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SPECIAL NOTES

API publications necessarily address problems of a general nature. With respect to partic-
ular circumstances, local, state, and federal laws and regulations should be reviewed.

APl is not undertaking to meet the dutics of employers, manufacturers, or suppliers to
warn and properly train and equip their emplovees, and others exposed, concerning health
and safety risks and precautions, nor undertaking their obligations under local, state, or fed-
eral laws.

Information concerning safety and health risks and proper precautions with respect to par-
ticular materials and conditions should be obtained from the employer, the manufacturer or
supplier of that material. or the material safety data sheer

Nothing contained in any AP1 publication is to be construed as granting any right, by
implication or otherwise, for the manufacture, sale, or use of any method, apparatus, or prod-
uct covered by letters patent. Neither should anything contained in the publication be con-
strued as insuring anyone against liability for infringement of letters patent.

Generally, API standards are reviewed and revised, reaffirmed, or withdrawn at least
every five years. Sometimes a one-time extension of up to two vears will be added to this
review cycle. This publication will no longer be in effect five years after its publication date
as an operative AP standard or, where an extension has been granted, upon republication.
Status of the publication can be ascertained from the Exploration and Production Depart-
ment [telephone (202) 682-8000]. A catalog of API publications and materials is published
annually and updated quarterly by APIL, 1220 L Street, N.W., Washington, D.C. 20005,

This document was produced under API standardization procedures that ensure appropri-
ate notification and participation in the developmental process and is designated as an API
standard. Questions concerning the interpretation of the content of this standard or com-
ments and questions concerning the procedures under which this standard was developed
should be directed in writing to the director of the Exploration and Production Department
(shown on the title page of this document). American Petroleum Institute, 1220 L Street,
N.W., Washington, D.C. 20005, Requests for permission to reproduce or translate all or any
part of the material published herein should also be addressed to the director.

API standards are published to facilitate the broad availability of proven, sound engineer-
ing and operating practices. These standards are not intended to obviate the need for apply-
ing sound engineering judgment regarding when and where these standards should be
utilized. The formulation and publication of APl standards is not intended in any way to
inhibit anyone from using any other practices.

Any manufacturer marking equipment or materials in conformance with the marking
requiremenis of an AP standard is solely responsible for complying with all the applicable
requirements of that standard. API does not represent, warrant, or guarantec that such prod-
ucts do in fact conform to the applicable API standard.

All rights reserved. No part of this work may be reproduced, stored in a retrieval svstem. or
fransmitted by any means, electronic, mechanical, photocapving, recording, or otherwise,
without prior writien permission from the publisher Conmtact the Publisher,

APl Publishing Services, 1220 1. Street, N W., Washington, D.C. 20005
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FOREWORD

API Subcommittee 2 (Floating Systems) formed a task group in 1992 to draft a production
system riser RP. The RP was divided into eight sections. Volunteers were distributed among
seven groups, with each group responsible for one or two sections of the RP. A leader was
appointed for each of the section groups. The first draft of the RP was written at a three day
workshop November 16 through 18, 1992. The workshop was attended by 25 specialists and
included three attendees from Europe. This first draft was published in January, 1993. A sec-
ond draft was published in January 1994, and a third draft was published in November 1994,
Between 55 and 60 specialists contributed to these drafs. Further refinements of the RP con-
tinued in 1995, including a major revision of the section on materials. To speed up the work,
in November 1995 the DeepStar JIP was asked to fund a contractor to complete the RE. A
contractor was hired for this work in April 1996,

The RP Task Group is now under APl Committee 2 (Offshore and Arctic Structures),
Subcommittee 2 (Offshore Structures), Resource Group 10 (Risers).

API publications may be used by anyone desiring to do so. Every effort has been made by
the Institute to assure the accuracy and reliability of the data contained in them: however, the
Institute makes no representation, warranty, or guarantee in connection with this publication
and hereby expressly disclaims any liability or responsibility for loss or damage resulting
from its use or for the violation of any federal, state, or municipal regulation with which this
publication may conflict.

Suggested revisions are invited and should be submitted to the director of the Exploration
and Production Department. American Petroleum Institute. 1220 L Street, N.W., Washing-
ton, D.C. 20005,
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INTRODUCTION

The design of risers for Floating Production Systems (FPSs) and Tension-Leg Platforms
(TLPs) requires recognition that risers form a subsystem that is an integral part of the total
system. The presence of riser systems within an FPS has a direct and often significant effect
on the design of all other major subsystems. Their presence and influence generates load
case conditions that must form part of the basis of design and load case matrix of the FPS,
just as the characteristics and behavior of the other FPS subsystems influence the basis of
design and load case matrix for the riser systems. The relationship between riser design and
FPS global design is particularly close. Therefore, the designer should recognize the need to
interact with engineers for the other major subsystems, such that mutual needs and conflicts
can be accommodated to ensure the design of a safe, practical FPS.

The reader should note that for the purposes of this document TLPs are considered a type
of Floating Production System that is characterized by a heave-and-pitch restraining moor-
ing system. Therefore, unless a specific reference is required to clarify a featre unique to
TLPs, the term FPS should be read as covering TLPs.

Section | presents introductory material on the contents of this RP. Section 2 provides an
overview of risers functions, configurations and componemts. Section 3 presents gencral
design considerations. Design loads and conditions arising from environmental and func-
tional causes are defined in Section 4. Design criteria, in terms of allowable stresses and
deflections, are described in Section 5. A detailed description of design analysis methods
and procedures is given in Section 6. Finally, Section 7 presents an overview of materials
considerations in riser design.
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Design of Risers for Floating Production Systems (FPSs)
and Tension-Leg Platforms (TLPs)

1 General
1.1 SCOPE AND METHOD

1.1.1  This document addresses structural analysis proce-
dures, design guidelines, component selection criteria, and
typical designs for all new riser systems used on FPSs. Guid-
ance is also given for developing load information for the
equipment attached to the ends of the risers. The recom-
mended practice for structural design of risers. as reflected in
this document, is generally based on the principles of limiting
stresses in the risers and related components under normal.
extreme, and accidental conditions. This approach is often
referred to as “working stress™ design.

1.1.2  This document assumes that the risers will be made
of steel or titanium pipe or unbonded flexible pipe. However,
other materials, such as aluminum, are not excluded if risers
built using these materials can be shown to be fit for purpose.
Design considerations for unbonded flexible pipe are
included primarily by reference to APIRP 17B and APl Spec
17J. Steel and titanium pipe will be called “metal” pipe and
unbonded {lexible pipe will be called “flexible™ pipe.

1.1.3 Futre development of these guidelines for riser sys-
tem design will need to take account of the international
focus on statistical methods to address uncertainties in creat-
ing and operating safe, functional, riser systems. Therefore,
future release as an international standard should eventually
incorporate statistical load and resistance factor design meth-
odologies. Reliability-based limit state design principles may
be applied provided that all relevant ultimate and serviceabil-
ity limit states are considered. All relevant uncertainty in
loads and load resistance should be considered and sufficient
statistical data should be available for adequate characteriza-
tion of those uncertainties.!2

1.1.4 A list of referenced publications may be found in
Annex E. Annex A presents a glossary of lerms used in this
RP.

1.2 GENERAL FUNCTIONS OF RISERS

1.2.1  FPS risers are {luid conduits between subsea equip-
ment and the surface platform. Figures | and 2 introduce the
essential functional clements (or features) of risers and riser
systems. An FPS responds dy lly o envi tal
forces. The riser system is the interface between a static struc-
ture on the ocean floor and the dynamic FPS structure at the
ocean’s surface. Riser system integrity includes not only fluid
and pressure containment, but structural und global stability
as well.

1.2.2 Figure 3 introduces some aspects of the complexity
that may evolve when implementing a specific riser design.
The simple conduit may be complicated by intermediate con-
nections, changes in material or form of cross-section con-
struction, couplings, attachments (e.g., buovancy modules),
and multiple flowpaths.

1.2.3 Risers may perform the following specific functions:

a. Convey fluids between the wells and the FPS (i.e.. produe-
tion, injection. or circulated fluids).

b. Import, export, or circulate fluids between the FPS and
remote equipment or pipeline systems,

¢. Guide drilling or workover tools and tubulars to and into
the wells.

d. Support auxiliary lines.

e. Serve as, or be incorporated in a mooring element.

f. Other specialized lunctions such as well bore annulus
access for monitoring or fluids injection.

1.2.4 This document is intended to provide guidance for
design of risers that may be categorized according to these
functions.

1.3 CONFIGURATIONS OF RISERS

1.3.1  Risers, regardless of function, have a wide range of
possible configurations. It is possible to differentiate between
various riser configurations on the basis of:

a. Cross-section complexity (a single vs. multiple tubes).

b. Global geometry or behavior (small vs. large deflection).
¢. Structural integration (integral vs. non-integral risers).

d. Mecans of support (top tensioned with tensioners or hard
mountings vs. concentrated or distributed buoyancy).

e. Structural rigidity (metal vs. flexible risers),

f. Continuity (sectionally jointed vs. continuous tube),

g. Materials.

1.3.2 The designer may refer to Scction 2 for a catalog of
riser and riser system configurations that are (or have been) in
service, as well as some concepts (proposed for imminent
use) that serve as examples of the range of possible configu-
rations. The designer should find guidance within this docu-
ment for establishing the viability of specific systems and
components indicated by those figures.

1.4 WHAT IS NOT (FULLY) COVERED

There are many topics, materials and concepts for riser
applications that are of interest and evolving toward poten-
tially advantageous applications. This RP is intended to cover
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2 APl RecoMMENDED PRACTICE 2RD

only such issues thal are considered established through prac-
tice or operator commitment. This section tries to identify
topics that are not intended to be fully covered in this first
release of the RP. The following headings, of course, cannot
be a completely comprehensive listing of the possible riser
system topics that are not covered by this document. One rea-
son for noting these issues or options here is to highlight that
there may be need for future efforts to provide necessary
guidance for future releases of the RP as new concepls gain
aceeptance,

This document covers new risers not reuse of existing risers.

1.4.1 Risers as Mooring Elements

This document does not provide comprehensive coverage
for applications of risers for service as (or part of) the FPS
mooring system. For example, when a riser or riser system is
intended to function as a tendon to provide direct mooring
restraint of an FPS, structural design must also consider the
recommendations outlined for tendons in APl RP 27T. Further,
piping that is integral to anchor leg structure of, for example a
Single Anchor Leg Mooring, is not addressed in this RP. In
such cases, the designer should find suitable guidance in API
RP 25K (for FPS mooring systems) and APl RP 1111 (for ris-
ers on fixed structures).

1.4.2 Control Lines or Umbilicals

Control lines or umbilicals fit some of the functional defi-
nition of a riser in that they may provide a conduit for fluids
between the FPS and subsea equipment. This RP does not
address their design specifically, although they may be
attached to risers and thereby influence the riser’s design and
analysis, The designer may refer to APIRP 17A for guidance
on umbilicals,

1.4.3 Low Pressure Fluid Transfer Hoses

This RP is not intended to provide guidance for the design
of low pressure hoses for such service as cargo transfer,
Appropriate guidance is available through documentation
prepared by the Oil Companies International Marine Forum
(OCIMF).
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1.4.4 Bonded Flexible Pipe

Bonded flexible pipe is not specifically considered in this
RP. Where such is intended to be used, a level of safety com-
parable to other riser systems should be documented.

1.4.5 Composite (Fiber-reinforced) Materials

This document does not provide comprehensive coverage
for the design of risers of composite (fiber-resin matrix) con-
struction. Introductory information is provided in Annex D.

1.6 STATUS OF TECHNOLOGY

The reader should be aware that riser systems technology
(i.e., concepts, design and analysis methodologies and crite-
ria, components manufacturing and testing, operational roles
and demands, maintenance and inspection. etc.) is in a state
of rapid and continuing evolution. This evolutionary status
means that the technology relating to any given riser system
or component is not likely to be well-proven by years of prac-
tical, successful application, Therefore, designers are advised
to take appropriate measures to ensure that their practice
incorporates suitable quality control to avoid errors of
unquestioning, unfounded confidence in the results of any
phase of the complex design process. This advice is particu-
larly applicable when evaluating the vast quantities of numer-
ical results that can be facilitated by modern high speed
computational methods and tools.

1.6 QUALITY ASSURANCE

1.6.1  The integrity of a riser system should be improved by
the application of quality systems. These systems should be
applied Lo the design, procurement, construction, testing, oper-
ating, and maintenance activities in the applications of this RP.
1.6.2 When these systems are applied. reference shall be

made to the relevant quality svstems standard (ISO 9000
series).

1.7 REFERENCES

1, 1SO 2394, “General Principles on Reliability for Struc-
tures,” 1986,

2. 1S0 2393, Al, “Addendum | 1o General Principles on
Reliability for Structures,” 1988,
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Desicn oF RiSERS FOR FLOATING PRODUCTION SYSTEMS (FPSS) anD TENSION-LEG PLATFORMS (TLPS)
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Figure 1—Essential Functional Elements of a Riser System
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Figure 2—Essential Functional Elements of an FPS Riser System
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Figure 3—Elements of Complexity Enter the Basic Riser Design
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2 Description of System and
Components

2.1 GENERAL

211 This section, ct ing suppl tary elements,
further defines the essential features and functions of riser
systems for FPS applications and describes riser components
and their primary functions.

21.2 Risers on FPSs cover the full range of production,
injection, drilling, completion, workover and exporting oper-
ations. Mobile offshore drilling units (MODU) normally use
risers in single-well situations. Risers for FPS systems, on the
other hand, have additional requirements associated with
operating multiple risers of potentially different types in rela-
tively close proximity. Section 3 discusses the unigue require-

required at both ends of each pipe segment. Flexible pipe can
be segmented, for example, to accommodate a change over
from a dynamic section to a less expensive static section. The
pipe can be segmented when there is a reel capacity problem
or when it is more economic to do so.

2.2.2 System Interfaces

2.2.21 In addition w the design of the riser body, the
designer must consider interface requirements at the top and
bottom of the riser. At the top, equipment on the vessel must
be designed to accommodate the range of riser loads, motion,
and ancillary equipment needed to maintain riser integrity
(e.g. tensioners) and to enable necessary operations to be con-
ducted (e.g. drilling. completion, workover, support equip-

ment). At the bottom, interface components must also be
El

ments of riser design and operations that can be imposed by
concurrent drilling and production operations. Riser compo-
nents associated with these requirements are the focus of this
section,

2,2 ESSENTIAL SYSTEM FEATURES
2.21 Riser Body

The primary function of FPS risers is to convey fluids to
and from the vessel. Depending on site-specific consider-
ations, these risers are either metal or flexible pipe.

2214 Metal Pipe
2.21.1.1 Segmented

Limitations on the maximum continuous length of metal
pipe that can be reasonably manufactured, transported, han-
dled, installed, retrieved and replaced offshore often require
that metal pipe conduits be segmented. These segments can
be joined onsite by mechanical connectors or welding.

2.21.1.2 Continuous

Risers can be towed, dragged, or floated oul in one piece
and upended on location, or they can be transported on a reel
1o the site. The reel method consists of assembling a length of
pipe on shore. This pipe is then coiled onto a reel or a drum.
The coiled pipe is then transported to the site and unreeled.
The coiling and uncoiling of the pipe involves plastic defor-
mation that reduces its impact resistance. Welding at the site
is only required for joining reels. hence installation proceeds
much more quickly than scgmented pipe.

221.2 Flexible Pipe

Flexible pipe is usually stored and transported on reels,
baskets or carrousels. The reel size limits the maximum
length of flexible pipe of a given pipe diameter that can be
fabricated without connectors. Several sections may be
required 1o achieve the riser length required. End fittings are
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designed to accommodate riser loads and maintain fluid con-
duit and pressure integrity.

2.2.2.2 Conduits for fluid transport, control or monitoring
system umbilicals and load paths for structural support must
be provided and their continuous operation maintained. Com-
ponents necessary for connection, installation, maintenance,
and disconnection may have to be provided at the top and
bottom interfaces for each of these essential riser features.

2.3 FPS RISER SYSTEM DESCRIPTIONS
231 Production/Iinjection Risers

2.3.1.1  Production risers transport fluids produced from
the reservoir. Injection risers transport fluids to the producing
reservoir or a convenient disposal or storage formation. The
systems can be designed 1o operate interchangeahly. They
consist of an apparatus to hang the riser at the surface and
attach it to surface valves and piping. The sea bed portion
contains an apparatus that connects the riser to a wellhead or
recepticle. Included are also methods/equipment to space out
the riser and o account for bending loads at the botom and/
or top of the system. The riser may also have bumpers, vor-
tex-suppression devices and other attachments such as buoy-
ancy modules.

2.3.1.2  The cross sections of production/injection risers are
often complex, as they can contain multiple parallel or con-
centric tubing strings. They also may contain special equip-
ment like slip joints, packers, and control linegs. Required
pressure rating is tied to the reservoir characteristics and
anticipated well performance.

2,3.1.3  Top-tensioned TLP risers (see Figure 4) have been
developed to provide surface access to wells in a manner
analogous to fixed platforms. This can be accomplished
because of the minimal heave and pitch/roll motions of these
platform types. Such risers comprise metal pipe cross sec-
tions which may be thought of as a continuation of the well
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bore 1o the ocean’s surface. Similar risers, using buoyancy o
create top tension have been used as SPAR production risers

2.3.1.4 Flexible-pipe production risers are associated with
subsea trees. A large number of flexible-riser configurations
are possible, two of which are shown in Figure 5. In all cases,
flexible risers hang from the FPS under their own weight, but
external buoyancy modules may be attached to achieve the
required riser shape or curvature,

2.3.2 Export Risers

2.3.21 Expon riser systems will usually include equip-
ment similar to productionfinjection risers. The riser diame-
ters may be larger 50 s 1o accommodate total production
through the FPS. Pressure ratings are determined by export
pipeline and flow conditions. Typically, a pig launcher will be
required. Because bending loads in larger diameter risers are
higher, the designer must pay particular attention to stress
Joints or flex joints. The system’s cross section is usually a
single pipe forming the flow path compared to production ris-
ers which may have multiple pipes and multiple paths,

2.3.2.2 Figure 6 shows one pipeline riser option, a steel
export pipeline laid in a simple catenary and connected at
pontoon level to the surface platform. Moment relief at the
top end may be provided by a stress joint or an clastomeric
flex joint,

2.3.2.3 TLPs have used top-tensioned export risers that are
analogous to the top-tensioned production risers described
carlier, but with a single flow path compared to production
risers” multiple paths.

2.3.3 Drilling Risers

2.3.3.1 The major functions of drilling riser systems for
mobile offshore drilling units (MODU) are to provide fluid
transportation to and from the well; support auxiliary lines,
guide tools, and drilling strings: serve as a running and
retrieving string for the BOP. Low pressure drilling riser sys-
tems used on FPSs perform the same functions as riser sys-
tems on drilling vessels.

2.3.3.2 Most TLP systems have been designed with the
drilling BOP at the top of the riser (see Figure 7). In such
cases, the drilling riser must be designed for the added
requirement of containing maximum formation pressure.

2.3.3.3 When used from a MODU, the drilling riser is
almost tlways deploved alone. When used from FPSs the
drilling riser may be deployed amongst production risers.
Consequently it must be treated as just one element of a sys-
tem of risers, with appropriate safety and potential interfer-
ence considerations for each riser.

2.3.4 Completion/Workover Risers

2.3.41 Completion/'workover risers (see Figure 8) are used
to provide full bore, unrestricted access to a well for the pur-
poses of completing or working over the well. Typically,
these are custom-designed, but some standardization may be
implemented to reduce costs.

2.3.4.2 A form of compliant riser that has been proposed for
providing well bore access for workover is shown in Figure 9.

2.3.5 Multibore Hybrid Risers

Hybrid risers such as the one shown in Figure 10 provide
multiple flowpaths from the seabed to an FPS by a combina-
tion of vertical metal piping over most of its water column
and flexible piping between its top and the FPS. There are
many possible variations. The key components of the hybrid
riser in Figure 10 are as follows:

a. Structural member—steel wbular providing  structural
backbone to the vertical metal piping and buoyancy modules.
support for the top assembly and providing reaction path to
the riser base, The structural member may also provide buoy-
ancy and contain fluid conduits for import or export,

b. Buoyancy modules—syntactic foam buoyancy formed in
two or more segments around the riser eircumference provid-
ing guide tubes for the peripheral lines and attached to the
structural member by strapping.

c. Peripheral lines—vertical steel pipe flowlines running full
length of metal riser section.

d. Flexible jumper hoses—flexible pipes connected from the
goosenecks at the op assembly of the metal riser o the sup-
port points on the FPS providing compliancy needed to allow
relative motion between vessel and riser top assembly.

e. Top assembly or upper riser connector package (URCP)—
upper termination point for metal peripheral lines having iso-
lation valves and emergency disconnect package (EDP). A
tether may be attached from this point o the FPS to maintain
compatibility of lateral displacements in extreme conditions.
Goosenecks and their support structure are provided to attach
flexible jumpers.

f. Air tanks—near surface buoyancy tanks attached to the
top of the riser providing fixed and variable components of
tension to the metal riser section.

g. Riser base—foundation to which the riser is attached by a
stress joint and hydrwlic connector, The base provides resis-
tance to riser tensioning forces. overtuming moments, and
lateral loading. It may consist of an independent piled steel
structure, Flowline connection porches located on the periph-
ery are hard piped to a central location for connection to
peripheral lines. Alternatively, the riser may be connected
directly 1o a well template.
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2.3.6 Multibore Top-Tensioned Metal Risers

2.3.6.1 A multibore top-tensioned metal riser (see Figure
11) pierces the water surface and extends its rigid geometry
all the way up to a deck of the vessel. At the top. standard ten-
sioning equipment provides support for the riser. Multibore
top-tensioned risers have been used for applications such as
import and/or export of fluids coming from subsea manifolds
or templates.

2.3.6.2 A top-tensioned metal riser can also support metal
freestanding flowlines. The flowlines vary in functionality,
number, size, dry weight, submerged weight, fluid content,
and pressure characteristics, as dictated by different field
requirements such as:

a. Sateflite rees.
b. Subsea manifolds.
¢. Flowlines coming from other platforms.

2.3.6.3 The metal riser joints, stress joint, lower riser con-
nector package (LRCP), and riser base follow the same pat-
tern as described for the hybrid riser.

2.4 RISER COMPONENT DESCRIPTIONS
2.41 Components for Fluid Transfer
2.41.1 Riser Segments

24111 Metal-Pipe Riser Segments

The main function of the metal-pipe riser segment is to pro-
vide a fluid conduit between the adjoining riser sections or
end terminations. The complete riser extends from the seabed
equipment to the supporting surface vessel. Structural require-
ments of the riser segments are based on ensuring that the riser
continues to meet the requirements of the fuid conduit for the
service life of the FPS or its planned replacement cycle,

Metal-pipe riser segments are joined together to make up a
complete riser. A metal-pipe riser segment is typically con-
structed using a steel tube,

Individual riser scgments may differ. The lowermost seg-
ment may contain a tapered stress joint seetion or a flex joint
It may also have a different end connection designed 10 trans-
fer structural loads into the riser end termination rather than
have the same connection used to conneet the intermediate
segments, The uppermost joint normally contains an attach-
ment for the surface completion and for a load ring for the riser
devices that tension or restrain the riser. Some intermediate
Joints may contain buoyancy or have buoyancy components
atached o reduce the weight of the riser string in water. Some
intérmediate joints may also be designed o accommodate
interaction with the vessel. e.g., keel joints in SPAR risers.

Riser joints may incorporate several tubulars, rigidly con-
nected. This is often referred 1o as an integral riser joint. An
example is a conventional marine drilling riser joint used in
floating drilling.
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2.41.1.2 Flexible Pipe Segments

Non-bonded flexible pipes consist of several individual
and separate layers having no adhesion between them (see
Figure 12). Each succeeding laver is wrapped or extruded
over the previous layer in a continuous process along the
entire length. Transported fluids and gases are contained by a
layer made of polymeric material. Flexible pipes rely on one
or more layers of metallic and/or synthetic strand to provide
axial and radial strength. They may incorporate a spiral or
helical structure to provide for collapse resistance. An outer
sheath made of polymeric material protects the steel lavers
Irom the environment. The choice and thickness of layers, the
number and angle of the reinforcement materials, and the
order of layers and reinforcement in the pipe construction are
governed by service and installation requirements.

Because of environmental conditions and installation or
space limitation around the FPS, it may be advantageous to
bundle several lines together. As shown in Figure 13, an
Integrated Service Umbilical (ISU) consists of wrapping the
control hydraulic hoses and clectrical cables around the ser-
vice line, instead of having a separate umbilical. It is also
possible to bundle several flexible pipes or ISUs together, as
in a multi-bore flexible riser consisting of one production
line and an ISU that services more than one subsea well (see
Figure 14).

