in the pipeline cross section changing from a circle into an elliptic shape. During 
 installation  the  pipe  will  experience  bending,  either  in  the  elastic  or  plastic  range.  If  ovalization  is 
 going  into  the  plastic  range,  the  pipeline  will  have  a  reduced  resistance  against  external  pressure, 
 which may affect both the collapse pressure and pigging abilities for the pipeline. 


Figure  4-1  provides  the  mechanisms  of  ovalization  during  bending  of  the  pipeline.  Figure  4-1  (a) 
illustrates  bending  of  a  pipe  length  experiencing  longitudinal  stress  during  combined  bending  and 
external  pressure.  The  upper  elements  go  into  compression,  while  tension  is  affecting  the  lower 
elements.  This  may  result  in  ovality  of  the  pipe,  from  the  forces  transferred  to  the  cross  section, 
given in figure 4-1 (b). 
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(a) 


(b) 


 


    (4.2) 


Where: 


fo   Initial ovality (out-of-roundness). Not to be taken < 0,005 (DNV, 2007 a) 
 Dmax  Greatest measured inside or outside diameter 


Dmin Smallest measured inside or outside diameter 


D  Outer diameter of the pipe 


According  to  DNV  (2007  a)  out-of-roundness  tolerance  from  fabrication  of  the  pipe  shall  not, 
 together  with  flattening  due  to  bending,  in  any  case  exceed  3%,  except  from where  special  design 
 considerations are done (e.g. if corresponding reduction in moment resistance has been included).    


 


  0,03    (4.3) 


4.2.1 Wall Thickness Design Criteria     


On-Bottom Stability 


The submerged weight of the pipeline must exceed the buoyancy force to avoid flotation.  


According to DNV (2007 b), the following criteria shall be met to ensure vertical stability: 


 


 1,0       (4.4) 


Where: 


   !"#
 4


Figure 4-1 Ovalization during Bending [Kyriakides and Corona, 2007] 
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