2.4.1.2 Fluid Conduit Interfaces

A fluid conduit interface is any mechanical connection
between segments of the complete riser string from the sea-
bed to the surface at the support vessel. Connections between
riser sections will be referred to as riser couplings. Connec-
tions at interfaces of metal pipe risers to cither seabed or sur-
face equipment are referred to as end connectors. Interfaces
for flexible pipe risers are referred to as end terminations.

Flexible risers are connected at the upper end to the FPS
and at the bottom end to either a flexible or metal pipeline or
flowline. a subsea production tree, or some other subsen hard-
ware [e.g. pipe line end manifold (PLEM)).

2.41.21 Couplings

Coupling designs have token many forms, including
threaded types, dog types, and bolted flanges, depending on
the type of riser. Couplings must provide a seal between the
mating segments that is compatible with any of the fluids that
will be passed through the riser. The seal must maintain its
integrity under all external and internal loading conditions.
Scal designs arc cither integral or non-integral, Integral seals
are built into the connector and are non-replaceable. Non-
integral seals use separate seal elements that can be removed
and replaced.

Couplings may provide attachment points for separate
Muid lines. These lines must also contain seals at their con-
nection interfaces. The design of these seals depends on the
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type of riser to which they are attached. There may be a
requirement to connect to the mating member at the same
time the riser segments are made up. If fluid lines are run
independently, they can be attached separately. Additionally,
the coupling type may vary along the length of the riser to
accommodate variations in the riser segments themselves,
such as in a tapered bottom segment.

The break-away flowline coupling (see Figure 15) protects
templates, satellite wrees. and flowlines from stress caused by
external forces, It is preset to a desired breaking force. If a
drift-off, drive-off. or other emergency situation occurs, the
break-oway flowline coupling separates withoul damage to
other riser components.

24.1.2.2 End-Connectors

End-connectors for a metal pipe must provide an amach-
ment to equipment that interfaces with the top and bottom
ends of the riser. This attachment must provide a means of
containing the riser fluid at this interface under all loading
conditions.

The top end-connector of a metal pipe riser provides fluid
containment in the connection to the surface production
equipment. The top riser scgment serves as pan of the con-
nection and contains the fuid seal. This segment also pro-
vides the attachment point for the tensioner system or hard
tie-ofT depending on the configuration of the riser system.

The top end-connector seal, like those of the couplings,
may cither be integral or non-integral. The integral seal forms
part of the top riser segment. The connection mates to it and
is non-replaceable. The non-integral seal configuration
involves a replaceable scal housed in the top end connector,
and is the type most commonly used.

The configuration of the top connector is dependent on the
overall configuration of the riser system, This includes the
tensioner or tie-off type, surface completion configuration,
additional fluid line configuration, and handling equipment,
as well as the overall configuration of the FPS.

The bottom conneetor must provide the fuid continment
seal between the riser and sea-floor equipment. The bottom
connector differs from the other connectors (coupling and top
connector) in that it usually must provide for remote makeup
at the sea-floor. For this reason, the bottom connector uses a
replaceable seal assembly and a latching mechanism that is
capable of being operated remotely via a control system or
ROV.

T'he bottom connector of a metal-pipe riser in an FPS is
subject to tension and bending loads induced in the riser from
the motions of the structure and other environmental loads.
The connector must have adequate strength and rigidity to
resist these loads while maintaining seal integrity.
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2.41.2.3 End Fittings for Flexible Pipe Conduits
End fittings are composed of:

a. An end-connector that connects the flexible pipe conduit
at a top, bottom or intermediate interface or a coupling that
couples segments of flexible pipe.

b. An end-termination that provides the connection between
the flexible pipe and the metal end-connector or coupling.

The end-termination connects all of the strength members
in the pipe to the connector or coupling so that axial loads,
torques and bending moments can be transmitted to or from
the connector or coupling while maintaining the fluid con-
tainment functions of the pipe. Bend restrictors can be used w
limit the bending radius (see 2.4.2.3).

End fittings should be designed to withstand the loads
resulting from the flexible riser installation and operation,
These loads include tension, pressure, shear, thermal loads,
and bending moments. The end-termination should be
designed in such a way that the flexible line, in no case. will
be divorced from the coupling or end-connector. Couplings
and end-connectors may be an integral part of, or attached 1o,
the end-termination to complete the end fitting.

End fittings may be installed on the pipe at the completion
of pipe manufacture or installed in the field.

The flexible pipe manufacturer should be responsible for
the method and design of the end-termination so that it meets
or exceeds the performance requirements.

The type of coupling or end-connector should be specified
by the operator. A variety of couplings exist, such as bolled
flanges, clamp hubs, threaded connections, and welded joints.
A discussion of pertinent types of couplings and end-connec-
tors can be found in API RP 17A and APl Spec 17D.

2.4.1.3 Fluid Control and Fluid Isolation

24.1.31 A quick disconnect can be used at the surface ter-
mination of metal or flexible risers. This has been done in the
case where it was possible for extreme weather to force the
vessel off location. The risers are evacuated of hydrocarbons
and filled with sea water before the onset of extreme weather,
I a drift-ofl occurs, the risers can be disconnected. The risers
can be reconnected when suitable conditions have been
restored.

2.41.3.2 Sales risers that connect the FPS to the subsea
pipelines have isolation valves in the surface equipment and
may have them in the sea bed equipment. The surface isola-
tion is usually a ball or gate valve just upstream of the riser or
a number of valves that isolate a manifold that co-mingles the
flow going into the riser. The subsea equipment can be a ball
or gate valve or a check valve. Large check valves with pig-
ging capability have been introduced as isolation equipment
in subsea pipelines.
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2.4.1.3.3 Deepwater drilling risers sometimes have riser
fill-up valves. These valves are set to automatically allow sea
water to enter the drilling riser in the event the exterior water
pressure is above the internal fluid pressure and might col-
lapse the riser. These valves usually consist of a spring loaded
sliding sleeve on one of the riser joints. The sleeve has inter-
nal and external pressure arcas that cause it to open when
required. It closes automatically when the pressure imbalance
is corrected.

2.4.2 Components for Stability and External Load
Control

2.4.21 Tensioning and Heave Motion
Compensating Systems

24211 The upper support connection of a metal riser
provides adequale axial tension support of the riser while at
the same time allowing motions of the riser with respect to
the FPS. The tensioner connection to the riser can be adjust-
able to conform to unceriainty in required riser length. The
tensioner’s centralizer system restricts lateral motion to pro-
vide safe spacing between equipment during operation, The
tensioner system should be designed so that it is dimension-
ally compatible with installation, operating, maintenance, and
inspection procedures of the FPS design,

2.4.21.2 During drilling or workover operations, tubulars
may be hung off at the top of the riser. However, the added
weight of the tubulars below the mudline does not contribute
1o global buckling of the riser. Therefore, it is not necessary to
increase the capacity of the tensioner for the below-mudline
weight. Nevertheless, local stresses in the riser should be
checked for this load case.

2.4.21.3 The tensioner system provides the full range of
tension required during inspection and maintenance program
activities. The tensioner system design must meet minimum
tension reguirement in the event of individual component
failure during normal operations and during inspection and
maintenance aclivities,

2.4.2.1.4 Structural design of the tensioner follows the lat-
est edition of AP1 RP 16F, Electrical design conforms to class
and division requirements of the operating area on the FPS.
I'he tensioner design load considers the normal opermting
load and any normal additional loads during operation that
are incurred in standard operations. (An example of a normal
additional operating load is additional load during drilling or
waorkover operations, )

2.4.2.2 Supplemental Buoyancy

FPS production risers may require external methods for
tension and/or configuration support. In many cases this is
provided by buoyaney added to the production riser system.
Buoyancy force may be provided at discrete points or contin-

uously along a length of the production riser. The following
describes some methods and types of buoyancy that have
been used with production risers.

24.2.21 Distributed Buoyancy

A commonly-used type of buoyancy material is syntactic
foam. Syntactic foam is a composite material of small spheres
of air trapped in a matrix or binder that surrounds and protects
the spheres. The most common forms of syntactic foam con-
sist of tiny glass microspheres in a matrix of thermo-setting
resin, This material is usually used for deep water applica-
tions due to its ability to withstand high external hydrostatic
pressure. See Scction 7.7, Distributed syntactic foam is dis-
crete modules of syntactic foam (attached along the length of
the production riser). See Figure 16.

Closed cell foam is a type of buoyancy material that is usu-
ally produced by mixing two or more liquids that when mixed
expand and fill the area into which they are poured. While
expanding, the mixture creates vapor bubbles that gives it
buoyancy. This foam usually cannot withstand external
hydrostatic pressures as high as syntactic foams.

Air cans are structures that provide a net buoyant force by
displacing water with a gas in a confined reservoir space
attached to or surrounding the riser. Air cans can be either
configured with open bottoms such that the gas pressure
equals the surrounding ambient pressure or be completely
enclosed with an internal pressure significantly different than
the surrounding ambient pressure,

Other buoyant materials can be used. The amount of buoy-
ancy provided, the length of time the buoyancy must be
present, the water depth and the cost usually determine the
adequacy of the material chosen.

2.4.2.2.2 Concentrated Buoyancy

Concentrated buoyancy supports all or part of the riser at a
single point with a buoy. A surfuce buoy is a structure Jocated at
the air water interfiice. Such a buoy can be constructed as an air
chamber or of syntactic foam or both. A submerged buoy is a
structure located below the air-water interfuce. A surface buoy
provides o varving tension force to the riser because of the
change in the submerged volume of the buoy. A submerged
buoy provides a constant tension force to the riser system.

When concentrated buoyancy is used as a tensioner for
spars. stops to limit vertical motion of the buoyancy cans may
be provided. The lower stops limit buckling of the riser
caused by excessive loss of buoyancy and the upper stops
protect the deck area from upward motion of the buoyancy
cans caused by a parted riser.

2.4.23 Flexure Controlling Devices

Various devices are used to reduce riser bending moments
or control curvature.

Copyrght Amercan Patraes Insttule
Proviosd by HS unde lcense wth AP

P ugoauction of nebworing permtied sttt loense o Moot fur Resa



10 APl RecommeNDED PracTice 2RD

2.4.2.3.1 Metal pipe
24.2.3.1.1  Flex Joint

Metal-elastomer bearings, also referred to as flex bearings
or flex elements, are constructed of alternating layers of metal
and elastomeric materials. These layers are typically con-
tained between two metal interfacing rings or are integrally
molded to a component member of the assembly that pro-
vides flexibility. Metal-elastomer bearings can support high
loads in compression, yel transfer relatively small bending
moments.

One or more metal-clastomer bearings are used in flex
joints such that tension and pressure loads through the joint
produce compression in the bearing. Angular offsets of the
tubular ends of the joint. such as those induced by offset and
pitch and roll of the FPS vessel. produce minimal bending
moments. Therefore, flex joints are used to allow large angu-
lar deflections in risers without producing large moments
near the end connector. Because of the lack of parts that move
relative to onc another by sliding. flex elements have an
inherent advantage of extended service life and require mini-
mal maintenance when compared to ball joints.

24.2.3.1.2  Ball Juints

Ball joints consist of a ball and matching sucket housing
that join two pipe segments. Where required, fluid flow can
be maintained through the ball joint by a sliding scal between
the ball and socket. Shear and tension loads can be transferred
across the joint with a minimal bending t. Ball joints
have the disadvantage of sliding friction and wear between
internal parts and generally do not have a long service life
compared to the metal-clastomer type flexure elements. The
are usually not used for high pressure and high tension appli-
cations.

24.2.3.1.3  Tapered Stress Joint

Within production riser installations there is a need to pro-
vide a transition member (tapered wall thickness) between rig-
idly fixed or stiffer sections of the production riser and less stiff
sections of the production riser. One approach is through the
use of a transition member where the bending stiffness al one
end is close to the stiffness characteristics of the more rigid sec-
tion of the nser while the opposite end has a stiffness that is
lower than that of the less stiff or moveable member of the riser.
Ihis can be achieved by varying the wall thickness of the tran-
sition member to form a tupered stress joint (see Figure 17).

24.2.3.1.4 Keel Joint

Where metal risers protrude through the keel of spar hulls. a
strongback type of joint can be used to stiffen the riser in

bending. Additional wear material can also be provided on the
keel joint and on its guide to prevent wear on the net section.

2.4.2.3.2 Flexible Pipe

To control or limit the bending radius in flexible pipe. flex-
ure controlling devices may be required. Either bend stiffen-
ers or bend restrictors are used, depending on the application.
These are usually fitted on the end fittings of the flexible riser.

2.4.2.3.2.1 Bend Stiffeners

Bend stiffeners are used to increase and distribute the pipe
bending stiffness in localized arcas (see Figure 18). When
subjected to anticipated bending moments that would other-
wise be unacceptable, the increased stiffness reduces curva-
ture and hence strain in the pipe layers. A typical application
of bend stiffeners is at the top of dynamic risers, where they
provide a continuous transition between the flexible pipe.
with its inherent low bending stiffness, and the metal end fit-
ting. which is very stiff. Bend stiffeners are often made of a
polymeric molded material surrounding the pipe and attached
to the end fitting.

24.23.2.2  Bend Restrictors

Bend restriclors do not change the pipe bending stiffness.
They mechanically prevent the pipe from being bent below a
given radius of curvature, One type ol bending restrictor con-
sists of a series of interlocking steel or rigid polymeric verte-
brae that limit the bending radius of the flexible pipe passing
through the vertebrae. This is not used in dynamic applica-
tions (see Figure 19).

Another type of bend restrictor consists of a device with a
tapered conical inner surface through which the flexible pipe
passes. The bending radius of the pipe is restricted by contact
with the surface.

2.4.24 Stabilizing Structures

Structural Support Members—Some risers have plates or
upsets along their length that act us supports for the riser dur-
ing running and retrieving, Some have plates or upsets that
act as attachment points or supports for other equipment
attached to the riser. These attachments are not pant of the
structural portion of the riser that carries the primary working
loads. These suppart members are referred to as load shoul-
ders and reaction plates.

2.4.25 Centralizing Devices

Centralizing devices are used at the support frame eleva-
tion on production risers or multibore risers with the purpose
of maintaining proper riser spacing during vessel offset. The
rollers of the centralizer frame restrict the lateral displace-
ment of the riser only, thus imposing no constraint on the
axial displacements at the top of the riser.
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2.4.2.6 Devices for Reduction of Hydrodynamic
Loading Effects

2.4.2.6.1 Waves and currents induce drag loads on risers.
Equipment such as hydrofoil elements, fairing vanes and
other rotating equipment that can orient itself to the current
direction, reduces the drag effect.

2.4.26.2 Currents may induce the periodic shedding of
vortices in the wake of the riser. which may induce a vibra-
tional response known as vortex induced vibration (VIV).
Normally a fatigue assessment is made to determine if a vor-
tex suppression device is required. Various types of vortex
suppression equipment have been used. Attaching fairings in
the shape of a hydrofoil have been used on some risers. The
foils must rotate to align with the current. The foils are made
of metal or composite structural material.

2.4.2.6.3 Anached streamers have been used on some
small diameter risers. The width and length of the streamers
determine their effectiveness. The streamers are made of
fibers that can withstand the sca water environment.

2.4.2.6.4 TFlow disrupters have been used on all sizes of
risers, The shape of the disrupter determines its effectiveness,
Locating smaller eylinders around the eylinder w be pro-
tected, wrapping the riser with helical strakes, varying the
outside diameter of the riser by adding material and changing
the surface shape, i.e., dimples or bumps, have all been used
as flow disrupters. The specific application usually deter-
mines which flow disrupter is used.

24.26.5 Equipment that disrupts the coherence of the
flow, such as helical strakes, reduces the VIV effects. Figure
20 shows a typical strake pattern. Parameters governing the
effectiveness of the strakes to reduce VIV are strake height,
usually specified as a fraction of the riser diameter, strake
pitch, and number of strakes (typically three).

2,4.2,6.6 Both hybrid production risers and SCRs have
used strakes as VIV suppression devices. Strakes can be man-
ufactured using a variety of materials and shapes. The first
hybrid riser installed in the Gulf of Mexico used fiberglass
composite material reinforced with plastic and molded in a
“I™ cross section shape with a wide base and a raised center
leg. Fixation of the strakes is either to the outer surface of the
riser joint or to foam buoyancy material surrounding the riser.

2.4.3 Monitoring and Control Systems

2.4.3.1  Riser monitoring and control systems are used to
determine the operational state of the riser system and to
make appropriate adjustments. Monitored parameters could
include angles, tensions, strains, vibrations, positions, and
actuator positions at various locations along the riser. The
control system could vary some of these parameters by
changing the tension applied to the riser top or by changing
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the position of the riser top. It could also control wellhead
connector actuators and subsea valve actuators.

24.3.2 Sensors and actuators mounted on the FPS or on
the riser may use hydraulic, electrical, or optical signals car-
ried via appropriate umbilicals or may use acoustic signals
carried through the water, Subsea control systems available at
this time utilize direct hydraulic control, piloted hydraulic
control. electro-hydraulic/multiplex control, and acoustic-
hydraulic/multiplex control. Umbilicals may need to be
attached to the riser for support and protection.

2.4.4 Fluid Purge and Containment
2.44.1 Planned Disconnect

The planned disconnect makes use of the surface mounted
and seabed mounted equipment in a manner that enables
purging the risers of hydrocarbons prior to disconnect. This
uses the standard surface and seabed trees and manifolds to
circulate out hydrocarbons and replace them with sea water.

24.4.2 Unplanned Disconnect

The unplanned disconnect makes use of the same surface
mounted and seabed mounted equipment discussed above in
amanner that minimizes loss of hydrocarbons during discon-
nect. This uses the standard surface and seabed trees and
manifolds 1o isolate the hydrocarbons in the risers and elimi-
nates the further flow of hydrocarbons into the risers. The fol-
lowing is a short description (for an unplanned disconnect) of
the components that might be used.

2.4.4.21 Quick Disconnect Connectors

These are connectors located in a position in a riser that
allow for a quick or emergency disconnect of the riser from
the surface vessel. These connectors must be activated by
personnel on the vessel. They are hydraulically or pneumati-
cally operated and are similar in design to standard BOP-to-
subsea wellhead connectors. Ideally there would be valves on
both sides of the connector.

2.44.2.2 Break-away Flowline Couplings

These c e ically when a designed-in
load limit is reached. The fail-safe closed valves on either
side of the coupling close withow permiring any further
hydrocarbons flow.

24423 Lower Riser Packages

These are assemblies of valves and/or BOPs that permit
closing in well Nuids at the seabed and containment of fluids
in the riser string for disconnecting from the subsea wellhead
or tree. With the proper valve arrangement, there is little loss
of riser fluid to the environment. The riser can be reconnected
at a later time.
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2.4.4.3 Quick Dsisconnect for Flexible Risers

2.4.4.3.1 Quick disconnect systems for flexible risers may
be required at the top of the riser on an FPS, depending on
regulations or other technical requirements (risk of loss of
position of the platform due to a mooring failure). The func-
tion of the system is to disconnect the riser and isolate the
fluid path in case of an emergency and to minimize the risk
and extent of pollution.

2.4.4.3.2 [ndividual hydraulic controlled conduit and mul-
tiport systems are currently available. They consist of: a
remote connector, an alignment frame and usually (depend-
ing on the application and the transported fluid) one or two
valves, one on the flexible riser side, the other on the platform
piping side. The control sequence allows for automatically
closing the two valves prior to releasing the connector.

2.4.4.3.3 When released, the riser is dropped into the water
in a controlled or uncontrolled fashion, depending on the
project requirements and the type of emengency.

24434 Altemative designs, known as quick connect/dis-
connect connectors (QCDC) provide a quicker way o perform
the initial connection. or reconnection after abandonment of
the flexible pipe to the platform.

2.4.5 Guidance (Re-entry) Equipment

2.4.51 Risers can have guidance equipment attached at
one or more locations along their length. For risers that are
not run in close proximity to other risers, it may suffice to
have guidance at the bottom only. This bottom only guidance
is usually sufficient to get the riser mated to the sea bed
equipment. Risers that are run in clos¢ proximity to other ris-
ers or a hull may require guidance equipment at various loca-
tions along their length. Sometimes this guidance is attached
to running tools and retrieved with the tools.

2.4.5.2 The BOP system is generally not deployed until the
surface casing siring is set. Consequently the marine drilling
riser is not available as a means of guiding tools and equip-
ment from the drilling vessel to the ocean floor while the con-
ductor and surface casing string are set. Two means of
guiding equipment from the vessel to the ocean floor are typ-
ically used:

a. Guideline systems employ wire ropes (guidelines) and
funnels or other guides to control the motion and position of
equipment as it is run from the vessel to the sea floor.

h. Guidelineless systems employ television, acoustics. or
other remote sensing systems to monitor the position of
equipment as it is deploved. Controlling vessel position and/
or ROVs align the equipment as necessary.

2.4.5.3 Guideline systems have traditionally been used for
moored operations and guidelineless systems for operations
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conducted from dynamically positioned vessels. However,
guidelineless systems have been used by moored vessels.

2.46 Anti-fouling Equipment

2.4.6.1 Risers have been designed with provisions added to
enable anti-fouling equipment to travel up and down the riser
o remove marine growth. This equipment may need guid-
ance or locomotive means attached to the riser. The riser out-
side surface must be able to withstand the loads imposed by
the anti-fouling equipment.

2.4.6.2 Coatings have been used to reduce or eliminate cer-
tain types of marine growth, Many coatings are being investi-
gated to determine their overall effect on the marine
environment. Coatings are expected to remain a viable means
of reducing marine growth on risers if their interaction with
the environment is minimal. See Section 7.8.

2.4.7 Damage Limitation Measures
2.4.7.1 Fire Protection

24711 Fire protection of the riser and its structural sup-
port components should be reviewed in conjunction with the
overall operational safety plan designed to provide for the pro-
tection of personnel and equipment. To prevent small scale fire
hazards from spreading or contributing to personnel harm and
equipment failure, consideration should be given to fire protec-
tion for the riser, the structure and the tensioning equipment.

2.4.7.1.2 Protection can be provided by active or passive
means. Active fire protection involves the extinguishing of
fires by dispensing proper fluids in sufficient quantity. Pas-
sive protection utilizes enclosures to impede the heat flow of
the fire 1o the equipment to slow the temperature rise. Fire
protection requirements for equipment depend on individual
requirements for maximum heat influx and temperature rise
for a given time period. The safe structural and mechanical
operating temperatures should be considered in selection and
design of the proper system.

2.47.2 Mechanical Damage Protection

The objective of these devices is to limit progressive dam-
age (o risers. Any technique that will address the problem can
be considered. Some that have been use are: riser prolection
nets, bumpers, frames, and coverings including buoyancy
tanks/foams.

248 |Insulation

There may be a need w reduce heut loss from production
risers by creating a dead water or gas filled annular space,
using thick protective coatings that double as insulation,
using coatings added for insulation reasons only. and reduc-
ing the number of heat radiating components attached to the
Inser.
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3 General Design Considerations
3.1 GENERAL

3.1.1  Designing a riser system for a FPS is a multi-disci-
plinary task. Since the riser is a part of a larger system. its
design is influenced by the environment and performance
requirements as well as by interaction with both the FPS and
the sea floor equipment.

3.1.2 This section further develops material in Section | by
describing general design parameters that should be consid-
ered by the riser designer. This section begins with safety,
risk. and reliability and continues with functional, operational
and structural considerations and materials standards. It also
identifies some applicable design codes and standards. The
intent is to provide an introduction to the considerations that
govern an FPS riser design. This section also gives designers
of other major FPS systems an appreciation of the interfaces
their systems may have with the riser system.

3.2 SAFETY, RISK, AND RELIABILITY

3.21  Designers of riser systems need to consider person-
nel safety and protection of the environment and equipment
within a framework of efficient, cost-effective design.
Designers carefully assess the risks associated with operat-
ing a riser system and strive to minimize the probability
and consequences of an uncontrolled release of riser system
contents. Such a release could be caused by either internal
or external events. In addition, riser systems are often non-
redundant structures conveying pressurized hydrocarbons
between seabed terminations and surface vessel, Therefore,
risk assessment plays an essential role in riser design. Riser
systems should be designed recognizing that they are an
integral element of the overall offshore production system.

3.2.2 Although risk assessment is essential in the design
process, the designer will have some latitude in selecting

bottom of the riser, System deployment and retrieval proce-
dures are also considered when assessing risk.

3.2.4 The types of events to be considered in a risk assess-
ment should include leaks (especially hydrocarbon releases),
riser structural failure, component functional failure, and
major surface evenis:

a. Riser system leaks can occur in any number of compo-
nents. from the riser (joints/couplings), downhole (casing/
tubing, packers, seals, safety valves, etc.) or external (leak in
neighboring riser, process area, etc.). Leaks can affect riser
operability, riser structural integrity, and well control.

b. Structural failure can result from excessive load, acciden-
tal impact, corrosion, or fatigue.

¢, Failure and/or inadvertent actuation of mechanical compo-
nents can lead to undesirable events such as dropping the
BOP stack and/or riser or disconnect of the subsea wellhead
connector.

d. Major surface events include accidents such as fires,
explosions, blowouts, or vessel collisions that could be a seri-
ous detriment to riser system integrity.

3.2.5 All FPS subsystems and interfaces should be consid-
ered in assessing the risks of these events to the riser system.

3.2.6 The term “reliability™ may have different connota-
tions with reference to offshore structures. In its simplest
form, reliability is synonymous with dependability (cg..
component reliability), and there are several databases that
catalog the reliability (e.g.. number of expected failures per
year) of common components on offshore facilities, In for-
mal risk assessment, reliability analysis focuses on estimat-
ing the probability of an event (e.g. release of
hydrocarbons. component failure, etc.). In structural engi-
neering, structural reliability analysis assesses a structure’s
ability to accommodate loads in excess of its design loads
and ¢ the likelihood of structural failure given antic-

among the various qualitative and quantitative risk nss
ment technigues, depending on a project’s specific regula-
tory environment., Whether qualitative or quantitative, risk
asscssment fits well within the framework of developing an
efficient, cost-effective design through the early identifica-
tion of hazards, assessment of failure consequences and fre-
queneies of cccurrence and identification of mitigation and
prevention measures. Risk assessment is also particularly
useful in comparing relative risks among riser design
options.

3.2.3  The consequences of failure are ofien assessed in
terms of the possible hazards 10 personnel, effects on the
environment and potential financial loss. Although the integ-
rity of the riser system is the primary concem, a riser risk

should ence a larger scope, including well
system operations, marine operations (including escape and
evacuation procedures), and system interfaces at the top and
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ipated loading conditions (¢.g.. determining a platform’s
reserve strength). Reliability is also the key word in the reli-
ability-based structural design method, which differs from
the working stress design approach followed in this RP by
explicitly accounting for uncertaintics in loading and in a
structure’s resistance to loads. One application of relinbility-
based design methods is the load and resistance factor
design (LRFD) method that has been implemented lor fixed
platforms in APl RP 2A-LRFD.

3.2.7 Relinbility, as used here, relates o estimating the
likelihood that the riser system will fail because of compo-
nent failure. operator error, an external event, or structural
loading. Therefore, reliability assessment is an integral part of
evaluating risk. which by definition combines both the fre-
quency of occurrence and the consequences of an undesirable
event. The validity of riser reliability assessments is a func-
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tion of accumulated field experience. As more field data is
compiled, the accuracy of these assessments will improve.

3.3 FUNCTIONAL CONSIDERATIONS

Functional requirements for risers associated with FPS sys-
tems can vary significantly, depending on the application.
Functional requirements are also determined by the primary
duty or service of the riser. A riser for a single subsea well,
for example. will typically have fewer functional require-
ments than a riser handling produced fluids for multiple
wells, The number of functional requirements generally cor-
relates with system complexity.

34 STRUCTURAL CONSIDERATIONS

Once functional and operational considerations are estab-
lished, the structural components are designed to perform
their function and satisfy allowable stress limits and design
life requirements. In this RP, structural design is based on an
allowable stress approach that defines acceptability on the
basis that calculated stresses in the riser are below allowables
established herein for all applicable loading conditions. With
such an approach, the designer should be aware of the range
of external and internal londs o which a riser will be sub-
jected (see Section 4). These loads arc combined to ¢stablish
extreme conditions used to verify that the riser design satis-
fics specific design acceptance criterin. The designer should
use the types of riser analyses that provide sufficient riser
response information to compare predicted riser stresses and
deflections with allowables.

This subsection introduces the primary issues that the
structural designer and analyst should consider in designing o
riser system. A more thorough and detailed description of
structural design loads and criteria for FPS risers are con-
tained in Sections 4 and 5 of this RP. Section 6 gives addi-
tional guidance on how to analyze risers.

3.4.1 Load Combinations For Design Cases

3.41.1 A design case is a combination of loads calculated
for a specific operational phase and particular system and
environmental conditions. The design cases to be evaluated
are outlined in Section 4. For euch design case, appropriate
load combinations of the applicable external and internal
forces should be developed. An example of the general com-
ponents of a typical load combination is shown in Figure 21.

3.4.1.2 For extreme event analysis, the riser should be
designed for the loading condition combinations (ol reason-
able probability of oceurrence) that produce the most severe
effects on the riser. A sufTicient number of load combinations
should be developed to represent all installation conditions, in
situ conditions and unusual event conditions according to the
guidance given in Section 4.

3.4.2 Design Criteria
3.4.2.1 Allowables

3.4.2.1.1 The following design limits should be considered
where applicable:

a. Allowable stress (include burst, tensile, and combined).
b. Allowable deflection.

c. Collapse.

d. Fatigue/service life.

e. Inspection/replacement interval.

. Temperature limits,

£. Minimum bending radius,

h. Permeability of Qexible pipe.

i. Abrasion and wear,

j. Interference.

3.4.2.1.2 The determination of appropriate allowable
stresses is addressed in Sections 4 and 5.

3.4.2.2 Interference

3.4.2.21 The riser system design should include evalua-
tion or analysis of potential riser interference (including
hydrodynumic interaction) with other risers, mooring legs.
tendons, hull, the seabed. and with uny other obstruction,
Interference should be considered during all phases of the
riser design life including installation, in-place, disconnected,
and unusual events.

3.4.2.2.2 If contact is to be permitted, resulting collision
loads should be determined to demonstrate that structural
integrity is maintained.

3.4.2.2.3 The estimated accuracy and suitability of the
selected analytical technique should be assessed when deter-
mining the probability and severity of contact.

3.4.2.3 Fatigue and Service Life

3.4.2,3.1 Fatigue analysis of risers involves caleulation of
the fatigue damage caused by waves, vortex induced vibra-
tion, vessel motions, and thermal and pressure cycles, The
goal is to ensure that a component’s calculated fatigue life
exceeds its service life multiplied by o safety fuctor (see 3.0}

3.4.2.3.2 Service life analysis requires the calculation of
the long term effects of chemical. biological or ultraviolet
exposure on non-metallic riser components.

3.4.2.3.3 The following items should be included in a riser
fatigue analysis:

a. All causes of cvelic stress variations should be identified
including wave actions, VIV and vessel motions (low and
wave frequency). and thermal and pressure cycling.

b. The applicable set of hydrodynamic coefficients should be
developed for each flow condition.
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¢. The fatigue analysis procedure may use a fracture
mechanics or cumulative damage analysis (S-N) approach, as
appropriate. Normally, the S-N approach is used for design.
while fracture mechanics is used to establish inspection crite-
rig during both fabrication and in-service operation of
components in riser systems.

d. If the cumulative damage approach is followed. an appro-
priate S-N curve should be selected or generated for each
component subject to cyclic stress variations, The component
corrosive environment, fabrication method. and surface finish
should be considered.

€. The designer should include a sufficient number of sea-
states and approach directions to accurately predict the long
term distribution of stress ranges. For spectral techniques, an
appropriate scastate spectrum type should be identified.

. An appropriate Stress Concentration Factor (SCF) for
each component in the load path should be applied to the cal-
culated cyclic stress variations.

g. The fatigue design load cases for each seastate should
account for the appropriate functional loads based on their
statistical probability of occurrence during the given seastate:
h. An appropriate method for calculating fatigue damage
should be established.

i. If wear is a factor on anv component in the load path, its
effects should be included in the analysis,

j. Determination of riser fatigue life should take into account
any effects of internal and external corrosion, biofouling,
chemical deterioration and ultraviolet rays.

k. Safety factors should reflect component maintenance.
inspection and replacement program.

3.4.2.4 Degradation of Syntactic Foam Buoyancy

3.4.2.41 The designer should select the type and quantity
of materials to provide the required buoyant lift over the
intended service life while accounting for the predicted deg-
radation of buoyancy. Factors which may affect syntactic
foam buoyancy performance relative to specilic applications
include:

a. Hydrostatic pressure,

h. Duration of service.

¢. Cycling of hydrostatic pressure.

d. Mechanical loads and load cycles; (buoyancy modules are
usually designed and installed for service in a manner that
avoids or limits the imposition of bending or tensile loads).

¢. Temperature.

f. Chemical or UV exposure.

3.4.2.4.2 Syntactic foam exhibits a progressive buoyancy
loss resulting from water absorption over time. The rate of
buoyancy loss (due to water absorption) is inversely propor-
tional to the strength (and density) of the syntactic foam. Tvp-
ically, heavier or stronger syntactic foam materials will be
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required for service at greater depths and/or over longer peri-
ods of time in service,

3.4.24.3 Syntactic foam manufacturers maintain extensive
data on the performance of specific materials in various den-
sities at various depths, as well as extrapolation methods
which permit the prediction of degradation of lifi over
extended time in service. Selection of a particular syntactic
foam should be based on test data.

3.5 MATERIAL CONSIDERATIONS

3.5.1 Factors to be considered when selecting materials
that are fit-for-purpose in a riser system include:

a. Yield and ultimate strength.

b. Material toughness and fracture characteristics.

c. Young's modulus,

d. Shear modulus.

¢. Poisson's ratio: S-N fatigue curve.

f. Internal erosion or wear requirements based on the fluid
properties and flow rate.

g. HaS/CO5 produced water salinity/acidity.

h. Internal corrosive effects,

i. External corrosive effects.

j. Biofouling.

k. Operating temperature.

I Welding: weldability and HAZ properties.
m. Machining.

n. Manufacturing processes.

0. Galvanic corrosion.

3.5.2 See Section 7 for a more in-depth discussion on
materials.

3.6 OPERATIONAL CONSIDERATIONS
3.6.1 General

3.8.1.1 This section describes considerations that a riser
designer should be aware ol to produce a design that is safe
and efficient to install, operate, and maintain. Safe operation
of a riser requires:

a. The designer to take into account all realistic conditions
under which the riser will be operated.

b. Operations personnel to be aware of the riser’s safe operat-
ing limits. This information needs to be communicated W
operations personnel in a understandable manner.

3.6.1.2  FPS risers generally fit into two operational types:

a. Risers installed and left for (many) years until subsequent
retrieval,

b. Risers run and retrieved many times during their service
life, which may also accommodate drilling and/or workover
operalions.
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3.6.1.3  Some general considerations apply for both types
of riser. Specific considerations may apply to only one of
these two riser types.

3.6.1.4 A riser’s operational requirements should be distin-
guished from its functional requirements. Functional require-
ments define how the riser must function to achieve its
intended purpose. Operational requirements define how the
riser should be operated to assure a safe operation.

3.6.1.5 Operational requirements are typically documented
in @ Riser Installation and Operation Manual. The manual.
which should be prepared jointly by the designer ond the
operator, defines how 1o saftly install, operate and maintain
the riser und its component systems,

3.6.2 Operating Philosophy

An operating philosophy should be developed carly in the
design process to ensure that riser operations are conducted in
a safe and efficient manner, Detailed procedures should be
developed and verified for all aspects of riser operations.
They should consider:

a. Vessel motions and environmental limits.
b. Manning.

¢. Control centers and ancillary support.

d. Riser deployment and retrieval,

¢ In-service operations.

f. Inspection and maintenance philosophy.

3.6.3 Vessel Motions and Environmental Limits

Vessel motion and stationkeeping performance can have a
significant effect on the riser design and operation. For
instance, the riser can be designed to stay connected when
subjected to the extreme environment or designed to be dis-
connected. Certin operations such as riser running or pull-
ing, drilling, workover and through-bore operations may be
restricted or require shutdown, depending upon vessel
maotions and environmental limits.

3.6.4 Manning

The manning requirements for all operational phases of the
riser should be considered. Risers that are pulled frequently
or require pulling during severe storm conditions may require
additional trained personnel onboard

3.6.5 Vessel Interfaces

3.6.51 The vessel interfaces for riser operations, which
include the control centers, laydown arcas, crancage. riser
deployment equipment. weight and space restrictions, utility
systems and ancillary support, should be considered early in
the design,

3.6.5.2 Utility support such as electrical power, hydraulic
power, air and water may be required to operate a riser and
should be interfaced with the vessel systems.

3.6.5.3 Ancillary support equipment such as diving,
ROVs, video monitoring, and subsea positioning systems
should be considered carly and interfaced with the riser and
vessel systems,

3.6.6 Riser Deployment and Retrieval

Step-hy-step installation and retrieval sequences should be
developed. These sequences should identify the personnel
and equipment that is required and all critical considerations
for the operation. Shutdown sequences for both planned and
emergency disconneets should be accounted for.

3.6.7 In-Service Operations

The riser may be used for more than one purpose, in which
case the riser operating procedures should consider the riser's
other functions. For instance, the production riser may be
used for minor and major well workovers, injection, comple-
tion, and other purposes. Drilling risers may be used for well
completion and testing.

3.6.8 Inspection and Maintenance Philosophy

The type and frequency of in-service maintenance of a
riser needs to be balanced throughout the design process,
since increases in robustness of design, or material quality,
may lessen inspection and 1ANce requir 15

3.7 INSTALLATION, RETRIEVAL, AND
REINSTALLATION OF METAL RISERS

It is common to think of metal risers as being held in taut,
vertical configurations. However, it is important to recognize
that normally metal riser pipe sections may be configured in
such a manner where inherent compliance is achieved. In
such cases. many of the following considerations would still
apply. but special features may lead to treatment as other riser
types (see 3.9).

The following sections refer to operations involved with
the establishment of metal riser systems for floating produc-
tion developments. Metal risers include all riser types where
the riser sections are normally considered to be solid metal.
This includes risers for drilling, completion/workover. pro-
duction, injection, and export/import service. The special fea-
tures and service demands for metal risers involved in drilling
and completion/workover functions make it prudent for the
designer to refer to guidance provided in AP RP 16Q and
APIRP 17G.
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3.7.1 Preparations, Testing, and Required Support
Equipment

3.7.1.1 Trial runs of all installation steps should be per-
formed, to the extent practical, prior to mobilization of a riser
offshore.

3.7.1.2  Tank testing of ROV, diving, and subsea interfaces
should be considered. All ROV functions, including installa-
tion and other operation and maintenance functions, should
be tested by actual equipment operation or by mockups of the
ROV interfaces.

3.7.1.3  All wtilitics and installation support equipment
should be checked and tested. Critical installation equipment
should be load tested, if possible.

3.7.1.4  Swep-by-step installation procedures, from trans-
porting equipment from the manufacturing facility to com-
pleting installation of all risers, should be prepared. All risers
should be considered, as well as plausible combinations of
connected risers.

3.7.1.5 The following should be considered in the installa-
tion and operational planning:

a. Space out requirements, where special segments may be
used in the riser string to achieve a specific overall length
between desired connection points.

b. Accessories that must be attached to the riser during
running.

¢. The method(s) used to guide the riser to the sea floor. In
the case of multiple risers, there may be different guidance
means required during the different stages of the installation.
d. Interference with other risers, mooring lines and other
obstructions during installation.

e. Motion compensation requirements for installation of each
riser system, during the running, landing, and disconnect
phases,

{. Support vessels, if any, used during riser deployment.

g. Contingency pluns concerning actions required for sus-
pending operations i there is riser damage or equipment
malfunction.

h. Whether the riser is installed empty or full of water.

3.7.1.6  Installation procedures should be designed to pro-
vide reversibility as far as possible. It should be possible 1o
stop operations al any lime und retrieve the riser or abandon it
for later retrieval.

3.71.7 Installation procedures (and scheduled durations)
should allow for pigging, if appropriate, and hydrostatic test-
ing of the riser after installation.

3.7.2 Transportation and Handling

3.7.2.1  Structural design of lifting and handling equipment
and rigging should follow guidance in APL RP 2A,

Copynght Amerzan Petrae malfin
Pravded by (H5 urder e with AP
Mo Pt

ing - 5

3.7.2.2 Requirements for protecting the riser system during
shipment and handling on the rig should be considered. Pro-
tective shrouds, end caps. and other protective devices should
be used if necessary.

3.7.23 The means for transporting riser and associated
equipment to and from the site should be evaluated. Motions
of the transportation vessels (barges or supply boats) should
he considered in the design of seafastenings and tiedowns.

3.7.24 Depending upon the installation method, equip-
ment on the FPS or support vessel should be capable of han-
dling the riser. Crane capacitics and reaches at load. derrick
capacities. and cl es must be idered.

3.7.25 Deck load and deck space reguirements during and
afier installation, including installation tools. should be con-
sidered in the installation procedures. Adequate laydown
areas should be provided.

3.7.26 Moonpool areas and clearances for moving equip-
ment into and out of restricted areas on the vessel should be
considered.

3.7.3 Installation Considerations

Metal risers may be installed by the FPS or from either a
floating drilling rig, a construction vessel (derrick barge), or
by a tow and upend procedure.

In this phase of the operation, safe riser deployment operat-
ing envelopes are needed.

Special running tools may be required 1o deploy the riser,
These tools facilitate connecting, lifting, lowering, and riser
support. Other tools, such as those used for pressure testing
and inspection, may be used as well.

The installation method must allow for a weather window
that is large enough to accomplish the work. Contingency
procedures must be considered to include suspension and
reversal of the installation.

3.7.31 FPS Deployed

3.7.3.1.1  Metal risers are normally deployed from the FPS,
utilizing a derrick and pipe handling system, if available. The
riser is normally handled in joints between 40 to 75 ft. in
length. Joint dimensions and weight limitations need to be
considered in handling the riser through the V-door and in
deployment through the drill floor.

3.7.3.1.2  Special tools may be required to assemble the
riser component and to lift and lower the riser string. Also,
special tools are normally needed o handle the riser joints.

3.7.3.1.3 Special appurtenances. such as large buoyancy
modules or drag fairings, may be attached to the riser and
deployed through the rig’s moonpool area.
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3.7.3.1.4 During running. the riser may be guided either by
guidelines. or by the vessel stationkeeping system if it can be
used w position the rig and the suspended riser during riser
deployment,

3.7.3.1.8  Single bore risers and multibore nisers that have
integral joints are normally deployed similar to a drilling riser
on a drilling rig (1.e.. joint by joint),

3.7.3.1.6  Multibore risers that have non-integral joints are
deployed first by running and landing the central structural
core and then running cach bore separately.

3.7.3.2 Other Riser Deployment Methods

3.7.3.21  Other methods to deploy a metal riser. rather than
directly from handling equipment on the FPS, can be used.
Some of these methods are described below.

3.7.3.2.2 Installation methods developed for pipelines can
be used to install the riser. These include the J-lay method, the
reel method and the S-lay method. In these methods, the
flowline or pipeline is usually laid first, followed by directly
attaching and running the riser.

3.7.3.23 In the J-lay method, riser joints are assembled
vertically on a drilling rig or a derrick barge with a suitable
frame. The riser can be assembled while the installation ves-
sel is moving toward or away from the FPS with the 1op of
the assembled riser passed over to the FPS al the appropriate
lime,

3.7.3.2.4 In the Reel method, the riser is assembled in a
continuous length and is coiled onto a large diameter reel. A
special vessel then deploys the riser by paying the riser out of
the reel and passing the top end to the FPS,

3.7.3.2.5 Forriser installation by the S-lay method, a pipe-
lay vessel is used to assemble the riser joints and to lay them
off the stem of the vessel.

3.7.3.2.6 Another method has the riser transported to the
site and installed by a tow and upend procedure. In this case
the riser is assembled on land (or in protected waters), then
towed out horizontally with one or more tugs to the site. At
the site, the riser is upended by removing buoyancy tanks or
controlled flooding and is then attached to the seabed and the
FPS. This technique has been successfully used with TLP
tendons, although much care is required in the design of tem-
porary buoyancy and its attachment.

3.7.3.2.7 Some of these deployment and installation opera-
tions may involve “keelhauling.” Such an operation has the
riser or riser system components passed from the installation
vessel to the FPS with handling lines attached in a manner
that allows the FPS to pull the top end of the riser underwater.
beneath part of the submerged FPS hull, toward the connec-
Lion point.

3.7.4 Disconnect and Retrieval

3.7.4.1 There are two levels of riser disconnection: normal
or planned disconnection and rapid or emergency disconnec-
tion.

3.7.4.2 Rapid or emergency disconnection of the riser sys-
tem may be necessary if vessel or well system emergencies
oceur, the FPS stationkeeping system fails or the weather sud-
denly and unpredictably deteriorates beyond the riser’s oper-
ating threshold.

3.7.4.3 II riser recovery is required following an emer-
geney disconnect response, all wellhead valves should be
closed, the production (luids in the riser system flushed and
the riser vented before the riser system is recovered. Suffi-
cient storage capacity needs to be available to stack the riser.
otherwise it will need to be off-loaded.

3.7.4.4 Some difficultics can arise it workover/drilling activ-
ities are being performed at the time of an emergency. In such
cases all equipment should be designed to be fail safe to prevent
the escape of fluids from the wellbore (o the environment.

3.7.4.5 The following items should be considered for riser
retrieval:

a. Reverse installation procedures should be altered o suit
riser retrieval.

b. Related vessel ballast control operations should be antici-
pated and clarified in procedures.

c. If mass has been added or removed from the riser by
adjusting ballast or any other means. the riser mass may need
1o be altered before removal of the riser.

d. Recoil after disconnect needs to be considered and tension
adjusted so that no riser or vessel damage is sustained.

e. If the riser requires guidelines (or other guidance systems)
for removal and these are not present, then replacements or
alternatives should be used.

f. Rig offset control should be performed, if required (see
3.122).

3.7.4.6 In some situations, it may not be desirable or safe
to attempt to recover a riser to the surface as a temporary
response o an emergency situation, In such cases, alternative
riser protection measures should be taken. The designer
should consider the need for laying down the riser or parking
it vertically in an acceptable configuration. If the parking
option is planned, the designer should provide a secure con-
nection point for docking the lower riser connector and ade-
quate buovancy to ensure that the riser does not damuge
nearby equipment or itsell” during the temporary emergency
situation.

3.7.5 Reinstallation Considerations

Riser reinstallation should follow the original installation
method to the extent practical 10 make use of procedure and
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personnel learning curves. In addition to the original installa-
tion considerations, the proximity of other risers and their
interaction with the riser to be reinstalled must be considered
as these risers may not have been present during the original
installation.

3.7.6 Hydrostatic Testing

Pre-service or in-service pressure testing of the riser should
be done with inert or non-environmentally damaging fluids in
the riser. The methods, equipment and personnel required for
purging and displacing the riser and performing the hydrotest
need to be considered.

3.8 INSTALLATION, RETRIEVAL, AND
REINSTALLATION OF FLEXIBLE RISERS

3.8.1 Preparations and Required Support
Equipment

3.8.1.1  In addition to the considerations in 3.7.1, the con-
siderations discussed below apply to flexible risers.

3.8.1.2 Compatibility of the riser with installation equip-
ment, including winches, pipe tensioners and overboarding
chutes, should be checked to ensure that the riser under instal-
lation tension is not damaged by crushing. bending or kinking.

3.8.1.3 If the flexible pipe is installed dry, the installation
equipment should be able to hold the riser should it be acci-
dentally flooded.

3.8.1.4 Installation procedures and equipment should
account for the installation of riser appurtenances such as
anodes at intermediate couplings. bending stiffeners. bending
restricters, buovancy modules, and end connectors.

3.8.1.5 The installation procedures and equipment that is
used should be able to install the risers and then check that the
risers are within the installation tolerances,

3.8.1.6 The equipment arrangements on the installation
vessel should consider weight, function, and the presence of
all ancillary support equipment. Additional reloadings of the
installation vessel may be required due to space or stability
limitations.

3.8.1.7 Installation procedures should allow for pigging
and hydrostatic testing of the riser after installation,

3.8.2 Transportation and Handling

3.8.21

sels.

Flexible pipe can be stored in ¢ither reels or carrou-

3.8.2.2 Reels with a horizontal axis are commonly used for
storage of long lengths of flexible pipes. Reels. used in con-
junction with a winch, can be used to maintain the riser ten-
sion during installation and recovery.
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3.8.2.3 The following should be considered when handling
flexible pipe with reels:

a. The drum radius should meet or exceed the minimum
bending radius for storage of the flexible pipe.

b. If used for installation, the reel dimensions, structural
design, construction and seafastening should account for
installation and transponation loads, and the reel should be
compatible with the winch system,

¢. The reel design should ensure that all surfaces in contact
with the flexible pipe be compatible with the outer jacket of
the flexible pipe. The reel should protect the end fittings and
other pipe accessories thal may damage the outer layer of the
adjacent layer of pipe.

d. The flexible risers should be prerigged with any slings.
hold back wire rope, and “Chinese fingers™ that will be
required to install the riser.

3.8.2.4 Because of the inherent torque-balanced character-
istics of flexible pipes. a fixed basket should not be used for
storing or deploying flexible risers. However, rotating baskets
or carrousels can be used, Since carrousels are not normally
capable of supporting significant pipe tension during installa-
tion, a pipe tensioning system is normally used in conjunction
with a carrousel. The design requirements for carrousels are
similar to those for reels.

3.8.2.5 The flexible riser should be stored under conditions
that are not detrimental to its performance:

a. Maximum and minimum storage temperature should be
within allowable pipe operating temperature.

b. Connections should be protected against damage of the
seal area, threads and other areas susceptible to damage.

¢. Pipe should be covered to prevent degradation by ultravio-
let radiation.

d. Any fluids left inside the riser. e.g. pressure test fluid.
should be compatible with pipe materials.

3.8.2.6 Precautions should be taken during handling and
transportation of flexible pipe o prevent damage. Dragging
on the floor or against equif or unacceptable torsional

or bending loading resulting from transfer of the riser should
be avoided.

P

3.8.3 Installation Considerations

3.8.3.1  In certain applications. such as deep water, the flex-
ible riser configuration could be selected based on case of
installation.

3.8.3.2 Flexible pipe installation methods and equipment
vary greatly, depending on the application and the environ-
mental conditions, The three most common methods are:

a. Winch/chute lay: The flexible pipe is paid out from its
storage reel powered by a winch system and launched over
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the edge of the vessel by an overboarding steel chute having a
radius greater than the minimum bending radius of the pipe.
b. Horizontal tensioner/sheave lay: The flexible pipe is on a
reel or carrousel. and a tensioner is used o provide the laying
tension. A sheave is used to overboard the flexible pipe from
the laying vessel to minimize the contact pressure and friction
forces.

¢. Vertical tensioner lay: The tensioner is installed vertically.
and the flexible pipe is overboarded directly over one side of
the installation vessel or through a moonpool.

3833

3.8.3.4 Flexible pipe is normally laid in a catenarv shape,
with a small initial deflection from the vertical axis. The pay
out rale of the Aexible pipe should be coordinated with the
movements of the installation support vessel to prevent either
overtension or formation of loops or Kinks. This is especially
important when laying multiple lines.

Some of these applications are shown in Figure 22,

3.8.3.5 Particular attention should be given to the passage
of intermediate connections over a sheave, chute, roller, or
drum to prevent excessive bending behind the end fitting.

3.8.3.6 The loads imposed during installation can be an
important parameter for the design of the flexible riser struc-
ture and the selection of the installation equipment and acces-
sories. The two primary installation loads are the pipe tension
and the crushing force on the pipe from the tensioning system
and the overboarding chute.

3.8.3.7 The installation equipment should be designed or
selected considering:

4. Crushing loads exerted on the pipe by the overboarding
chute, the installation reel, and/or the tensioner.

b. The variation of pipe outer diameter along its length due to
manufacturing tolerances.

3.8.3.8 Typical installation procedures for Steep S, Lazy 8,
and Lazy Wave riser configurations are shown in Figures 23,
24, and 25.

3.8.3.9  After installation, the riser configuration should be
checked by divers or an ROV,

3.8.4 Disconnection and Retrieval

3.8.4.1 The selected riser configuration, riser accessories
and appurtenances should allow retrieving a riser line,
whether single or part of a multiple riser system.

3.8.4.2 Tension in the flexible pipe is usually significantly
higher during retrieval than during installation due to friction
on overboarding chutes. Depending on the tension and the
riser configuration, it may be necessary o void the riser
before retrieval.
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3.8.5 Reinstallation

Prior to reinstallation, the riser should be visually inspected
for external damage and repairs carried owt where required.
The riser should also be drifted and hydrostatically tested at
its rated operating pressure.

3.8.6 Hydrostatic Testing

On-site testing during and after installation should be car-
ried out according to recommendations given in AP1 RP 17B.
Riser components should be tested similarly.

3.9 INSTALLATION, RETRIEVAL, AND
REINSTALLATION OF OTHER RISERS

3.9.1 In general, the riser classifications addressed in the
preceding sections should cover the range of riser system
types in current practice. There may be special features of a
given riser system that may lead the designer 1o consider it
unique in terms of configuration and/or service. For example,
the riser system may be a hybrid riser that combines both
metal and flexible pipe elements, or the riser may be consid-
ered as primary mooring element in addition to the role of
conduit. In very deep waters, what may normally be consid-
ered rigid metal riser pipe sections may be configured such
that the riser svstem has the inherent compliance more com-
monly associated with flexible risers. Examples are catenary
risers, twisted pipe bundles or pre-buckled vertical S risers.

3.9.2 In such cases. the designers may have to allow for
special features or demands associated with unigue installa-
tion or retrieval operations. Reference to other guidance doc-
umentation may be required. For example, risers providing
both production and mooring service as riser/tendons would
need to meet all the requirements of performing as a produc-
tion riser and the additional requirements of acting as a moor-
ing element (APl RP 2T).

3.10 IN-SERVICE OPERATIONS

3.10.1 Simultaneous Drilling and Production
3.10.1.1 Safety Considerations

3.10.1.1.1  This section is intended to define the basic phi-
losophy and minimum operational requirements for the safe
conduct of simultaneous drilling and production operations as
they relate to production risers. The success of each simulta-
neous operation depends on developing an operating plan and
following the practices outlined in that plan to limit the oper-
ational risk.

3.10.1.1.2 A Simultaneous Operation consists of any com-
bination of two or more of the following activities executed
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independently and concurrently which may interact to
increase operational complexity and risk:

a. Producing.
g b. Drilling.
¢. Workovers and completions.
d. Wireline work.
e. Testing.
f. Pigging.
g. Construction and major maintenance.
h, Supply operations.
i. Off-loading.

3.10.1.1.3  Factors which contribute 10 increased opera-
tional complexity and risk during simultaneous operations
include:

a. Incompatible activities if work groups have different
goals, skills and/or supervision.

b. Hydrocarbon release potential, both controlled and uncon-
trolled. may increase.

¢. More ignition sources may exist,

d. Facilities design and safeguards may not be ideal for con-
ditions experienced during simultaneous operations, e.g.
structural integrity, available work space. protection for pro-
cessing equipment, etc.

3.10.1.1.4  Simultaneous operations require identification
of the specific hazards and taking steps to limit the risk. They
should only be conducted after thorough evaluation and risk
mitigation.

3.10.1.2 Limitations and Restrictions

3.10.1.21  These items should be given careful consider-
ation to assess their possible application to each specific oper-
ation. If any of these items contribute 10 increased risk,
mitigating measures should be more fully described in the
plan.

3.10.1.2.2 Limitations and restrictions on operating condi-
tions and activities should consider:

a. The type of production equipment on the platform.

b. Means for shutting-in wells.

¢. The type of wells (oil or gas), shut-in and flowing tubing
pressures, and annular pressures.

d. Maximum and expected oil. water and gas production
rates for individual wells and for the total facility.

€. The presence of HaS in the gas.

f. Gas lift and whether used for sustained production or only
to kick-off wells.

2. Controlled well Kill operations used prior to starting a
workover or for reversing out a backsurge.

h. Drilling or workovers in close proximity to live wells,

i. Repair and maintenance on safety systems, including well
control system, ESD. fire or gas detection systems, fire fight-
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ing system and ventilation systems. or drain systems that
affect area integrity.

§- Whether well testing is performed.

k. Whether heavy jarring is performed.

I Any flaring or gas venting to atmosphere.

m. Well unloading and swabbing,

n. Running or pulling other risers.

0. Repairs to process facilities which may impair normal
operations.

3.10.1.3 Interference Considerations

3.10.1.3.1  If a guideline system is employed, the risk of
interfering with an adjacent riser during the deployment of a
drilling or a production riser should be manageable as long as
the guideline system remains intact. Maintaining acceptable
risks for interference (and the consequences of contact) must
also depend on field personnel carefully monitoring the
changing environmental conditions when starting and during
running operations. Consideration needs 10 be given to the
hazards associated with the possibility of dropping the riser
during the running operation. In general, operators should
consider shutting-in adjacent wells during running and
retrieval operations, based on the proximity of those wells 1o
these hazardous operations.

3.10.1.3.2 If a guidelineless system is employed, addi-
tional wells may need to be shut in to further ensure that a
failure of the positioning system during reentry operations is
not likely to damage a flowing well.

3.10.1.3.3 Consideration may be given 1o using ROVs or
tugger lines to steady or guide risers as the connector
approaches the wellhead, whether guidelines are used or not.

3.10.1.3.4 In the presence of deeply penetrating currents
that can cause significant horizontal riser deflections, particu-
larly during deployment, riser running operations may have
to be curtailed to avoid potential damage to adjacent risers or
wellheads. In some cases, even with a lateral mooring system
or dynamic positioning system, it may be difficult or impossi-
ble to safely guide the riser.

3.10.1.3.5 Disconnects must be carefully made, with or
without current, to avoid damaging adjacent wellheads or ris-
ers. As a generul pructice, the riser angle at the lower connee-
tor should be away from neighboring wells such that the riser
will swing free immediately after the disconnect.

3.10.1.3.6  Interference can oceur in the water column with
a connected riser as well as with a disconnected one. Careful
analyses of all anticipated conditions should be made by the
design team prior 10 conducting operations. Interference in
the presence of deeply penetrating currents is very sensitive
to the tension distribution, contents and buoyancy in adjacent
risers. A drilling riser adjacent to production risers poses an
especially difficult situation due to major differences in the

Mot for Fesate




36 APl RecommenpeD PracTice 2RD

risers” hydrodynamic drag as well as tension and weight. Ris-
ers with significantly different dynamic characteristics will
respond at different frequencies and phases during severe cur-
rent or storm conditions.

3.10.1.3.7  In some cases, it is difficult to detect the possi-
bility of riser interference or collision in the water column
without TV cameras or an ROV, When close approaches of
hardware are expected in the water column, some monitoring
means is desirable.

3.10.2 Well Completions and Workovers

API RP 17G provides design and operational guidelines of
riser systems during well completions and workovers when
using a wireline BOP, riser and associated surface control
equipment and systems.

3.10.3 Through-Riser Operations

3.10.3.1 Through-riser operations performed from an FPS
may include some or all of the following:

o

Wireline operations.

. Coiled tubing operations.

Major workover.

Drilling and sidetracking considerations.
Through flowline (TFL) operations.

Flushing.

g. Pigging and riser bore maintenance (scraping).

e

[

3.10.3.2 These operations may be performed through more
than one riser. For instance, a drilling riser may be used for
drilling and the production riser used for wireline and work-
overs. Pigging is normally performed through a sales riser.

3.10.3.3  Well control functions must be designed to per-
form properly with the various risers and in the various
modes of operation.

3.10.3.4 The riser bore should be adequately designed for
these through-bore operations. The size, tolerances, material,
curvatures, and presence of dog-legs are primary consider-
ations.

3.10.3.6 Using the production riser for workover opera-
tions will require proper interface at the top. Workover BOPs,
and other equipment not normally used in production opera-
tions may be attached.

3.10.3.6 Wircline or rotary drilling operations may pro-
duce severe tracking or keyseating when “dog-legs™ (bends)
are present in the riser hore. In this case. consideration should
be given to using a replaceable wear bushing and limiting
vessel offsets during these operations to mitigate this prob-
lem. Pipe rubbers and downhole motors can also be used o
minimize wear caused by rotation. Calipers should be run in

the riser following any operation requiring rotation in the
riser. Analysis tools are available to assess the significance of
this situation to planned operations.

3.10.4 Monitoring

3.10.4.1 A riser monitoring system is not mandatory, but it
is useful for setting and maintaining precise tension, for mon-
itoring riser dynamics, and for design verification. The riser
monitoring system can also be used to estimate riser fatigue
damage.

3.10.4.2 In some cases, such as closely-spaced risers in
high current situations, careful riser monitoring of tension,
stroke, and pressure may be used to minimizing the possibili-
ties of riser-to-riser collisions. Each of these measurements
can be set up with alarms for high or low limits.

3.10.4.3 Riser tension can be monitored by measuring the
pressure in the tensioner cylinders and applying correction
factors for riser angle. tensioner wire, and friction. Strain
gages can be used in load pins. on the riser body. on the ten-
sioner structure or in special load cells connecting the ten-
sioner system to the riser.

3.10.4.4 Riser angles can be measured with inclinometer
devices. Some units may be sensitive to the surge and sway of
the FPS and require motion corrections.

3.10.4.5 Tensioner or riser stroke measurement can be
made with something as simple as a string potentiometer. The
inclination of the tensioner arm can be used to infer riser
stroke,

3.10.4.6 Standard pressure transducers can be used to
monitor riser pressure if they are suitable for the hazardous
area classification of the area where they are used.

3.10.5 Operational Support

Once the riser system has been deployed and function
tested, a series of pre-start checks should be performed before
operations begin. The type of checks will depend on the riser
design but may include the following:

a. Ensure that all utilities required for riser operation are
available.

b. Ensure that all required tensioner maintenance or repair
work has been performed.

c. Check the condition of the tensioner wire ropes and ensure
that they set in their respective pulley grooves around the
wireline tensioners and turndown sheaves.

d. Function check all alarm systems and indicator lamps.

e. Testany emergency disconnect systems.

f. Testany riser monitoring system,
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3.10.6 Control

3.10.6.1 Depending upon the type of riser and the opera-
tion performed, temporary control stations may be needed
during certain phases of riser operations. It may be advanta-
geous or necessary to designate a number of control centers,
cach with its own area of control and monitoring which is
subordinate to the primary or main control station.

3.10.6.2 The various control stations may need to be
manned and communication lines established before these
operations take place. Some of these control stations may
include the following:

a. The bridge of a ship.

b. Ballast control room.

. Operations control room.

. Production control room.

. Moonpool control room.

. ROV and diving control center,

;o 0

3.10.6.3 The number, location, and manning requirements
for the control centers will depend on the type of riser and the
surface suppont fucility.

3.10.7 Manning

The number of operations staff that will be required
together with their responsibilities should be defined. This
manning list should reflect the duties of the operating staff
and the organization and reporting relationships under all
modes of the riser operations.

3.10.8 Riser Limitations

The riser operating limits are determined by the designer
and may be presented as graphs of riser maximum offset
against sea state (or other important Metocean parameters), A
typical diagram for a latched steel tensioned drilling riser is
shown in Figure 26, which shows the range of acceptable
riser excursions for a set ol operating conditions. Factors
which may influence the allowable offset are:

a. Moonpool clearance range before impact.

b. Lower flex joint limitations.

c. Upper flex joint limitations,

d. Riser tension.

e. Internal conditions (pressure, weight of internal strings or
fluids, etc.).

f. Vessel heading.

g. Current profile.

h. Water depth.

i. Flexible flowline (jumper) length.
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3.11 MAINTENANCE AND INSPECTIONS
3.11.1 General Considerations

3.11.1.1  Regular monitoring of the riser system helps o
provide a safe and trouble-free operation. Depending upon
the water depth of the installation, subsea equipment inspec-
tion and monitoring can be carried out on a routine basis or
when trouble is detected using either divers, ROV system, or
guidewire run camera systems. Surface equipment should
also be regularly inspected and monitored and a routine
inspection/monitoring program be established.

3.11.1.2 Planned or scheduled system maintenance and
early detection of problems may save a great deal of time,
especially in water depths beyond diver capability.

3.11.2 Tensioner System Maintenance

3.11.21  Designers should ensure that inspection and reno-
vation of wnsioner components is facilitated by the system
design. For example, all tensioner wires should be routinely
visually checked for broken strands. A regular slip and cut
program should be planned.

3.11.2.2  Riser tensions should be monitored on a regular
basis. Critical valve functions should be checked and locked
off, if possible, to prevent inadvertent operation.

3.11.2.3  Accumulator, cylinder, and system inspection and
maintenance should be performed routinely,

3.11.3 Riser Inspections

3.11.3.1 Routine riser inspections should be performed for
signs of leakage, corrosion or damage to the riser system and
control equipment. The type and frequency of inspections
should be established by the designer in consideration of sys-
tem and component criticality.

3.11.3.2  The riser can be inspected visually by a diver or
ROV-deployed video or still camera system. NDE ultrasonic
inspections can be performed on critical areas of the riser
pipe. The use of this equipment and its interfacing to the riser
system components and the ROV or diver should be estab-
lished during the riser design.

3.11.3.3  The riser cathodic protection (CP) system can be
inspected by means of in-situ probes that measure the poten-
tial voltages of the surfaces to protect.

3.11.4 Miscell Inspections

3.11.4.1  The condition of the riser jumper hoses should be
visually inspected for any signs of wear and damage from
contact with the moonpool or other hoses or umbilicals. A
method of replacement may need to be considered during
production operations.

3.11.4.2 Riser control umbilicals should be inspected regu-
larly, as they can become entangled with the riser system.
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3.11.5 Marine Growth

3.11.5.1 Routine inspections to ascertain the thickness and
type of marine organisms on marine risers should be per-
formed to identify if and when removal of the fouling is
needed. Visual or ROV camera inspection is adequate to
identify dimensions and trends. Length of time between
inspections will be determined by environment and the toler-
ance in the riser design for increased loading due to the
marine growth (see 6.3.5.3).

3.11.5.2 Maintenance will consist of removing pant or all
of the marine growth when design tolerance is exceeded.
Before selecting a marine growth removal procedure, its
compatibility with the riser corosion protection system
should be determined. Candidate removal procedures include
waler jetting, mechanical brushing or scraping.

3.12 RIG MOVEMENTS AND STATIONKEEPING
3.12.1 Stationkeeping Considerations

31211 Active, adjustable stationkeeping is necessary for
making guidelineless reentries or for the initial positioning of
wells on the seafloor when a template is not used. [t may also
assist in making reentries with guideline systems in the pres-
ence of ocean currents. It can be useful for maintaining low
riser angles during drilling or workover operations to mini-
mize wear. With some types of structures, adjustable station-
keeping may be necessary to limit riser angles or tensioner
strokeout during storms or when exposed to high currents,

3.121.2 A lateral mooring system is the most common
type of adjustable stationkeeping system. However, a
dynamic positioning system may be a viable alternative.

3.12.2 Strategy For Vessel Offset Control

3.12.21  For guidelineless systems, the vessel's mooring
system can be used for subsea BOP or riser/wellhead connec-
tor and riser running operations when safe distances must be
maintained between the subsea packages and any adjacent
well or riser. It is desirable to keep the connector package
away from any wellheads until the final approach for the
reentry is made.

3.12.2.2 The movements should be carefully calculated in
advance of each adjustment of the vessel's positioning system
(e.g.. moorings). Avoiding overshooting the target is impor-
tant in minimizing the possibility of impacting adjacent well-
heads.

3.12.2.3 A safe disconnect from a well will require that the
disconnected package, when released, swings a minimal dis-
tance away from the well and away from adjacent wells. if
possible. The lower riser angle must therefore be biased in the
desired direction of motion by a precalculated amount.

3.13 STORM AND CONTINGENCY OPERATIONS
3.13.1 Riser Operating Limitations

When there are riser operating limitations due to weather
conditions, production should be restricted to the normal
operating envelope of the riser system.

Riser operations can be divided into four main classifica-
tions as follows:

a. Latched operations where the riser system is latched to the
seabed equipment.

b. Hang-off, with riser detached from the seabed.

c. Parking the riser by attaching the lower marine package to
a parking stump located a suitable distance away from critical
equipment and leaving the riser free-standing with appropri-
ate top-end buoyancy.

d. Retrieval/re-deployment of the riser.

Operating limitations should be established for each of the
selected riser operating modes.

3.13.1.1 Latched Operations

3.13.1.1.1  Latched operations of the riser system cover all
operations with the riser system at operating tension as set by
the riser design requirements. This is discussed in 3.10.8,
along with a sample latched operating envelope.

3.13.1.1.2 The operating envelopes should be developed
based on realistic combinations of various conditions of cur-
rent, wellbore fluids and Metocean conditions.

3.13.1.1.3  Riser operating limits may also be determined
by use of a riser management program, where an operator can
input actual condition, and the program will determine
whether the conditions are acceptable.

3.13.1.2 Riser Hang-off Mode

3.13.1.21  For the hang-off mode. the riser is filled with
sea water, disconnected and picked up clear of the seabed.
Riser hang-off curves should be generated for the range of
anticipated conditions. Figure 27 shows how guidelines for
riser hangofT limits as a function of wave height might be
constructed for an FPS riser system. Depending on the shape
of the hull, the limits might be sensitive to the weather and
current heading as well,

3.13.1.2.2  When the riser is disconnected and hanging-off,
vessel offset is generally not a govemning criteria. Riser
impact with the vessel hull is. The onset of impact is depen-
dent on vessel heading and motions such as roll. pitch, surge
and sway together with current profile. The length of riser
suspended beneath the hull is also an important factor.

3.13.1.2.3 Operating conditions for the hang-off mode

should be developed based on realistic combinations of con-
ditions that affect riser performance.
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3.13.1.24 The hang-off condition may cause increased
fatigue damage to the riser and should be assessed. A detailed
log should be kept on the length of time, sea state and config-
uration in which the riser is hung-off. This log can be
reviewed regularly to assess the need for riser joint inspection
requirements. Durations of and levels of exposure in any/all
modes should be logged for keeping track of fatigue status,

3.13.1.3 Riser Deployment and Retrieval

3.13.1.3.1  During unlatching of the riser. the applied ten-
sion is reduced before disconnection. This reduction in ten-
sion reduces the stability of the riser. A minimum tension
requirement should be determined during the riser design.

3.13.1.3.2  The following should be considered regarding
storm disconnection operations:

a. The lower riser angle should be monitored to ensure that it
does not exceed maximum angle eriteria.

b. The riser tension should be above minimum allowable ten-
sion determined during the design.

c. With high currents or severe storm conditions, extreme
care should be taken, and the riser tension should be carefully
maintained.

3.13.1.3.3  During deployment and retrieval, the riser will
be held alternately in the derrick and in the slips and the top
tension will increase as the deployed length goes up. This
causes changes in the top riser angle and bending moment as
the deployment progresses, This could result in the genera-
tion of limits as suggested in Figure 28, which shows the sen-
sitivity of safe operating limits to the length of the riser.
Risers on vessels with motion response that is very sensitive
to heading will also require studies at a variety of headings,

3.13.2 Disconnect Considerations

3.13.21 A rapid or emergency disconnect, if’ required,
should consider the following:

a. A complete production shutdown of all process equipment.
b. Closure of all subsea and riser valves.

¢. Anemergency riser unlatch which will unlock the riser. If
warranted, when the riser is disconnected safety sysiems can
be designed which will cause all of the subsea valves o close
and render the production system to a safe condition fully
shut-in.

3.13.2.2 If possible, riser recovery after a rapid or emer-
geney disconnection can be carried out in the normal manner,
according to developed operating procedures. Otherwise, the
riser will have to remain hung-off until such time as it can be
recovered.

3.13.2.3 See 3.7.4 and 3.8.4 for considerations regarding
riser disconnection,

3.14 SAFETY
3.141 Personnel and Platform Safety

Marine riser safety issues should be integrated with the
platform and/or vessel safety manual and procedures. Of par-
ticular concern are the handling of the large riser components
and operating conditions that could lead to emergency dis-
connects or component failures. All personnel should be
made aware (by training and guidance provided in the safety
manual) of contingency measures and the consequences of
riser system failures. The riser system designer should help
ensure that these issues are included in the operational safety
documentation.

3.14.2 Pollution Safety

A two-independent barrier design should be considered for
any riser when it is operating with environmentally damaging
fluids inside. This could be two twbulars, one inside the other,
such that the inner tubular carries the working fluid. and the
annulus catches any leaks. This could also be a BOP or shear
valve type mechanism installed on the seabed to stop the flow
of working fluid should a riser leak develop. Other features
such as SCSSV or completion kill fluid in the riser may also
be considered as a barrier. Contingency plans would have to
be made to purge, retrieve and repair the riser.

3.15 TRAINING
3.15.1 Training Program

3.15.1.1  In the case where the riser system needs 1o be run
and retrieved frequently, a fully trained crew may be needed
1o safely and efficiently carry out the various riser operations
that are required.

3.151.2 Required personnel should be identified during
the project construction phase. Qualifications should be
developed and placed in the job descriptions of those who
will work the riser systems. Specialists with marine opera-
tions or subsea and/or drilling backgrounds can be used or
trained to carry out these duties.

3.15.1.3 A strong effort should be made to involve operat-
ing personnel in the design, construction, and commissioning
phases.

3.15.2 Training Manuals

The designer should develop a training manual for class-
room instruction. This document should provide a quick ref-
erence 1o the equipment and deseribe procedures that need to
be followed and why they are important.
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3.15.3 Operational and Safety Procedures

A full set of operational and safety procedures should be
developed for all of the riser operations anticipated. These
procedures should be updated as required and be tested if
possible.

3.15.4 Offshore Commissioning Phase

The training program should ensure a trouble free and safe
operation. During the pre-commissioning and commissioning

phases, consideration should be given to making available
experienced design engineers who can assist with onsite
training of personnel.

3.15.5 Training Maintenance

Riser operations personnel may have to be replaced or sup-
plemented during the on-going production operation. New
personnel should be given the necessary training on the riser
operational and safety requirements,

Functional loads Environmental loads Accidental loads Load combination
Weights, Wave,
pressures, current, Dropped object, . T
Buayancy, + vessel motion, + ete. Loiad case
et etc.
wes b “es -+ wee ——p  loadcase 2

Figure 21—Example Load Combination Development
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Figure 27—Riser Hang-off Limits
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Figure 28—Riser Deployment Limits




4 Design Loads and Conditions
4.1 GENERAL

This section describes the load combinations used to
design an FPS riser. 1t first describes the different loads or
actions. Then, it gives the loading conditions that the designer
should consider. Finally, it tells how to combine various loads
to create design cases for metal risers and gives the design
case factor to use in the allowable stress formula.

4.2 LOADS AND LOAD EFFECTS

The following categorizes riser loads. Functional loads are
loads that are a consequence of the system’s existence and
use without consideration of environmental or accidental
effects. Environmental loads are those imposed directly or
indirectly by the ocean environment. Accidental loads are
those resulting from unplanned occurrences.

Functional Environmental Accidental
Weight of niser Waves Small dropped
objects
Weight of coatings, attach- | Current Normal handling
ments, and tubing impacts

Weight of tubing contents | Vessel motions | Tensioner failure

and annulus fluid

Internal pressure Seismic Partial loss of sta-
tionkeeping capabil-
ity

External hydrostatic pres- | lce Flow-induced

sure impact between
risers

Nominal top tension

Loads caused by internal
fluid flow, surges, slugs, or
pigs

Buoyancy

Soil interaction (catenary
risers)

Inertia
Internally run tools
Thermal

Installation

Vessel constraints

The effect of marine growth and tide on fluid and gravity
loads should be included. While not  load. consideration of
internal fluid composition and temperature are important for
the design of risers, especially flexible pipe.

4.21 Pressure Loads

The riser should be designed for the pressures exerted by
both internal and external fluids. Various combinations of
internal and external pressures should be considered to deter-
mine the appropriate design cases. The table on the following
page. Design for Internal Pressure, gives guidance for deter-
mining internal pressures for different riser types. Two pres-
sures are defined, design pressure and extreme pressure.
Design pressure is the maximum pressure that will be seen
for an extended time during normal operations. Extreme pres-
sure is the pressure that is unlikely to be exceeded during the
life of the riser.

4.2.2 Environmental
4.2.21 Surface Waves

4.2.21.1 Wind driven surface waves exert significant
oscillating forces directly on the risers. Such waves are irreg-
ular in shape, can vary in length and height and can approach
the riser from one or more directions simultaneously. Because
of the random nature of the sea surface, the seastate is usually
described in terms of a few statistical wave parameters such
as significant wave height, spectral peak period, spectral
shape, and directionality. Other parameters of interest can be
derived from these. Waves also induce steady and oscillatory
forces on the FPS vessel to which risers are attached.

4.2.21.2 Wave data should generally be developed in
accordance with the requirements of Section 6,

4.22.2 Current

Currents exert lateral forces on the risers and offset the FPS
vessel. Currents can be caused by winds, tides, ocean circu-
lating currents, eddies that spin off from a circulating current
and by internal waves. The designer should combine various
current profiles (current velocity vs. water depth) with waves
to get design loads.

4.2.2.3 Vessel Motions

4.2.2.31 The FPS vessel transmits its response to the envi-
ronmental loading directly to the top end of the riser. Vessel
offset and motions constitute a source of both static and
dynamic loading on the riser. Vessel motions needed for riser
design are:

a. Static offset (horizontal),

b. Wave frequency motions (horizontal and vertical).

¢. Low frequency motions.

d. Setdown.

4.2.2.3.2 This information can be obtained by analysis or
by the use of model testing, See Section 6.
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Design for Internal Pressure

Riser Type Design surface pressure!? Extreme surface pressure?-
1. Drilling riser above subsea BOP
stack

Zero L W 45

line back p

2. Drilling riser with surface stack Design as an extension of the last casing string that will be
drilled through. Use d burst design crite-

ria, This applies to both outer riser and inner niser, if used

Zero (or if drillmg underbalanced,

under

¥ ]

3. Drilling niser with both surface
and subsea BOP stacks

Zero (or if drilling underbalanced,
maximum underbalance pressure)

Surfiace pressure that will handle most well control situa-
tions. Assume subsea BOP will be closed before pressure
nises higher.

4. Production or mjection nser used
as extension of production casing

5. Outer riser of dual casing produc-
tion or injection riser with surface
tree

Maximum sustained pressure allowed
by regulation or company policy

Pressure caused by near-surface leak of shut-in tubing
(maximum)

No requirement Pressure caused by near-surface or near-bottom leak of

nner riser maximum operating pressure

6. Tubing (single pipe) niser or flow-
Ime from subsea satellite well

Surface shut-in pressure with subsea
valves open

Maximum surge pressure or maximum well kill pressure

7. Import riser from subsea manifold  Surface shut-in pressure with subsea
valves open unless pressure can be

reliably limited 1o a lower value

Maximum surface shut-in pressure with subsea valves open
unless pressure can be reliably limited 1o a lower value

8. Export riser Maximum export pressure Maximum surge pressure

9. Other riser type Highest pressure that will be seen for  Pressure that is unlikely to be exceeded during life of riser
an extended time

Notes:

!Design surface pressure is the maximum pressure that will be seen for an extended time during normal operations
2Extreme surface pressure is the pressure that is unlikely to be exceeded during the life of the riser.
3Local design p or local p is the surface design or extreme pressure plus the static head of the riser fluid

G Tt is the op s resp
descriptions of these pressures in Table 1 are 1

ibility to determine design and f
ed to be exampl

based on the guidelines given in notes | and 2, The
of how to accomplish this task.

4.3 LOADING CONDITIONS

Riser structural analysis should consider, as a minimum,
design cases comprising combinations of conditions for
checking:

operation, in-place pressure testing, connected operation,
inspection, maintenance and repair. Riser functions, stress
levels, angles. clearances and equipment handling methods
should be evaluated when setting design and operating limits.

a. Maximum stress.

b. Maximum deflection or curvature,
Lifetime fatigue or service life.

Hydrostatic collapse.

e. Maximum loading on specific components.

4.3.2 Extreme Conditions

Extreme events are those events that produce riser
responses having a low probability of being exceeded in the
lifetime of the riser, e.g. an event with a return period of 100
years. There may be different events that give the worst
response for different parts of the structure. To find the maxi-
mum or minimum responses, different combinations of wave
heights and periods. current profiles, internal pressure, mini-

g o

The objective is 1o find the appropriate structural response
for comparison to the limits and allowables given in Section 5.

4.3.1 Maximum Operating Conditions

The operator’s plan of operation affects many of the design
and operating limits for the risers. Environmental limits
should be set for each mode of operation, including normal

mum and maximum vessel offset, ete.. should be considered.
When waves and vessel motions in waves contribute to the
loads, the expected maximum response in a suitable duration
should be estimated.'2 See Section 6.
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4.3.3 Temporary Conditions

4.3.3.1 Transportation

Each riser component should be designed for the loads it

will see during transportation. This may involve a trade off

between design details of the component and design of the
transportation system.

4.3.3.2 |Installation/Retrieval

The risers should be analyzed for installation and retrieval
conditions with varying amounts of riser deploved. The guid-
ance system should be modeled and clearances checked. Ver-
tical dynamics may need to be analyzed.?

4.3.3.3 Testing

Riser components should be designed for loads imposed
during testing.

4.3.4 Fatigue Conditions

Lifetime installation and deployment and operating condi-
tions should be developed to evaluate fatigue life. All loads
and load combinations that can contribute significantly to
fatigue should be accounted for when establishing the long
term distribution of stress or strain ranges. The effects of
cyclic response to primary wave frequencies and to low fre-
quency wave drift and low frequency wind force variations
should be combined. Fatigue damage caused by VIV should
also be evaluated and combined,* See Section 6 for a deserip-
tion of fatigue analysis methods.

4.3.5 Accidental

4.3.5.1 Design cases associated with partial loss of riser
tension (or buoyancy) should be checked.

4.3.5.2 Design cases associated with partial loss of station-
keeping ability should be checked:

a. Loss of one mooring line or tendon.
b. Dynamic positioning (dp) failure (drive-off or drift-off).

4.3.5.3 Production risers that serve as production casing
should be designed for pressures caused by a tubing leak near
the surface in combination with associated environmental
conditions, The probability and consequences of fire, explo-
sion, and collision should be evaluated and mitigating strate-
gies appropriate to the level of risk considered.

4.3.6 Survival

To test the robustness of the design, the designer should
evaluate response to survival conditions that exceed the
extreme design events. For example, the response to events
with a longer return period could be checked to determine
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that the component does not fail. Some regulations require
this kind of check.’

4.4 DESIGN CASES

Design loading cases are created by combining functional,
environmental, and accidental loads as shown in Figure 21.

4.4.1 Environmental Conditions

4.41.1 The environmental conditions presented in Table |
should be used in analyzing the design cases outlined in Table
2 for the various loading conditions described in 4.3

4.41.2 Environmental conditions should be developed
from site-specific data and should include information on
occurrence and persistence of conditions. In addition to the
information listed in Table 1, data on wind, air and water tem-
perature and density, and on marine growth will also be
needed.

4.41.3 Wave conditions will generally be described by
spectrum type and by spectrum parameters such as significant
wave height and peak period. Extreme wave height and
period should be varied to explore riser responses up 1o the
boundary of the extreme event conditions. To find the maxi-
mum response for some dynamically-sensitive riser configu-
rations, the designer may need to check various wave and
period combinations in the wave scatter diagram.® Current
conditions should be described by a set of current profiles and
their associated probability of occurrence, with profiles speci-
fied by current speed and direction vs, elevation in the water
column. Wind speeds used for computing static and low-fre-
quency (LF) offsets should be consistent with the wave and
current conditions with which they are associated.

4.41.4 Maximum operating conditions, when less than
extreme conditions, should be established by the operator at a
level consistent with the probability of occurrence of the riser
operating state or event being analyzed and should cover all
expected operating conditions. For example, if the riser sys-
tem is designed to be disconnected before reaching the
extreme condition, then the maximum connected case would
be analyzed for some lesser environmental condition.?

4.41.5 Several tensioner failure conditions should gener-
ally be examined, including one where there is reduced
capacity and one where there is total collapse of the 1ension-
ing system. In addition, the riser system should be analyzed
for the situation where one mooring line is broken, potentially
resulting in a larger offset of the vessel.

4.41.6 [nstallation and transportation environmental con-
ditions should be established by the operator but should gen-
erally ensure that the required operations can be conducted
without undue interruptions or delays. A l-year seasonal
storm level can be considered as a starting point. Different
conditions may be selected for various stages in the opera-

ot for Fmaai




50 APl RecomMmenDED PracTicE 2RD

Table |—Environmental Conditions®

Environmental conditions Description Wave Wind Current profile
Extreme Extreme wave 100 yrb Hs/Tpvaried  Associated® Associated®
Extreme wind Associated® 100 yrb Associated
Extreme current Associated® Associated® 100 yrb
Maximum Operating Restricted conditions See 431 Seed 3] Seed.3.1
Temporary Installation/Retneval Transportation S 14 Associated Associated
Fatigue Fatigue conditions WSDe Associated Associated Annual
Wave Distribution
viv
Survival Survival condition See 436 Associated® Associated®
Notes:

*The static vessel offset plus or minus the low frequency offset caused by wind and wave-drifi forces should be included in the riser analysis.
BMay use less than 100-year event if risk consistent criteria are maintained.

Associated wind, current profile or wave to be determined by considering joint wind, wave and current probabilities,

dWave and current conditions should be based on the season during which the operation will take place, the duration of the operation, and

weather forecasting accuracy.
SWSD = wave scatter diagram

tion, depending on the duration of the operations and the con-
sequences of exceeding the selected conditions.

4.41.7 Fatigue wave conditions should be specified by
wave-scalter diagrams. For top-tensioned risers, vessel offset
and current are often taken as zero for the purposes of fatigue-
condition wave dynamic riser analysis. The effect of this
assumption should be checked. Any low-frequency vessel
offset contribution to fatigue is often checked in an analysis
separate from the wave-frequency riser dynamic analysis.
VIV-induced fatigue calculations should be based on the site
current profiles.

4.41.8 Guidance on choosing vessel quasi-static offsets
for riser dynamic analysis may be found in APl RP 2FPI.
When risers and vessel are analyzed separately, offsets should
be selected to model the expected extreme positions of the
top of the riser. These will be developed by vessel-motion
analyses for each Design Environmental Case being studied.
When a coupled vessel-mooring-riser analysis is performed,
offset should be computed from input environmental condi-
tions, rather than being specified. Care should be taken to
ensure that the simulation achieves representative maximum
offset levels.

4.4.2 Metal Risers

4.4.21

4.4.2.2 The design cases listed in Table 2 should be used
for metal riser design with allowance for the requirements of’
a particular riser configuration. Table 2 includes cases that

This section addresses the design of metal risers.
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investigate strength of the risers as well as cases that produce
loads for riser system design. System design loads include,
for example, loads on the well and riser top attachment struc-
Tures.

4.4.2.3 Riser Design Cases should be structured to explore
system sensitivities to such parameters as:

a. Density, temperature, and pressure of riser contents.

b. Top tension.

¢. Corrosion.

d. Variations in hydrodynamic force coefficients and marine
growth.

¢, Vessel offsets.

. Wellhead location and inclination tolerances.

4.4.24 The user and manufacturer should agree on the
plant tests to be performed on a riser component. The purpose
of these tests is to confirm the component’s integrity. Since
risk is limited in a plant test, Table 2 allows a higher design
case factor, Cy. for plant testing than for maximum operating
load cases.

4.43 Flexible Pipe Risers

The reader is referred 1o AP RP 17B and API Spec 17] for
design case information on flexible risers.
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Table 2—Design Matrix for Rigid Risers

Reduced Tensioner

Design Environmental Condition Capacity or One

i Case Load Category (from Table 1) Pressure Mooring Line Broken cpb
1 Operating Maximum operating Design No 1.0

. 2 Extreme Extreme Design No 1.2
3 Extreme Maximum operating Extreme No 1.2
4 Extreme Maximum operating Design Yes 1.2
5 Temporary Temporary Associated No 1.2
6 Testd Maximum operating Testd No 1.35
T Survival Survival Associated No 1.5
8 Survival Extreme Associated Yes 1.5
9 Fatigue Fatigue Operating No Note®

Notes:

Amisotropic materials may require special consideration.

#Jse of Cyis described in Section 5: strength issues are discussed in 5.2, deflections in 5.3, collapse 1ssues in 5.4 and 5.5, fatigue n 5.6

bpipeline codes may require lower Cy for risers that are part of a pipeline.

“Not applicable.

dPlant testing for rigid risers should be agreed between user and manufacturer.

2. Ochi, M. K., “On Prediction of Extreme Values,” Journal
of Ship Research, March 1973.

3. Denison, E. B., Kolpak, M. and Garrett, D.L., “A Compre-
hensive Approach to Deepwater Riser Management,” JPT.
May 1985.

4. Larsen, C. M. and Passano, E., “Fatigue Life Analysis of
Production Risers.” OTC 5468 (April 1987).
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5 Design Criteria
51 GENERAL

5.1.1 The purpose of this section is to provide safe. practi-
cal design criteria consistent with the other recommendations
in this document. These criteria are applicable to the design
cases developed in Section 4.

5.1.2 The definition of stresses, method of stress combina-
tion and allowables used by this RP are explained. In addi-
tion, criteria are discussed for other failure mechanisms
including for example excessive deflection, hydrostatic col-
lapse, buckling, fatigue, wear, and deleterious effects of tem-
perature extremes. Inspection criteria as they relate to the
design are also covered in this section.

5.2 ALLOWABLE STRESSES

This section applies to metal risers made of steel or tita-
nium, For flexible risers, refer to API Spec 17).

5.2.1 Stresses To Consider

5.2.1.1 The three principal stresses should be caleulated at
all critical locations in the riser. At locations with axisymmet-
ric geometry such as plain pipe. the principal stresses will
usually be in the axial, hoop and radial directions. For non-
axisymmetric geometry, the directions may be different. The
principal stress components should be classified as one of the
following:

Primary Any normal or shear stress that 1s necessary to have
static equilibrium of the imposed forces and
moments. A primary stress is not self-limiting. Thus,
if a primary stress substantially exceeds the yield
strength, either failure or gross structural vielding
will oceur.

Membrane | oy is the average value across the thick-
ness of a solid section excluding the
effects of discontinuities and stress con-
centrations, For example, the general
primary membrane stress in a pipe
loaded in pure tension is the tension
divided by the cross-sectional area o,
may mclude global bending as in the
case of a simple pipe loaded by a bend-
ing moment.

Bending | o, is the portion of pnmary stress pro-
portional to the distance from the cen-
troid of a cross section, excluding the
effects of discontinuities and stress con-

centrations,

Secondary | 6, is any normal or shear stress that develops as a
result of material restraint. This type of stress s self
limiting which means that local yielding can relieve
the conditions that cause the stress, and a single
application of load will not cause failure
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5.2.1.2 Notice that a principal stress component can be
separated into more than one stress category. For example,
consider a simple pipe in tension and bending. At the extreme
fiber perpendicular to the neutral axis. the axial stress is gen-
erally the sum of a general primary membrane stress and a
primary bending stress.! However, the bending stresses in the
saghend of a steel (or titanium) catenary riser are displace-
ment controlled and thus may be considered as secondary
stresses. Bending stresses that exceed yield in this case do not
in general cause gross structural yielding and failure.

5.2.2 Combined Stresses

5.2.21 Principal stress components at each critical section
should be combined using the von Mises vield criterion
defined by the following equation:

g, = J(UI_62)=+{U:_U)]1+(GI"JIT‘ (1

.
2

where

6, = von Mises equivalent stress.

G1,G2,03 = principal stresses.

5.2.2.2 There will be an equivalent combined stress for
each category of stress that occurs at a section. For example,
if the primary membrane stress is the only stress at a section,
then only the primary membrane equivalent stress will be cal-
culated. However, if all three stress categories occur, there
will be three combined stress values (see Equations 2, 3, and
4 below).

5.2.3 Allowable Stresses

5.2.3.1 The von Mises equivalent stresses should be less
than the allowable stresses defined by the right hand side of
the following inequalities.
(Op)e < Crog 2)
(o + op)e < 1.5Cra, (3)

(op + 64 + 04 < 3.0 64 (see ref. 1 and Annex C) (4)
where

0y = Cgoy= basic allowable combined stress.

C, = allowable stress factor, C, = 2/3

o, = material minimum yield strength, defined for
steel or titanium as the tensile stress required to

produce a total elongation of 0.5 percent of the
test specimen gage length.

Cy = design case factor (see 4.4, Table 2).
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5.2.3.2 Annex C demonstrates how to use the above crite-
ria for a simple cylindrical pipe with a step change in outside
diameter.

5.2.4 Allowable Stress in Plain Pipe

5,241 For plain round pipe, where transverse shear and
torsion are negligible, the three principal stress components
of primary membrane stress (average stress across pipe wall)
are Gy, Gpg and o, where r. 6. and = refer to radial, hoop,
and axial stresses. Thus.

L Je, 0,00 +(6,0-0,) +(6,.-6,) <Co, ()

$

5.2.4.2 Moreover, for a thick walled pipe.

(P.D,+PD,)
e D (6)
D
= (P — -
O = {P; P")Zf P (&)
r,. M
S, i g R
=7 2.,( o= 1) (8)
where
P; = internal pressure.

P, = external pressure.
D, Dy = outside, inside diameters.

t = pipe wall thickness.
T 1

4= S(DF-D).
4(.*3, )

T = true wall tension in pipe at section being ana-
lyzed.

M = global bending moment in pipe.

! = moment of inertia = 614{.0,,‘ -0}y,

Note that the criteria for (o, + 63), and (o, + 6 + 6,), are
never controlling for this case.

5.2.4.3 Substituting Equations 6. 7. and 8 into Equation 5
gives, following a little algebra,

I} L  J
2 [BP-PIDDT [T MUA.-r)] i
= | —= & <{GS)Y (9
[ 3D, D) } [ (G )

A 2
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where
T = T= Pl + Pod,
and

A = nDA14
A, = nD2/4.

5.2.4.4 Minimum wall thickness, afier taking into account
manufacturing tolerances and wear and corrosion allowances,
should be used for £ in Equation 7 and in the first bracket in
Equation 9. Otherwise, nominal dimensions may be used.

5.2.5 Minimum Material Toughness

The riser pipe and other components in the primary load
path should meet minimum fracture toughness requirements
described in 7.1.2.2.

5.2.6 Differences From Other Codes

See Annex G for a commentary on differences between the
methods of design by analysis utilized in this document and
those specified in ASME Pressure Vessel Code, Section VIIL
Division 2 and in API RP 16Q.

5.3 ALLOWABLE DEFLECTIONS

5.3.1 Riser deflections may need to be limited to prevent
unacceptably high bending stresses (see 5.2) or in the case of
flexible risers. a bend radius less than the manufacturer’s rec-
ommended value, Even when riser stress and bend radius are
within allowables, large riser curvatures may overstress tub-
ing or other items constrained to move with the riser body.

5.3.2 Riser deflections may also need to be controlled to
prevent multiple risers from interfering with each other or
with other parts of the production system.

5.3.3 The riser system may include tensioners, flex joints,
telescopic joints, or attached items such as jumper hoses.
Stroke and rotation requirements of these components should
be the maximum of the values found by riser analysis in
extreme and accidental design cases multiplied by an appro-
priate safety factor.

5.4 HYDROSTATIC COLLAPSE

This section applies to metal risers. For flexible risers, refer
10 APl Spec 17).

5.4.1 Collapse Pressure

5.4.1.1  Unless more accurate methods are used. the criteria
provided in this section should be applied to demaonstrate that
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metal tubulars used in FPS risers will not collapse under
external hydrostatic pressure.

5.4.1.2 The tubulars should be adequate 1o withstand exter-

nal pressures experienced at any period during installation or

operation. The effect of co-existing loads such as tension and

bending should be accounted for in the analysis, as should the

. effects of variation in pipe properties such as ovality, eccen-
tricity, anisotropy, and residual stress.

5.41.3 The net allowable external design pressure. P,
should be less than the predicted collapse pressure, P, times
the design factor, D where P, is calculated by the method
given in 6.6.2.1.

PaSDch (9

where

Dy = 0,75 for less or Electric Resistance Welded
(ERW) API pipe.

Dy = 0.60 for (DSAW) internally cold expanded API
pipe.

5.4.2 Collapse Propagation

5.4.21 For a pipe designed to meet the external collapse
criteria outlined above, collapse may still be initiated at a
lower pressure by accidental means, Examples of such means
would be impact or excessive bending due to tensioner fail-
ure. Once initiated, such a collapse may form a propagating
buckle that will travel along the pipe until the external pres-
sure drops below the propagation pressure or until some
change in properties arrests the buckle.

54.2.2 The consequences of such a failure should be
examined, considering the amount of pipe that can potentially
fail and the means available for repair or replacement. Fea-
tures such as buckle arrestors may be incorporated into the
design to limit the extent of a propagating failure. If buckle
arrestors are used in sections of pipe subject to fatigue, stress
concentrations due to the presence of the arrestors should be
addressed by the analysis.

5.4.2.3 This may be done using the formula in 6.6.2.2. In
this case, the design pressure differential Py should be less
than the predicted propagation pressure differential 7, times
the design factor Dy:

. Pa<DyPy (10)

where

D

p = 0.72.
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5.4.2.4 Where the pipe design is sufficient 10 meet the
above propagation criterion, the collapse criterion is also met.

55 OVERALL COLUMN BUCKLING

Prevention of overall column buckling, caused by exces-
sive negative effective tension, is not in itself a design crite-
rion for risers since the displacement of the top is controlled.
It is essential that an appropriate tensioned-beam model (see
6.4.3.6) be used for the analysis of this case. The consequence
of a too-small effective tension is excessive curvature and
bending moment near the location of minimum effective ten-
sion. If curvature and bending stress meet recommendations
in this document, then the magnitude of effective tension is
usually irrelevant. The exception is when a small decrease in
top tension of a top-tensioned metal riser could cause exces-
sive stress. In that case, the designer should establish a mini-
mum tension that gives a margin above the tension that is
predicted to cause excessive stress.”

5.6 FATIGUE/SERVICE LIFE

5.6.1 Service life is defined as the length of time that a
component will be in service. Design fatigue life is the life
predicted by cumulative fatigue damage ratio calculations.
See Section 6.

§.6.2 At locations that can and will be inspected or where
safety and pollution risk are low, the design fatigue life
should be at least 3 times the service life (SF = 3).

5.6.3 At locations that cannot be inspected or where safety
and pollution risk are significant, the design fatigue life
should be at least 10 times the service life (SF = 10),

5.6.4 Cumulative fatigue damage from transportation and
installation and in-place operation should be accounted for.
The following equation should be satisfied:

ZSF, D,<1.0

where 1J; is the fatigue damage ratio for each phase of load-
ing and SF is the associated safety factor (see APl RP 2A).

5.7 INSPECTION AND REPLACEMENT
5.7.1 General

5.7.1.1 This section deals with post-installation inspection
of the riser. Risers should be inspected as necessary 1o com-
ply with statutory requiremenis and to confirm riser integrity.
They should also be inspected after potentially damaging
incidents and to confirm that any repairs have been properly
performed.
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§.7.1.2 Inspections relating to areas such as the following
may be necessary for risers and riser components:

a. Cracking.

b. Leaks.

¢. Damage.

d. Internal and external wear.

e. Internal and external pipe corrosion.
. Anti-corrosion/abrasion coatings.
g. Cathodic protection,

h. Marine growth.

5.7.1.3 The riser’s internal and external operating condi-
tion should be monitored to reveal whether design conditions
have been exceeded. This monitoring should include the
recording of severe storms and accidental loads as well as the
compaosition, pressure and temperature of the riser contents.

5.7.1.4 Risers should be visually examined for factors such
as external damage, pipe distortion, excessive marine growth,
external corrosion, general pipe configuration, sliding of
buoyancy modules, change in the location of subsea buoys,
and condition of flexible pipe bend restricters or stiffeners.
Defects should be documented with respect to type, size, and
location. The influence of defects on structural or pressure
integrity should be assessed.

5.7.1.5 Corrosion of metallic components or aging of non-
metallic components can be checked by installing short test
pipes or coupons in the flow path. The test material can be
retrieved after a specified interval and non-destructively and
destructively tested to measure the amount of degradation.
This information can then be used to predict remaining life.

§.7.1.6 Inspection philosophy should be an integral part of
the design. Criticality of components and ease of inspection
should be considered early to ensure that provisions are made
for adequate inspection. Inspection methods are deseribed in
Section 3.

5.7.1.7 The designer should ensure that necessary inspec-
tion methods or replacement procedures are available and are
scheduled and described in adequate detail as part of the oper-
ating and maintenance documentation for the facility.

5.7.1.8 The maximum interval between inspections should
be based on the component’s predicied time to failure divided
by a safety factor. For example, the recommended safety fac-
tor for fatigue inspections is 10. The safety factor should
account for uncertainties in time-to-failure predictions, risks
of failure and ease of inspection. The designer should also
consider the time required for repairs or replacement when
determining maximum inspection intervals. Inspection inter-
vals should be developed for each mode of failure such as
fatigue, abrasion, wear, aging, and corrosion.

5.7.1.9 [Equipment consumables such as seals, lubrication,
periodically disconnected components and paint should gen-
erally be inspected or replaced on a scheduled basis. More-
over, the equipment should be designed to facilitate these
maintenance operations. Manufacturer supplied data should
include recommended maintenance operations and intervals.
Refer to APIRP 16Q.

5.7.1.10 If the maximum inspection interval is longer than
the intended service life. inspection is not expected to be nec-
essary and need not be included in the operation and mainte-
nance documents. However. if during operation the intended
service life is extended bevond the original maximum inspec-
tion interval of a component, then the component should be
inspected and refurbished if necessary or replaced.

5.7.2 Fatigue Inspections

5.7.21 Unless the design fatigue life is at least ten times
the intended service life. risers should be inspected periodi-
cally for fatigue cracks. The maximum inspection interval
should be established by a fatigue analysis based on a cumu-
lative damage theory or appropriate crack growth analysis as
addressed in 6.5.1. The inspection interval should not be
more than one-fifth of the time necessary for a reliably detect-
able crack to grow to failure or one-tenth the design fatigue
life (see 7.9).

5§.7.2.2 A through-wall crack of an operating riser consti-
tutes failure. In-place NDT or removal of the riser for dry
inspection are acceptable means of inspection.

5.7.3 Guidelines For Inspection Intervals

5.7.3.1 The following factors should be taken into account
when determining inspection intervals:

a. Consequences of failure to human life, property or the
environment.

b. Well parameters, e.g.. naturally flowing, sour gas or high
pressure,

¢. Specific intervals based on criteria discussed elsewhere in
this section.

d. Present condition and service history, e.g.. age. results of
previous inspections, changes in design operating or loading
conditions, or prior damage and repairs.

e. Redundancy.

f. Operational criticality of the riser and component.

g. Riser type and location, e.g., deep water or new design
with few long term operating examples.

5.7.3.2 The intervals given in the Table 3 should not be
exceeded unless experience or engineering analysis justifies
longer intervals. In such cases. justification for changing
guideline inspection intervals, based on the factors listed in this
section. should be documented and retained by the operator.
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Table 3—Guidelines for Inspection Intervals

Comp Insp type Interval
Above water Visual | year
components
Below water Visual 310§ years
components
All components NDT As needed
Flexible pipe Visual | year or after con-

nect of reconnect
Cathodic protection Visual or potential 3 1o 5 years
survey
Areas of known or As appropriate After exposure to
suspected damage design event
Components retrieved  As recommended  Afler disconnect
to surface by manufacturer

58 TEMPERATURE LIMITS

5.8.1 The operator should specify both the maximum and
minimum temperatures of the fluid transported by the riser
system during service and during installation. Any unusual
extreme temperatures such as those caused by emergency
blowdown should also be defined.

5.8.2 Temperature criteria should be used to determine
riser material properties such as the following:

a. Temperature derating factors.
b. Toughness and other metallurgical properties.
¢. Mechanical ch istics of thermoplastics, resins, and

composite materials,
5.8.3 Temperature criteria should be used in analyses like:

a. Metal pipe stress and expansion analyses.

b. Fatigue/cracking analyses.

¢. Corrosion and cathodic protection analyses.

d. Chemical aging analyses for nonmetallic materials,

5.8.4 The designer should ensure and demonstrate that the
riser is suitable for operation at the specified temperatures in
conjunction with the associated chemical composition and
pressure of the transported fluid. For steel, the yield strength
should be reduced by a factor above a certain temperature.
For example, NS3472E7 gives this factor as kr=1.14 - 7°C/
850 for temperatures above 120°C.

5.9 ABRASION AND WEAR

5.9.1 Abrasion, wear and erosion may be internal, external
or between components of the riser. (e.g.. between layers of a

flexible pipe). For any part of a riser which is expected to
experience abrasion, the designer should show that expected
material loss is within design allowables or that adequate
measures have been taken to protect the riser from excessive
abrasion and wear,

5.9.2 In cases where material loss is predicted, for example
between drill string and drilling riser. the material loss should
be included in the stress analysis to obtain conservative
results,

5.9.3 For catenary risers, design should address the abra-
sion caused by movement of the pipe touchdown point at the
seabed. If the anti-corrosion coating or weight coating on the
pipeline is to withstand abrasion, it should be designed with
suitable thickness and abrasion resistant charucteristics. The
catenary riser analysis should consider the geotechnical
description, topography and any local debris likely to be
found in the vicinity of the riser touchdown point.

510 INTERFERENCE

5.10.1 Riser interference is defined as a riser outer wall
coming in contact with an object which the riser normally
would not touch.

§.10.2 Interference may occur between a riser and any
object sufficiently close to it. This may be the FPS hull,
mooring line, or another riser. The latter may be of a different
size or differ in such properties as contents, extent of marine
growth. top tension, tension distribution, or other boundary
conditions. It may also be a riser in a different flow field as
caused by wake effects.

5.10.3 Riser systems should be designed to limit interfer-
ence because of potential damage to the risers or other parts
of the FPS if interference occurs. Hydrodynamic interaction
of multiple risers (see 6.3.3.4.2) and partial loss of riser ten-
sion should be considered.

5.10.4 Either of two design approaches may be taken 1o
limit the effects of riser interference. One approach requires
that the probability of “negative” clearance between a riser
and another object be less than a specified value during any
operation or environmental condition. The other approach
permits contact between the riser and another object but
requires that the effects of contact be analyzed and designed
for.

5.10.5 These two approaches may be combined so that no
contacl is permitted in the extreme storm with all riser ten-
sioner elements intact, and contact is permitted but without
progressive collapse of the riser in the survival storm with all
tensioner elements intact or in the extreme storm with the loss
of one of the tensioner elements.*
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5.11 BOLTING

Bolting design criteria may be found in ISO WD 13819
Part 2—P&NGI—Offshore siructures—~Part 2: Fixed Steel
Structures.
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6 Analytical Considerations
6.1 GENERAL

This section describes structural analysis procedures for
FPS risers, including:

a. Overview of analyses required for different types of risers
(see 6.2).

b. Hydrodynamic considerations for riser analyses (see 6.3).
¢. Procedures for global riser analysis, riser component anal-
yses, service life (fatigue) analyses, and other special purpose
analyses (see 6.4),

6.2 ANALYTICAL CONSIDERATIONS BY RISER
TYPE

6.21 Top-Tensioned Risers

This section describes analytical considerations and proce-
dures for top-tensioned risers such as:

. Drilling risers.

. Production risers.

c. Completion/workover risers.
d. Import/export risers.

(-

The Figure 29 flowchart outlines a typical procedure for
top tensioned risers. It provides a structure for the following
averview tasks that are considered to be established practice.
It can also provide a basis for the design and analysis proce-
dures which may be developed for a specific riser/FPS com-
bination,

The following information is required for modeling top-
tensioned FPS risers:

a. Estimated riser length (water depth).

b. Number of tubulars required (e.g., main drilling riser tube,
choke and kill lines and booster line).

¢. Minimum allowable inside diameters of the riser tubulars
and wall thickness.

d, For the drilling riser. whether a surface BOP or subsea
BOP is to be used, and estimated weight and height of the
BOP or lower riser package (LRP),

e. Estimated height above the mudline of the lower attach-
ment point,

f. Whether stress joints, flex/ball joints or some combination
of these special joints are to be used.

¢. Estimated densities, temperatures, and pressures of the
contents of the riser tubulars,

h. Size and weight of equipment attached to the top of the
riser for the different operating scenarios to be evaluated.

i. Telescoping joint stroke requirements, if a telescoping
joint is used.

j. Estimation of the riser tensioner limits (i.c.. capacity and
stroke).

k. Type of external buoyancy to be used. if required.

|. Description of the environmental conditions to be
evaluated.

m. Definition of the FPS motions (i.e.. static offset, slow drift
offset and wave-frequency motion RAOs).

n. Cdand Cm values for use in analysis.

Design/analysis of top tensioned risers can be divided into
three phases:

6.2.1.1 Start-up Phase

This phase includes all of the tasks which must be per-
formed before the preliminary design and analysis of the riser
can be performed:

a. Define service—The goal of this task is to define the riser
mission. It depends on the type of riser and FPS being consid-
ered. This task includes the evaluation of the riser design and
operational considerations as defined in Section 3 and the
definition of the design loads and design criteria to be used as
defined in Sections 4 and 5.

b. Define basic configuration—The goal of this task is to
define the riser's basic configuration. This includes definition
of the number of tubulars, definition of the riser cross-section
(i.e.. arrangement of tubulars, etc.), definition of the length of
the riser. definition of the location of the riser within the well
pattern, and with respect to other equipment.

¢. Gather data and build the design matrix—The goal of this
task is to gather all data required to perform the design and
analysis of the riser (i.e.. description of the environmental
loads. definition of the FPS motions, definition of the pres-
sure, and temperature requirements, etc.). This task also
includes the generation of the design matrix to be used for the
riser as defined in Section 4.

6.2.1.2 Preliminary Design and Analysis Phase

The goal of the preliminary design and analysis phase is to
generate preliminary sizes and designs for the riser tubulars
and components. The tasks include analyses performed to
generate loads used in sizing riser tubulars and designing riser
components. The preliminary tubular sizes and component
designs generated in this phase should be refined enough to
require only minor modifications in the detailed design/anal-
ysis phase. Several iterations may be required for some of the
tasks or group of tasks to generate the preliminary tubing
sizes and component designs.

6.21.2.1 Preliminary Riser Sizing

The goal of this task is to obtain the preliminary sizes of
the riser tubulars. In some cases, estimates of the sizes for
some of the riser components (i.c., stress joints. tensioner
joint. etc.) may also be generated in this task. The analyses
included in this task would generally employ hand calcula-
tion methods.
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6.21.2.2 Preliminary Global Riser Analysis

The goal of this task is to generate the riser response infor-
mation required to evaluate the preliminary sizes of the riser
tubulars and to generate the preliminary design of the riser
components. The riser is idealized using an equivalent pipe
maodel of the riser. The methods used to generate the equiva-
lent pipe model are defined in 6.4.4.1. The load cases used in
this task are obtained from the design matrix.

Several iterations through this task in conjunction with the
tasks defined below will be required to refine the riser design.
The analyses performed during some of the initial iterations
through this task may be started using quasi-static or regular
wave analyses. As the refinement of the riser design pro-
ceeds, the refinement of the analysis increases.

The preliminary global riser analyses are generally per-
formed using planar frequency domain solutions. If non-lin-
carities (i.e., tension variation, wave kinematics, elc.) are
deemed to be important for the preliminary sizing of the riser
components, then they should be incorporated into the analy-
sis. Inclusion of these non-linearities may require the use of
time-domain solutions in this carly phase, See 6.4.3.8 and
64.3.9.

6.2.1.2.3 Preliminary Global Riser Response
Assessment

This task includes the evaluation of the global riser
response for all of the design cases defined in the design
matrix. Some of the activities included in this task are:

a. Optimize applied tension to achieve acceptable extreme
and dynamic stresses. Evaluate the need for buoyancy.

b. Evaluate riser clearances.

¢. Evaluate tensioner stroke requirements.

d. Evaluate need for VIV suppression devices. If suppression
devices are required, the effect of the devices should be
evaluated,

6.2.1.2.4 Tensioner Design

The information generated in preliminary analysis should
be used to design the riser tensioner. The tensioner capabili-
ties and spring rates (load variation vs, stroke) should also be
obtained in this task.

6.2.1.2.5 Preliminary Analysis of the Individual
Tubes

This task includes the evaluation of each of the riser tubu-
lars. Each of the riser tubulars should be analyzed using the
loads and displacements obtained from the preliminary global
riser analysis. The effects of temperature. pressure, end
boundary conditions, riser installation sequence, relative axial
stiffnesses, and global riser displacements should be included
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in determining the tensions in the tubulars. The following
activities should be included in this task:

a, Compare the maximum stresses in each tubular with the
appropriate stress criteria.

b. Compare the estimated service lives obtained for each
tubular with the appropriate service life criteria.

¢. Determine the allowable stress amplification factors for
the riser components. The allowable stress amplification fac-
tors are the maximum stress amplification factors the riser
components may have and still satisfy the service life criteria.
d. Determine the required centralizer spacing if centralizers
are needed.

The methods used to analyze the riser tubulars for risers
with more than one tubular are described in 6.5.1.

6.2.1.2.6 Riser Component Design/Analyses

The analyses of the individual riser components should be
performed using the loads and displacements obtained from
the preliminary global riser analysis and the preliminary anal-
ysis of the individual tubes. The riser components should be
evaluated for the design event and service life criteria. The
riser components to be evaluated include special riser joints
(e.g., flex joint, lower stress joint, special tensioner joint,
wave zone joint), riser connectors, and riser attachments (e.g..
anodes and buoyancy).

6.2.1.2.7 Assess Data and Mission

This task includes an evaluation of the results from the pre-
liminary design and analysis of the riser. The suitability of the
riser design should be assessed for the defined service. The
necessary design changes should be made before beginning
the detailed design and analysis of the riser.

6.2.1.3 Detailed Design and Analysis Phase

The goal of this phase is to obtain a final riser design. The
tasks include generating the loads used for the final sizing,
checking the riser tubular designs, checking the riser compo-
nent designs, and modifying the designs if required. Several
iterations may be required to generate the final riser design.

6.2.1.3.1 Global Riser Analysis

The goal of this task is to generate the riser response infor-
mation required to evaluate the riser design. As in the prelim-
inary global riser analysis, the riser is idealized using an
equivalent pipe model of the riser. The load cases used in this
task are obtained from the design matrix.

Several iterations through this task in conjunction with
some of the tasks defined below may be required to obtain the
final riser design. All of the design modifications made since
the last preliminary global analysis was performed should be
incorporated into these analyses,
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The non-linearities (¢.g.. tension variation and wave Kine-
matics) that are considered to be important to the riser design
should be evaluated and if found to be significant, incorpo-
rated into these analyses. Time-domain solutions should be
performed to determine the effect that these non-linearities
have on the riser response. If significant, these non-linearities
may be incorporated into the analyses through the use of
time-domain solutions or through the use of a combination of
time-domain and frequency-domain solutions. When using a
combination of time-domain and frequency-domain solu-
tions, the time-domain solutions are used to generate factors
which are applied to the frequency-domain solutions to cor-
rect for these effects.

This task includes generating the design event loads and
fatigue loads to be used for the design/analysis of the riser
tubulars, the riser components, and the riser foundation.

6.2.1.3.2 Global Riser Response Assessment

This task includes the evaluation of the global riser
response for all of the design cases defined in the design
matrix. Some of the activities included in this task are listed
below:

a. Finalize tension requirements. Determine the tensioner
strokes and tension variations.

b. Eval the riser cl L

¢. Finalize any VIV suppression devices.

6.2.1.3.3 Verification of the Tensioner Design

The goal of this task is to verify that the tensioner design
satisfies all of the tensioner design criteria. The information
generated in the global riser analysis should be used for this
task.

6.2.1.3.4 Analysis of the Individual Riser Tubulars

This task repeats the activities from the corresponding task
in the preliminary design phase.

6.2.1.3.5 Riser Component Design Check

The goal of this task is to verify that the riser component
designs satisfy the design criteria using the loads and dis-
placements obtained from the global riser analysis and the
analysis of the individual tubes. The riser components should
be evaluated for the design event and service life criteria,

6.2.1.3.6 Design Iteration

As stated above, the goal of the detailed design and analy-
sis phase is to obtain a final riser design. 1f any results do not
satisfy the appropriate design criteria, then the necessary
design modifications should be made. If these significantly
alter riser response. then re-evaluation of the modified design
should begin with global riser analysis.
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Other results from the analysis of a top tensioned riser, in
addition to the final riser design, are required to determine
operating limits, to set the spacing between adjacent risers, 10
set spacing between the risers and adjacent equipment, and to
design other equipment. Some of the other results required
from the analysis are given below:

8. Maximum stresses obtained for the various design load
cases.

b. Expected service life.

¢. Optimum and minimum allowable top tensions.

d. Expected tensioner strokes,

¢. Loads at the top and bottom of the riser.

f. Displacements and rotations along the length of the riser.

6.2.1.4 Special Analytical Considerations

6.2.1.4.1 External Drilling Riser Lines

If external lines (e.g.. choke and kill, mud boost) are
attached to the drilling riser, then it may be necessary to
include them in the global analysis of the drilling riser. In the
regions of the drilling riser which do not have external buoy-
ancy covering the external lines, the lines should be consid-
ered when calculating the riser’s drag and inertial diameters.
If the combined bending stiffness of the external lines is sig-
nificant when compared to the main riser tube (greater than
10 percent of the main tube’s bending stiffness), then the
external lines should be considered when calculating the glo-
bal stiffness. The masses of the external lines and their con-
tents should always be included in the global analysis model,

Analyses of each of the external lines should be included in
the riser component analysis task. These analyses are needed
to evaluate the structural integrity of the lines and 1o deter-
mine the required distance between the supports tying the
external lines to the main riser tube.

6.2.1.4.2 Muitiple Tubes for Production, Workover/
Completion, and Import/Export Risers

All of the production riser tubulars are generally included
in the model used for the global analysis. The tubulars are
included in the global analysis through the use of an equiva-
lent pipe model of the riser. The methods used to generate the
equivalent pipe model are defined in 6.4.4.1.

Analyses of each of the riser tubulars should be included in
the riser component analysis task. These analyses should be
performed to evaluate the structural integrity and service life
of the tubulars and 1o determine the required distance
between the centralizers attached 1o the tubulars if centraliz-
ers are required.

6.2.1.4.3 Special Riser Joints

The special riser joints that may be used in a top tensioned
FPS riser include telescoping joints, flex/ball joints, stress
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joints, tensioner joints, keel joints. centralizer joints, and
wave zone joints, One or most of the special joints may be
included in a particular riser configuration. These special
joints should be appropriately modeled in the global riser
analysis and specifically evaluated in the riser component
analysis.

6.2.1.4.4 Riser Clearance
See 5.10.
6.2.1.4.5 Fatigue

Fatigue analyses performed on top-tensioned FPS risers
should include the effects of wave cycles, slow drift cycles.
and VIV.

6.2.1.4.6 BOP Installation

If a subsea BOP is to be installed within riser arrays, the
clearances between the disconnected drilling riser and the
adjacent risers should be evaluated.

6.2.1.4.7 Production Riser Installation

The clearances between the disconnected production riser
and adjacent risers should be evaluated. The tubular preten-
sions generated during the riser installation operation should
also be determined and optimized. The tubular pretensions
significantly affect the loads and stresses generated in the
individual tubes.

6.2.1.4.8 Completion/Workover Riser Installation

The completion/workover riser may be used to run the sub-
sea tree and other subsea equipment. Because these opera-
tions are performed in the open water, there is potential for
contact between the completion/workover riser and adjacent
risers. particularly if the riser is being used in an array of ris-
ers. The clearances between the disconnected completion/
workover riser and adjacent risers should be evaluated for
these operations.

6.2.1.4.9 Well Completions

Some FPS production risers are used for well completion
operations, The analytical considerations to be included in the
evaluation of these operations are the effects of the tubulars
and equipment being run inside the riser and the equipment
attached to the top of the riser. Attention should also be given
to the changes in internal pressure and density associated with
the various operations.

6.2.1.4.10 Tubing Hanger Installation Operations
The completion/workover riser may be used to run the tub-
ing hanger. This operation is usually performed through the

drilling riser. The completion/workover riser should be evalu-
ated for displacements applied to it by the drilling riser.

6.2.2 Flexible Pipe Risers

For analytical considerations of flexible pipe risers, see
API RP 17B. The most common configurations for a flexible
riser are:

a. Steep-S or buoy-tensioned catenary configuration.

b. Lazy-8 or double catenary configuration.

¢. Steep-wave configuration with distributed buoyancy.

d. Lazy-wave configuration with distributed buoyvancy.

e. Single free-hanging catenary.

f. Double free-hanging catenary.

g Pliant wave.

h. “Chinese Lantern™ configuration is also sometimes used.
especially with single point mooring systems.

Examples of these common configurations are shown in
Figure 30, The selection of the configuration depends on the
water depth, vessel excursion and motion, clearance require-
ment and other design factors.

6.2.3 Hybrid Risers

The purpose of this section is to describe design and analy-
sis of hybrid risers. Annex F details design considerations for
hybrid risers.

6.2.3.1 Analysis Approach

6.2.3.1.1 Before modeling a hybrid riser, it is necessary 1o
obtain first the field requirements and carry out a preliminary
sizing of the riser system to obtain as a minimum the follow-
ing information:

a. Number, size, dry weight, submerged weight. fluid con-
tent, pressure, and function of the freestanding flowlines.

b. Distance below the water surface where the flexible jump-
ers attach to the FPS.

¢. Distance below the water surface of the upper riser con-
nector package (URCP). For any storm condition. the FPS
and the top elevation of the URCP should not interfere.

d. Dry weight and submerged weight for the URCP and
goosenecks,

e. Number, size, dry weight, and net lift for the upper tanks
located below the URCP.

[ Dry weight, submerged weight, outside diameter, and
characteristics of the typical riser joint with foam modules
and of the riser joints that use VIV suppression devices. inter-
nal air chambers, or pressurized bore characteristics if any.

g. Dy weight, submerged weight, outside diameter for the
lower stress joint, and for the bottom riser connector.
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h. Type of material for lower stress joint.

i. Elevation above the seabed where the riser bottom con-
nector latches to the subsea template. manifold. or monopile
foundation.

6.2.3.1.2 Most riser analysis packages are geared towards
the modeling of single string risers. While all strings of the
hybrid riser may be modeled individually this could result in
an exceedingly complex model, with associated potential for
errors and analytical difficulties. It is more convenient to sim-
ulate the rigid metal section of the hybrid riser using an
equivalent single string model. Key properties for an equiva-
lent single string model are typically obtained as follows:

a. Mass—sum of all line weights, weight of foam buoyancy,
weight of contained fluids. including air at pressure in central
member or air can buoyancy, entrained water between buoy-
ancy modules, and structural member and in peripheral line
guide tubes.

b. Bending stiffness—sum of the stifinesses of all members.
c. Axial stiffness—stiffness of the structural member.

d. Buoyancy diameter—outside diameter of the buoyancy
modules or projected diameter of all pipe sections on exposed
pipe sections.

e. Effective tension—superimpose the effective tension of

the Mlowlines onto the effective tension of the riser.

6.2.3.1.3 Such an approach may be used for extreme load.
fatigue, and VIV analysis.

6.2.3.1.4 Modeling the top assembly may also be conve-
niently achieved using single string riser model proper-ties.
Goosenecks. valves and tethering hardware may be modeled
using pipe elements to simulate the relevant hydrodynamic
properties and weights. A spring element that simulates the
appropriate level of load variation with stroke may be used 1o
model a tether. Modeling of flexible jumper hoses is some-
what more complex. At the most simplistic level, all jumper
hoses may be modeled individually, though this may result in
an unnecessarily complex model. The jumper hoses can be
more conveniently modeled by use of just two or four jumper
hoses which simulate the mass, stiffness and hydrodynamic
loading contribution of all jumpers. Such an approach is far
more conducive to the iterative nature of hybrid riser design
development and further jumpers can be added in the later
stages of analysis to verify the simplified approach and pro-
duce flexible jumper hose termination loading for detailed
design purposes. When modeling the top assembly for VIV
analysis. free movement of the top assembly is damped by
the presence of the jumper hoses. The top of the riser may
therefore be constrained laterally with a rotational spring
stiffness applied equivalent to the rotational resistance to
movement provided by the jumpers.

6.2.3.1.5 Due to their significant change in curvature dur-
ing a storm, the structural behavior of flexible jumpers cannot
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be properly modeled in frequency domain analyses: there-
fore, the frequency-domain analysis of a hybrid riser can con-
sider only the equivalemt effect of the flexible jumpers®
properties, such as: spring stiffness, mass, drag, and inertial
properties.

6.2.3.1.6 Irvine presents expressions that can be used to
compute the flexibility and stiffness matrices of extensible
cables based on the relative displacement between the two
jumper ends, These matrices, which can have linear or non-
linear behavior, have been used successfully to represent the
stiffness properties of flexible jumper systems.

6.2.3.1.7 Hybrid risers are likely to exhibit much greater
levels of structural damping than typically found in single
string risers due to the movement of the peripheral lines in the
guide tubes, This can either increase or decrease loading in
the riser. depending on loading conditions. Parametric analy-
ses are needed to quantify the effects of structural damping
and determine the sensitivity of response to changes in mod-
eling assumptions. Depending on the significance of such
results, tank testing may be needed in order to define damp-
ing levels and verify predicted response.

6.2.3.1.8 Having equivalenced all lines into a single string
model for global analysis, it becomes necessary to de-equiva-
lence the model for the purpose of post-processing analysis
results. Bending moments in individual lines can be obtained
according 1o the ratio of line bending stiffness to the sum of
stiffnesses for all metal lines. Calculation of effective tension
in the peripheral lines can be readily achieved based on dis-
tance from points of vertical support and weight of the line, as
the inertia effect of the line is small. Effective tension in the
structural can then be calculated as the difference between the
effective tension in the riser model at a given elevation and
sum of that in all peripheral lines. While such calculations are
straightforward, they add to the complexity of the analysis
process and the interpretation of analysis output.

6.2.3.1.9 Where peripheral lines are top supported, such
de-equivalencing may show regions where the structural
member is in compression. Unlike single string riser systems
where compression is likely to be considered unacceptable,
compression in one or more lines need not be a problem pro-
vided this is considered in the design. At peripheral line sup-
port points, local buckling resistance of the structural member
must be checked and lateral restraint of the peripheral lines
must be carefully detailed to ensure that Fuler buckling
effects are adequately restrained.

6.2.3.1.10 The top section of the riser inclines during the
lateral motion and bending of the riser; therefore. the base of
the goosenecks must clear any interference with the top riser
section, Freestanding flowlines must have an extra length at
the top to accommodate the relative displacement between
the flowlines and the structural riser.
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6.2.3.2 Design Approach

The principles of hybrid riser design development are sim-
ilar to those for any other riser system. The stages involved
and objectives of each are as follows:

a. Sizing—determine line sizes, develop a design that can
resist functional loading such as selll weight and pressure
effects,

b. Preliminary analysis—determine minimum requirements
for tension, tethering and VIV suppression.

¢. Extreme load analysis—conduct storm analysis, deter-
mine optimum global arrangement, define loading on and
refine key components to resist extreme loading conditions.
d, Fatigue and fracture analysis—modify global design,
define design details needed to meet service life requirement,
define manufacturing inspection requirements and verify
fatigue analysis with fracture analysis.

c. Installation analysis—define installation equipment
requirements, ensure satisfactory weather windows can be
achieved, and modify design as required.

The main difference between analytical development of a
hybrid riser and that of single string risers is that a greater
degree of iteration is required over all stages and at each stage
of development to optimize the design.

6.2.3.21 Sizing
The steps involved in riser sizing are as follows:

a. Size peripheral lines,

b. Select can diameter and determine contribution to
buoyancy.

c. Determine distributed buoyancy needed.

d. Determine distribution between air-can and foam buoy-
ancy needed for installation,

e, Lay out flowlines within the buoyancy modules.

f. Determine weight of top assembly including emergency
disconnect package and make an estimate of jumper hose
lengths and weights,

g. Assess weight tolerances and buoyancy absorption to
determine minimum overpull required.

The diameters of the peripheral lines are determined by
flowline sizes, and wall thicknesses are sized to provide ade-
quate resistance to internal and external pressure loading.
Where high levels of bending may be experienced. such as
along the length of the base stress joint, or axial compression
is experienced, peripheral flowlines may need to be designed
to resist collapse and buckle propagation. Elongation of
peripheral lines due to temperature and end cap pressure
should be calculated and suitable support points for the lines
defined. The circumferential layout of the peripheral lines
must account for grouping and directional requirements at the
base, ballasting operations conducted during trimming prior to
tow-out and symmetry of loading on the structural member.
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The quantity of distributed buoyancy required depends on
many factors. One approach is to design the riser section such
that it is neutrally buoyant in production mode. with the over-
pull at the riser base needed to provide resistance to current
loading provided by air cans at the top of the riser. Such cans
provide an element of variable buoyancy to account for
weight tolerances, absorption of seawater into the buoyancy
with time, and variation in production fluid densities or line
functions. This approach is convenient for tow-out installa-
tion, enabling a surface tow to be achieved by keeping the
peripheral lines empty. or submerged tow by flooding the
lines with seawater or addition of drag chains. For installation
from a drilling rig a similar approach could be adopted if
peripheral lines are installed with each joint. If the lines are
run after installation of the main riser structure, the foam
buovancy must be sized to simply provide support to the
structural member, which could be flooded during running.
As the peripheral lines are installed, the structural member or
air tanks can be evacuated to provide some or all of buoyancy
needed to support these lines.

Preliminary design of the riser top terminations must next
be made. This may incorporate the valves forming part of the
emergency disconnect package, goosenecks for connection of
peripheral lines, the associated support structure and flexible
jumper hose lengths and weights. The jumper hose lengths
can be based initially on the relative vertical movement
between the vessel and the riser at maximum drifi-off posi-
tion, assuming the riser moves with the vessel and consider-
ing the maximum expected heave amplitude.

6.2.3.2.2 Preliminary Analysis

Preliminary extreme load analysis is used to provide an
indication of minimum required buoyancy and tension distri-
bution through the riser. As a starting point, the tethering ten-
sion, if needed, may be based on readily available tethering
cquipment, distributed buoyancy equivalent to that needed
for neutral buoyancy in production mode and upper air cans
sufficient w provide a nominal overpull at the riser base and
with sufficient reserve capacity to accommodate weight toler-
ances and buoyancy loss over the riser life. Preliminary anal-
ysis using such a model provides a quick means of assessing
which way the starting point parameters should be varied to
improve response. For example, excessive rotation of the
riser about the base or excessive lateral movements may indi-
cate that the riser has insulficient buoyancy, upper air cans are
1o large or the top elevation should he lowered. Too little
movement relative to vessel may indicate 100 much buoy-
ancy. Hence. the preliminary results provide the basis for
determining the direction in which parameters should be
adjusted to provide the optimum riser configuration.

Following preliminary extreme load analysis. preliminary
VIV analysis should be conducted to determine whether VIV
suppression  devices are needed. If so. the preliminary
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extreme Joad riser model should be modified accordingly and
re-analyzed. The resulting riser arrangement forms a suitable
basis for more detailed design optimization,

6.2.3.2.3 Extreme Load Response

Extreme storm analysis is used to optimize distributed
buoyancy requirements, top tension, tethering tension (if
needed) and foundation loading based on riser performance.
jumper hose, riser and vessel interaction, stress joint perfor-
mance, and cost. Parametric analysis of the riser configura-
tion resulting from preliminary analysis is carried out with
varving tether tension, air can buoyancy, distributed buoy-
ancy and riser top ¢levation. The dependency of response of
different parts of the riser on different loading conditions
requires that the full range of possible conditions including
extreme wave and extreme current conditions should be
applied to each arrangement forming part of the parametric
study. Associated extremes of vessel drift motions and the
possibility of high winds and currents from different or oppo-
site directions should also be addressed. For the most suitable
arrangements, stress joint profiles should be developed from
which extreme loading on the riser base connector and foun-
dation can be obtained.

Many of the configurations analyzed as part of the para-
metric study may meet extreme load design requirements.
Selection of the optimum arrangement will be based on an
assessment of hardware availability and cost and ease of
installation. Ease of operation should also be considered if
simultaneous drilling or workover are to be carried out and
preliminary design of the foundation may be warranted to
assist in the selection process.

Following global extreme load analysis of the riser, the
arrangement of design details should be developed. These
may include heat loss analysis of peripheral lines to deter-
mine temperature variation along the riser, analysis of riser
base piping and transition to peripheral lines, design of the
upper goosenecks and support structure (o resist extreme
dynamic loading from the jumper hoses and the structural
arrangement of supports for the peripheral lines. Any adjust-
ments to preliminary estimation of loading from these com-
ponents can be updated in the global analysis model and the
riser reanalyzed.

6.2.3.2.4 Fatigue and Fracture Analysis

Fatigue analysis of the in-place riser must consider the
effects of first order wave action, VIV due to steady current
flow, and vessel drift motions, The installation process may

f also produce a significant contribution to fatigue damage
from VIV or wave action during tow-out.

First order fatigue damage results from direct hydrody-
namic loading on the upper regions of the riser, loading from
the jumper hoses, and fluctuating load and direction of load
application from a tether. Fatigue damage from direct hydro-
dynamic loading and the effect of jumper hoses can be
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reduced by lowering the elevation of the top of the riser and
increasing the length of flexible jumper hoses, but both modi-
fications will add to cost. Tethering effects. if present, can be
lessened by reducing tether stiffness though this will also add
to cost. Nonetheless, such means of reducing fatigue damage
may be more suitable than alternatives such as improvement
of fabrication details.

Drift motions may cause significant levels of fatigue dam-
age in the goosenecks where the flexible jumper hoses are
attached to the riser and in the base stress joint. Response can
be calculated by global analysis of the riser in selective sea-
states and a statistical distribution such as Weibull used to
determine long term stress cycling. Mean drift offsets must be
carefully selected when conducting such analyses as a tether
attached 1o the FPS may have a substantial nonlinear effect on
responsc.

The low in-water weight and tension which are characteris-
tic of the hybrid riser makes the riser susceptible to high lev-
els of fatigue damage from VIV. The objective of VIV
analysis is to determine the extent to which suppression
devices are required.

As for other riser systems, VIV analysis of hybrid risers
may consider current profiles of varying exceedence level, up
to and including 100-year return currents. The total VIV
induced fatigue damage may then be calculated using the
damage from cach profile and the associated percentage
occurrence, Preliminary analysis may be conducted assuming
no suppression devices are fitted. The regions in which exci-
tation occurs and the magnitude of unsuppressed fatigue
damage can then be determined. Suitable devices must then
be selected which provide the necessary level of suppression.
Helical strakes form a convenient solution as these may be
readily attached to the surface of the syntactic foam buoyancy
modules.

When determining the extent of such devices it is often
sufficient to base suppression requirements on the more
severe current profiles which, though of short duration, may
produce the greatest levels of fatigue damage. Over specifica-
tion of suppression devices should be avoided. as the higher
drag loading such devices can produce may have adverse
effects on buoyancy requirements and riser base loading.

The fatigue damage distribution along the riser length is
given by the sum of the damage from first and second order
effects, from VIV in service, and from damage accumulated
during installation. The fatigue lives of eritical components
should be verified using fracture analysis. Fracture analysis,
un-like fatigue analysis based on an S-N curve analysis
approach. enables consideration of extreme loading in addi-
tion to long-term fluctuating loads. Extreme load levels used
to assess unstable fracture should be based on extreme design
loads. Fluctuating loading used to compute crack growth
must be derived for each component of loading. The damage
incurred from each effect should be used to derive loading
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histograms, which must be developed in a sequence represen-
tative of riser installation and long term behavior.

Fracture analysis should be conducted on the structural
member, particularly adjacent to the top assembly and stress
joint and welded connections between peripheral lines and
base connectors. This work will determine the level of
inspection required following fabrication and may lead to the
specification of improved post-weld heat treatment proce-
dures to alleviate residual stresses and improve fracture resis-
tance,

6.2.3.3 Installation

6.2.3.3.1 Tow-out Option

The controls and procedures to be adopted for tow-out
installation (see Figure 32) are determined by riser analysis.
The four main operations which must be addressed are as fol-
lows:

a. Launch—lifting off the beach site or launch from a bundle
fabrication facility.

b. Trimming—inshore ballasting of the riser.

¢. Tow-out—transfer from fabrication facility to operational
site.

d. Up-ending—ballasting or lowering to the vertical.

Transfer of the riser from a fabrication site into the water
may be achieved by launch from a bundle fabrication facility
by tug or tow vessel, or from a beach fabrication site by skid-
ding on bogeys or lifting using cranes. Using either approach,
the terminations must be attached at each end of the riser and
strakes may need to be fitted as the riser enters the water. For
launch from a beach site. limiting out-of-straightness must be
determined based on lateral bending response and methods of
monitoring riser curvature should be defined. I the riser is to
be lifted. spreader beams must be designed and the level of
load alarms to control differential lift rates must be calcu-
lated. As the riser enters the water and the end terminations
are attached, tolerable motions are likely to be small. Analy-
sis should be conducted to determine interaction between the
wet and dry sections of the riser, environmental limitations
for the operation and the possible need for environmental
protection from direct wave or current action.

The riser should enter the water in a positively buoyant
state. Once fully launched. rimming is carried out. Lines may
need to be flooded or chains attached, depending on tow
method, to ensure the riser takes up its correct position in the
water. Where lines are to be flooded, a sequence should be
developed 1o account for manufacturing weight tolerances.
which starts from the hottom of the riser working upwards to
avoid rolling of the riser during tow.

The tow-out operation must be analyzed to determining
limiting currents and wave heights in which the tow operation
can be conducted and the amount of back tension, if required,
10 be applied to the riser. When modeling the riser. care must

be taken to ensure that axial loading on the surface and ends
of the riser are properly accounted for, This may include ana-
Iytical development of nose and tail tow fairings which
improve response. If surface tow is used, free-surface effects
must be accounted for which will require the use of time-
domain analysis.

Long, neutrally buoyant bodies such as the hybrid riser
may experience severe oscillations during tow at one or more
of the risers’ natural frequencies.?” An exhaustive set of wave
height, period, and direction combinations must therefore be
applied to the riser to ensure that environmental conditions
which preclude overstressing are properly identified. The
effect of tow speed on apparent current velocity and wave
period must be accounted for and varying current directions
must be considered to determine the relative position of lead
and 1ail vessels and associated back tension. Fatigue analysis
must also be conducted due to the potentially high levels of
damage which may be incurred, which in some designs, may
be a significant part of the total riser fatigue damage. In view
of the importance of the tow-out operation. model testing will
normally be required to verify analvtical predictions of riser
response.

Upending of the riser may be achieved by removal of
buoys or flooding of some of the flowlines together with low-
ering or releasing the base of the riser. Analysis is required to
determine suitable means of hamessing the base to avoid
local overstressing and the sequence of operations needed to
ensure that ballast lines flood as intended without creating
airlocks. For example, this may consist of supporting the
base, removing base buoyancy, then lowering the base a short
distance prior to flooding some of the peripheral lines. Suit-
able contingency actions must be determined to account for
riser and buoyancy weight variations which may involve the
sequential flooding of small diameter lines. Analysis may
also be carried out to determine the controls to be applied dur-
ing lowering. such as correlation of riser base elevation with
upper end inclination. Once the riser becomes near vertical,
similar analyses as those used to determine response of a riser
during running are required.

6.2.3.3.2 Running Option

If the riser is installed by running. the operation should be
analyzed to determine limiting weather windows which pre-
clude overstressing of the riser, overloading of handling
equipment and interference with the vessel. The riser should
be analyzed with the base at a number of depths throughout
the water column. One important difference between model-
ing of the riser during installation and in-place is the greater
care required 1o ensure that axial dvnamies are properly mod-
eled. For the in-place riser such effects are small. but during
installation, response may be dominated by surface drag and
inertia and loading on the riser base.

Ballasting may be required during running to control the
weight supported from the vessel. Rates of flooding and evac-
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uation must be calculated and acceptable variations in ballast
at different depths determined. Ballasting equipment may
then be specified and the speed of installation calculated. This
may then be compared with the joint make-up procedure 1o
determine which process controls installation speed and
design adjustments made as necessary.

6.2.4 Multibore Top Tensioned Metal Risers

There are some differences in the analytical modeling tech-
niques used for hybrid and top tensioned multibore risers,
since the hybrid riser does not pierce the water surface, thus
avoiding the direct impact of the surface environment that is
significant for surface piercing risers.

Before modeling a top tensioned metal riser, it is necessary
first to obtain the specifications for the field requirements.
such as: satellite trees, subsea manifolds, flowlines, ete. and
carry out a preliminary sizing of the riser system 1o obtain as
a minimum the following information:

a. Number, size, dry weight, submerged weight, fluid con-
tent, pressure, and function of the freestanding flowlines.
b. Estimated required top tension, Size, weight, and main
characteristics of the top tension equipment. Stiffness charac-
teristics of the tensioning system as a function of tension and
stroke.
¢. Elevation above water level and vessel coordinates for the
tensioning ring and centralizer frame,
d. Elevation of goosenecks, This elevation is often the point
of connection between metal and flexible lines.
e, Dry weight, submerged weight, outside diameter, and gen-
eral characteristics:

1. For the typical bare riser joint.

2. Ofthe tensioning joint.

3. Of the riser joints that use VIV suppression devices.

4. For the typical riser joint with buoyancy modules.

5. For the lower stress joint,

6. For the bottom riser connector.
f. Material for lower stress joint.
g. Elevation above the seabed where the freestanding flow-
lines are supported and stabbed into the flowline receptacles.
h. Elevation above the seabed where the bottom connector
latches to the subsca template, manifold or monopile
foundation.

The analytical discretization for top tensioned riser models
should follow the general recommendations provided in
6.3.3.1. Special considerations for lop tensioned metal risers
are:

a. The rigid riser part of the top tensioned riser should be
modeled using finite elements or finite difference methods
that consider the coupled effects of tension and bending, thus
representing the beam column behavior of the riser. The stan-
dard beam column finite element that uses the third degree

polynomial for the bending and geometric stiffness matrix
usually vields satisfactory results.

b. The top tensioning system must be included in the global
riser analysis, thus including the effect of tension and stiff-
ness variation during the riser motion. One way 1o
accomplish this objective is to use a spring element that joins
the riser elevation at the tensioning ring location with the ele-
vation of the centralizers’ frame. The mass of the tensioning
system must also be superimposed onto the mass of the riser.

6.2.5 Steel Catenary Risers (SCRs)

SCR design and analysis is concened with both the in-
place performance and installation of the riser. It has many
features in common with flexible riser static and dynamic
analysis.

Design information as described in 4.2 should first be
developed. When this is available, work can start on static
design, which largely sizes the SCR. This is followed by
dynamic and fatigue analyses.

6.2.5.1 Initial Sizing and Static Design

6.2.5.1.1 Afier collecting data and specifying coatings. use
spreadsheet or hand calculation methods to select SCR wall
thickness 1) to satisfy requirements for burst and collapse,
and 2) the desired submerged weight.

6.2.5.1.2 A simple catenary solution can then be effi-
ciently used to estimate top angles and sagbend bending and
direct stresses. Although the unstiffened catenary solution can
give quite good results, a static finite element model can
obviously be used as well.

6.2.5.1.3 Once a candidate geometry has been selected.
combined pressure and bending stresses should be used to
again check for burst and collapse resistance.

6.2.5.2 VIV Analysis and VIV Suppression
Requirements

6.2.5.21 Using current profiles appropriate for the site.
conduct VIV analysis to determine fatigue life and whether
VIV suppression will be needed. If so. select the suppression
device and specify its dimensions.

6.2.5.2.2 The VIV modeling program should account for
the effects of sheared as well as uniform current profiles and
should preferably be calibrated with model test and full-scale
data.

6.25.2.3 1t is important to take into consideration the
directionality between a current and the SCR. Since VIV
occurs mainly in the cross-flow direction, corresponding
structural and current information should be used in the anal-
ysis. The SCR’s in-plane and out-of-plane motions should
both be investigated,
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6.2.5.2.4 Careful consideration should be given to the
modal information. if a method based on mode superposition
is to be used in the VIV analysis. The modal information is
typically obtained from either finite-element or other model-
ing methods:

a. Mode shapes from finite-clement programs are usually
expressed in the global system. When SCR's out-of-plane
motion is studied, these results can be directly used. An
SCR’s in-plane motion is two-dimensional. The upper por-
tion of the riser vibrates primarily in the horizontal plane. In-
plane sagbend motions are primarily vertical. Therefore. an
equivalent mode shape sufficiently representing the SCR’s in-
plane motion should be used since neither the global horizon-
tal nor the global vertical mode shape alone can represent the
SCR’s overall in-plane motion.

b. If vibration modes excited by VIV are high. SCR’s in-
plane modal information may also be developed from an
equivalent straight beam model. Consideration should be
given to the boundary condition at the lower end of the beam
{touchdown region) since this should accurately model the
effect of the pipeline lying on the seabed.

6.2.5.2.5 Fatigue damage rate due to VIV should be com-
puted for each of the current states specified for the site. Total
damage can be obtained by adding the damage caused by
each current. When evaluating the critical location along the
SCR, careful considerations should be given to the touch-
down region, where the pipe tension is low and to the other
portions of the riser, where the vortex-shedding is strong. The
appropriate factor of safety (see 5.6) should be applied.

6.2.5.2.6 In addition to the study on normal current states
(those currents occurring year after year), an extreme current
event (such as a 100-year eddy current) should also be evalu-
ated. 1t is desirable that in such a case the SCR’s fatigue life
be several times longer than the expected duration of the
extreme current event.

6.2.5.2.7 When VIV suppression is required, select the
suppression device and specify its dimensions. Possible sup-
pression devices include the helical strakes, fairing, and per-
forated shrouds.

6.2.5.3 Extreme Response and Strength Analysis

Extreme responses should be computed for comparison
with design allowables in Section 5. The primary responses
of interest are:

a. Tensions.

b. Stresses.
¢. Upper-end rotations.

6.2.5.3.1 SCR Model

Once the question of VIV suppression has been answered,
a detailed riser model can be developed for computing static
and dynamic responses of the SCR. An SCR finite element
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model can be created-which includes any VIV suppression
devices, upper-end boundary condition definition (for exam-
ple. flexible joint rotation stiffness) and a pipe/seafloor inter-
action model. The model must be sufficiently detailed in the
critical areas to reasonable stress recovery. A fine-enough
mesh must be provided over the expected range of motion of
the touchdown point over the static and dynamic excursions
of the FPS. Several trials may be necessary to obtain the right
mesh,

6.2.5.3.2 Analysis Considerations

To model the seafloor interaction, many programs utilize
some form of non-linear or gapping elastic-foundation model
for the vertical support: the foundation only provides stifi-
ness and reaction in one direction. Frictional models have
been used for axial and lateral element local directions. Such
non-linear foundation models can only be run in the time-
domain. One approach that can be used in the frequency
domain is to compute the static solution for the specified
position of the FPS and use the resulting stiffness matrix in a
frequency domain solution. Such analyses are likely to be
conservative, since further changes in the touchdown point
are not permitted. Consideration should be given to exploring
the effects of a range of seabed stiffnesses bracketing the
expected conditions at the site. Both fatigue damage and
maximum stresses in the touchdown region increase with
increasing soil stiffness.

It may be necessary to account for velocity modifications
caused by the nearby hull structure. This can be accomplished
by appropriately increasing drag coefficients in the upper
riser model.

Once the riser model has been established, it remains to
compute the dynamic responses and extreme values for the
specified storm durations (generally 3 hours). This can be
done by several methods:

a. Frequency-domain solution for response rms and 7~ with
an extreme factor computed from the Rayleigh distribution.

b. Frequency-domain with extreme factor computed from
another distribution based on time-domain results.

¢. Time-domain solution using regular waves followed by
spectral analysis with Rayleigh-based extreme factor.

d. Time-domain solution using random waves with extreme
values computed from a distribution fitted to the time series
peaks.

The time-domain approach is generally preferred for
extreme conditions while the frequency-domain approach
may be adequate for fatigue analysis. Because of the various
nonlinearities, assuming that the peaks are Rayleigh distrib-
uted is probably not adequate for the wuchdown region and
is. in any case. an assumption that should be checked.
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To find the total responses, the dynamic values are then
added to mean values obtained for the FPSs quasi static posi-
tion.

. As indicated in Section 4, it is necessary to calculate
responses for a range of conditions. For each extreme wave
condition for three headings—near, far. and cross—and in the

R extreme current for at least one heading (probably the cross).
Damaged condition cases, for example partial loss of station-
keeping ability, should be formulated if applicable.

After comparing the extremes to allowables, it may be nec-
essary to adjust installed top angle and/or wall thickness and
pipe grade to get satisfactory utilizations. Check whether the
upper end design is satisfactory, for example, whether the
flexible joint rotational stiffness needs to be reduced and/or a
tapered section of pipe is needed to control upper portion
stresses. This is usually much more challenging for semisub-
mersibles than for TLPs where the latter’s low rotational
motions are distinctly beneficial.

6.2.5.4 Fatigue Analysis

SCR fatigue-damage comprises contributions from FPS
motion, direct wave loading. and VIV excitation. FPS motion
damage can be further split into that due to wave-frequency
and slowly-varving motions. The latter translate into poten-
tially large, but less frequent, stress cycles in the sagbend
region. The balance between these damage contributions is
clearly site dependent. VIV fatigue damage should have
already been completed prior to this stage, but it may be nec-
essary 1o revisit it i substantial changes in the SCR have
resulted from the extreme analysis.

6.2.5.4.1 Stress Responses for Fatigue Analysis

a. Wave frequency—In addressing wave-induced fatigue
damage, it is first necessary to compute SCR dynamic
responses to “mild” or “moderate™ conditions. These can be
developed in the form of either: a) stress transfer functions or
b) stress rms and T (for each seastate in the wave-scatter dia-
gram) for each fatigue critical location. FPS motions will
generally lead to the most critical locations being near the
upper end of the SCR or in the touchdown region. Such anal-
yses can be carried out in the time or frequency domains, but
the latter may be sufficient if mild conditions govern fatigue.
b. Slowly-varying—FPS surge/sway natural periods range
from 50 to 300 seconds or longer, depending on structure
type and size, If it can be shown that the SCR does not have
. significant modes in this range. the stresses can be computed
quasi-statically. One procedure involves computing sagbend
stress range as a function of FPS offset. A separate analysis
computes the rms FPS offset due to wave-drift and wind-gust
effects for each seastate to be considered. These offsets can
then be converted to SCR stress rms’s from the relation
between stress and offset. Alternatively, if dynamic excitation
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is involved, then it will be necessary to compute the rms
stress or transfer function by dynamic analysis.

6.25.4.2 Damage Computation

Once stress transfer function information is developed, cal-
culate weld fatigue damage rates for a full set of sea states
(wave scatter diagram), for at least three headings. and com-
bine those (in correct proportion relative to the directional
distributions) to obtain a weld fatigue life estimate. Parent
metal fatigue should also be checked at critical locations with
appropriate stress concentration factors al locations where
there are transitions in wall thickness or arrestor rings.

Damage computation should be carried out for both wave
and low-frequency excitation and the damages, in principal,
combined with that from VIV. Achieving this combination
remains problematical. Simply adding up separately com-
puted damages based on narrow-banded assumptions appears
to be unconservative, while that based on the total rms stress,
computed assuming narrow bandedness, is overly conserva-
tive. A bi-modal approach has been used that is less conserva-
tive.'%0 Other formulations have been proposed in the
literature.

6.2.5.5 Installation Analysis

SCRs can make either a first- or second-end connection to
the FPS, although the latter seems to be more commonly con-
sidered. In any case analysis should be carried out covering
extreme stresses in these various operations. These usually
comprise a series of static analysis for the SCR in various
positions between the seabed and FPS or lay-vessel.

6.3 HYDRODYNAMIC CONSIDERATIONS
6.3.1 Waves
6.3.1.1 Sea State

6.3.1.1.1  Site specific environmental data should be used
for the design and analysis of a marine riser. The environmen-
tal conditions should be based on a suitable combination of
simultancous wind, waves, and current profile likely to occur
at various headings for a specified retun period. In general,
the maximum values of wind, wave, and current do not occur
simultaneously during a storm (see APl RP 2A-LRFD). The
return periods for waves and current should be specified. The
effect of wind on riser stresses and displacement may be
accounted for indirectly through the simulation of wind-
induced vessel offset and slow drift movement.

6.3.1.1.2 For a fully developed sea, a common practice is
to represent the waves by the two-parameter Pierson-Mosk-
owitz spectrum.? For fetch-limited areas where the wave
energy is concentrated in a more narrow frequency band, the
JONSWAP spectrum should be considered.®
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6.3.1.1.3 In the calculation of moments of the spectrum, a
cutoff frequency three times the spectral peak frequency is
recommended. This cutofl will substantially reduce the zero-
crossing frequency defined as the square root of the ratio of
the second-and zeroth-moments of the spectrum. The results
using a cutofT frequency are in closer agreement with time-
domain, zero-crossing analyses.

6.3.1.1.4 The joint probability of occurrence of the signifi-
cant wave height M, and the mean zero crossing period 'z (or
peak period Tp) is typically presented in a wave scatter dia-
gram. Corresponding to a significant wave height in the scat-
ter diagram, one may identify a number of sea states with
different 77 Accordingly. a family of wave spectra can be
prescribed to determine the effect on riser response due to the
variation of 7% For riser fatigue analysis, the wave scatter
diagram also provides the source information for deriving the
total number of wave counts.

6.3.1.2 Wave Spreading

6.3.1.2.1 Riser analysis has usually been conducted based
on assuming a unidirectional sea. The effect of directional
spreading can be considered as a sensitivity check in the
design process. The directional spectrum is given by:

S(w,0)=5(0)G(0)=5(0)C,cos™ (B-0,) (13)
where

S(w) = spectral density function.
8, = main direction of the waves, |B -8, | = g .
8 = wave spreading angle.

I = gamma function.

Cp = r("—J(l“'I.UFU. 1, ...)
Jl_ﬂ"(n + i]
6.3.1.2.2 The value of n should be chosen in such a way

that Equation 13 will best fit the areawise wave data (see API
RP 2A).

6.3.1.3 Wave Profile and Kinematics

6.3.1.3.1 The wave profile of a random. 2-dimensional sea
can be represented by field measurement data or by means of
synthesis of a wave spectrum. A common practice of model-
ing the wave profile is based on a combination of linear
{Airy) waves with random phases:

n=N
nn= Z“ | Ancostkyy — ot + &) (14)
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where

Ap = wave amplitude, obtained from the wave spec-
trum., S{as,).

wy, = discretized frequency.

&, = random phase distributed between 0 and 2=
ky = wave number associated with frequency @,
N = total number of discretized frequency bands.

6.3.1.3.2 In realistic sea conditions, the wave amplitude as
a function of frequency is a random and variable quantity.
When attempting to match a target spectrum, each discrete
wave amplitude A, should be generated from a Rayleigh dis-
tribution with the expected value of [2.’9(&:,,).!“4.\“'2 and the
corresponding random phase €, from a uniform distribution
between 0 and 2.3 However, normal practice is to use the
expected value,

6.3.1.3.3 The wave profile in Equation 14 is consistent
with the general approach used to simulate the motions of the
FPS. The velocity field induced by the incoming waves
Equation 14 is determined by the gradient of the associated
velocity potential. The presence of the FPS may lead to local
disturbances in the wave field. Such disturbances are caused
by wave diffraction and radiation from the vessel. The hydro-
dynamic forces acting on the vessel are usually obtained by
integrating the pressure of the combined wave field.*

6.3.1.3.4 The calculation of hydrodynamic forces on a
riser is in general based on the kinematics of the incoming
waves. Wave kinematics can include contributions from the
diffraction and radiation wave potentials induced by the ves-
sel, but non-linear waves can only be handled wave-compo-
nent by wave-component.

6.3.1.3.5 Nonlinear aspects of steep waves should be con-
sidered for calculating the impact velocity on the riser. Tech-
nology for modeling the higher-order dispersion of irregular
waves in the time-domain includes the use of the third order
Stokes wave theory and the Green-Naghdi theory of fluid
sheets 56,7

6.3.1.3.6 In practice the use of linear wave theory is suffi-
ciently accurate in determining the kinematics (velocity and
acceleration field) of incoming waves. At the free surface
level, simple techniques like the linear (Wheeler) stretching
of the Airy potential to the actual wave elevation can be
applied (AP RP 2A-WSD, “Commentary on Wave Forces™).

6.3.1.4 Wave Spectrum Discretization

Since the flexural periods of a riser may be located in the
wave frequency range, a sufticiently large number N of the
discretized wave frequencies should be used to generate suffi-
cient wave energy at and around the resonant frequencies.

Not bor Ressle



DesiGN OF RISERS FOR FLOATING PRODUCTION SySTEMS (FPSS) ano TENSION-LEG PLATFORMS (TLPS) n

6.3.1.5 Wave Directionality

The effect of multi-directional waves should be accounted
for during the fatigue analysis of a riser. The operational
wave conditions should be specified on an annual basis in
which the probability of occurrence of the significant wave
height is distributed at various headings. Riser clearance
should be determined by the most severe condition for each
sector.

6.3.1.6 Regular Waves

A traditional approach for designing a shallow water riser
is based on regular waves. The wave height is normally set
equal to the maximum height of the design sea state. The
types of wave profile to be chosen may range from Airy
waves 1o higher order Stoke’s waves. Such an approach is
valid if the riser response to the sea state is quasi-static. More
sophisticated analytical techniques such as spectral analysis
in the frequency-domain or time-domain simulation with
irregular waves should be considered if the natural periods of
the riser are within the frequency range of the wave spectrum.
This is usually the case with deepwater risers.

6.3.2 Current

6.3.2.1 For a specified sea state, the associated current
velocity profile should be used in the riser analysis. In some
areas, the current may include contributions from arcawise
phenomena such as loop/eddy current and solitons, tide and
circulation of ocean currents.$9 In general, wind generated
current is found in the top layer of the ocean. It can be repre-
sented by a shear or slab profile; whereas the loop/eddy cur-
rent and solitons penetrate deeply in the water column. The
corresponding velocity profile does not change rapidly with
time. Because of this, the velocity profile may be treated as
time invariant for each seastate in riser analysis. Some current
profiles are shown in Figure 33.

6.3.2.2 In time-domain analysis, current profiles should be
stretched to the free surface using one of the approaches
given in API RP 2A.

6.3.3 Loading Types and Flow Conditions

Hydrodynamic forces on risers can be classified by three
basic categories:

. Inertia forces due to the acceleration of the fuid and/or the
riser body.

b. Forces induced by flow separation and vortex formation.
¢. Skin friction on the surface of the riser. (Forces in this
category are of a higher order. In general, they are combined
with the drag force in category b.)

Force vectors in category b can be decomposed into two
components, a drag force in line with the incident low vector
and a lift force orthogonal to the incident flow. The drag or

lift force may be further expressed by two terms. One repre-
sents the component which is a function of the square of inci-
dent flow velocity. and the other represents the resultant of
pressure fluctuation due to vortex shedding. These two terms
represent the loadings in two different frequency ranges.

A brief summary of the flow conditions is given in the fol-
lowing:

6.3.3.1 Oscillatory Flow Due To Waves and Vessel
Motions

6.3.3.1.1 Condition 1: Stationary Vertical Riser In
Waves

This flow condition is characterized by unsteady flow in
the wave field. The fluid particles follow cyclic orbital move-
ments that decay exponentially with depth, The flow sur-
rounding the riser is three dimensional. Since the wake
reverses its position relative to the riser in each motion cycle,
continuous vortex shedding at a nominal frequency is
unlikely but possible. Accordingly, the fluctuating lift and
drag forces induced by vortex shedding are often ignored in
common practice, unless there is potential for lock-on. Refer-
ring to the definition in the nomenclature located at the end of
Section 6, the fluid force per unit length is defined by the fol-
lowing two components:

Initial Force Fp= Cyod 6(_11.' (15

Drag Force  FD = ;(.N)L” wlu (16)

Since the flow incident to the riser may be contaminated by
the reversal of the wake from the previous motion cycles, the
fluid forces may demonstrate a hysteretic phenomenon. Scat-
tered data is anticipated in model test experiments and field
measurements if the inertia and drag coefficients are com-
puted on a wave-by-wave basis. In this regard, it is appropri-
ate to determine the inertia and drag coefficients based on the
least-squared fit of the whole force measurement record. 01!

The coeflicients Cyand Cypare governed by the geometry
of the riser cross section, the Keulegan-Carpenter number,
KC. the Reynolds number, Re.12, and the surface roughness.
Typically. the value of Cyyis in the range of 1.5 to 2.0 for a
smooth circular cylinder. The value of Cy in the post-critical
steady-state is about 0.6 10 0.7,

6.3.3.1.2 Condition 2: Riser Oscillating In Calm
Water

The oscillatory flexural displacement of the riser can be
extended well below the wave zone where the orbital move-
ments of the water particles cease o exist. Under this condi-
tion. the flow condition is nearly two dimensional. The inertia
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force exerted by the fluid is 180 degrees out of phase and lin-
early proportional to the body acceleration. The correspond-
ing constant has a dimension of mass and is known as the
added mass of the fluid. The drag force is due to the dissipa-
tion of kinetic energy of the fluid motion in the wake and
therefore can be treated as the damping force. The added
mass and drag coefficient are defined by the following:

Added Mass Force = C,p4 % (17
Viscous Damping Forces = %Cdo!)l x | - (18)

where ¥ and ¥ are the velocity and acceleration of the riser.

The values of C, and Cy are governed by two dimension-
less parameters, namely Re and KC, and the surface rough-
ness. The value of C, for a smooth circular cylinder tends to
approach the theoretical value of 1.0 if the motion amplitude
is less than one diameter. The magnitude of damping is deter-
mined by the loss of fluid momentum due mainly to flow sep-
aration and vortex formation. The corresponding flow
condition is sensitive to the surface roughness. For large
amplitude motion, the hydrodynamic forces may experience
hysteretic effects due to the reversal of the wake in each
motion cycle.!?

6.3.3.1.3 Condition 3: Riser Oscillating In Waves

In this case, the riser oscillation may be caused by the exci-
tation of the waves and/or the movement transmitted from the
surface vessel through the upper riser termination. The hydro-
dynamic loading function may be expressed in terms of a
pressure force acting on the volume occupied by the riser, an
added mass force due to the perturbation of the flow field by
the motions of the riser and a drag force proportional to the
square of the relative velocity of the riser and the incident
flow. The velocity field of the ambient flow is typically
expressed in a global coordinate system. Referring 1o the
Eulerian frame of reference, the acceleration of the ambient
flow is given by:

Dy _ar
_— e -V
Dt ar { ) h

where DI7Dr denotes the material derivatives of the velocity
vector 1/(xy. X3, x3, f) and V denotes the gradient differential
operator.

The leading order term ‘17 represents the acceleration of
the unsteady flow evaluated at a fixed point in the flow field.
The convective acceleration term (17- V)17, which produces
the second harmonics of the pressure foree, is due 1o the non-

uniformity of the wave particle motions. In order to calculate
the hydrodynamic forces in terms of local coordinates, the
transformation of the incident flow velocity and its deriva-
tives requires the information of the i s position
and direction cosines of the riser’s longitudinal axis.

Introducing the velocity components (i, v, w) of the inci-
dent flow in the body-fixed local coordinate system (x, v, z)
as shown in Figure 34, a higher-order convective term due to
the interaction of the riser’s rotational motions and the tan-
gential velocity component (w) of the incident flow can be
expressed! as (v — %) ‘w/’z —w ¥ //z. This high order term is
often omitted in riser analysis because its magnitude is within
the error bound of the leading order term Cged¥. Thus,
unless a higher degree of accuracy is provided for the added
mass coefficient C,, the overall accuracy of the hydrody-
namic forces may not be improved by including this term in
the computation.

In general, the diameter of a riser is small in comparison
with the displacement of wave particle motions, and it suf-
fices to evaluate the pressure force based on the acceleration
of the incident flow at the longitudinal axis of the riser. Care
must be taken if the riser diameter is large enough such that
DwDt can no longer be treated as a constant over the riser
cross section. Under this condition. Duw/Dr should be taken as
an averaged value over the cross section, at each time step.

Within the context of viscous fluid flow, the perturbation
pressure force due to the presence of a stationary cylinder in
waves is in general not equal to the added mass force of an
oscillating cylinder in calm water; even though the respective
KC numbers are identical. Except for the following two limit-
ing cases, the principle of flow superposition is not applicable
for evaluating the {luid lorces.

Case 1: At low KC number (KC < 5 or the relative displace-
ment less than one), the fluid motion can be
described by potential flow. The classical solution
indicates that the perturbation term of a stationary
cylinder is equal to the added mass term of an oscil-
lating cylinder.

Case 2: At high KC number (KC > 90, or the relative dis-
placement greater than 15). the flow condition
reaches post-critical steady-state. The fluid forces
would be practically the same regardless whether the
body or the fluid is moving.

For these two limiting cases, it is valid to set €, = Cyy— | and
the inertia and added mass terms become pA0,/Di + (Cyy - 1)
P2A(DwDt - %), in which the coefficient 'y can be referred 1o
the value for a stationary cylinder.

For the intermediate KC numbers, it is appropriate to
express the inertia and added mass terms in the following
form: Cygod DDt = Capd ¥, where the coefficients Cypand
', are to be obtained in conjunction with the variation of four
independent parameters: 1) the phase angle between £ and .,
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2) the motion amplitude (4,/D), 3) the KC number based on
the maximum wave particle velocity normal to the riser axis
(tmay /D), 4) the ratio of Re to KC numbers (Re/KC =b). In

. other words, the fluid forces are determined by the history of
the relative motions between the fluid and the riser. Until
such a data base for the relative motions of a cylinder in

% waves is developed, the value of Cyy, €4 and Cy may be
determined by linear interpolation of the coeflicients as
obtained for the two limiting cases. See Table 4. Note that this
will result in Cy = Cyy— | for all KCs. The KC number to be
used for interpolation should be based on the maximum rela-
tive velocity and T},. Such a crude approximation would not
lead to significant error for the total loading of a drag domi-
nant flow regime at high KC number.

The actual added mass and drag coefficients may change
from one cycle to another in a random sea because of the rapid
change of the flow field. The use of time invariant Cyg, Cj. and
Cyto close-fit a force measurement record leads to the filtration
of the time-varying components in these coefficients. As an
engineering approximation, this approach preserves only the
leading order quantities of the hydrodynamic loads. In random
waves, the vortex induced lift forces are less significant than
those measured under two-dimensional sinusoidal flow condi-
tions, and they are not correlated along the riser length. Because
of this nature, these forces are neglected in riser analysis.

6.3.3.2 Non-oscillatory Incident Flow

The subject is concemed with the hydrodynamic forces
due to flow separation over the cross section of the riser.
Since the incident flow is non-oscillatory, the position of the
wake is not reversible to the up-stream side of the riser. The
characteristics of the flow may be classified by four different
regimes corresponding to the suberitical, critical, supercritical
and transcritical Re.!51% Boundary layer and flow separation
theory provide the background regarding the relationship
between the flow field and the hydrodynamic forces.!” Some
factors which may affect the hydrodynamic loads are
addressed in the following.

6.3.3.2.1 Static Load

Figure 35 shows the drag coefficient of a stationary smooth

circular ¢ylinder in four flow regimes as a function of the Re.

The oceurrence of drag force is a result of pressure deficit at the
downstream side of the riser cross section. In subcritical Re

flow, the drag coefficient is in the range of 1.0 to 1.2, Scattered

data had been found in the supercritical flow regime in which

i the flow field and pressure fluctuation are sensitive to small
external disturbance. Accordingly. a conservative approach

should be taken to estimate the drag force by using the upper

bound value of C4 In the critical flow regime. transition of

boundary layer may oecur on only one side of the riser cross
section, The corresponding asymmetric flow pattern is accom-
panied with a sizable steady lift force.'S Outside the critical
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Table 4—Hydrodynamic Coefficients for a Circular Cylinder
at High and Low KC Numbers

Smooth Rough (kD = 0.02)

Cy Co Ca Oy € €y
Case (WKC <3 200 10 09 20 10 15

Case (2) KC > 90 L5 0.5 07 1.3 0.3 11

Note:
Data is derived from '3,

flow regime, the steady lift force is less significant, and there-
fore it is often neglected in riser analysis.

6.3.3.2.2 Equivalent Static Load

The slow drift movement of the surface vessel can induce a
quasi-steady current load on the attached riser. For time-
domain simulation, the vessel slow drift movement should be
prescribed as the boundary condition at the attachment point
of the riser. For frequency-domain simulation, however, the
effect of slow drift movement is approximated by an equiva-
lent static current load on the riser. If a background current is
also included in the frequency domain simulation, the com-
bined static load should be computed based on the superposi-
tion of velocity vectors of the current and slow drift
movement at the mean position of the riser.

6.3.3.2.3 Vortex Induced Fluctuating Loads

In the subcritical flow regime, the vortex induced hydrody-
namic forces are concentrated in a narrow bandwidth of fre-
quency. The dominant vortex shedding frequency is
represented by the Strouhal number (St) which is in the range
of 0.18 to 0.2. The phenomenon of alternate shedding of vor-
tices over the cross section of the riser. leads to the coupled
dynamic lifi and drag forces. One cycle of lift oscillation cor-
responds to two cycles of drag. The probability density of the
lift fluctuation should be approximated by a Gaussian distri-
bution.'? The coefficients for the mean and fluctuating lift
and drag forces are defined by the following relationship:

Cy= % (20)
EPD{.’:
F
Cy=r—— @2n
ipDU:
o, - 2 &
spDU,
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o(F,)
1pDU;

c,' = (23)

In some references, the standard deviation o() is repre-
sented by the root-mean-square value. 20 The variations of €'}
and Cy for a smooth stationary circular cylinder are repro-
duced in Figure 36.

In the critical flow regime. vortex shedding is dominant on
one side of the riser cross section. The wake is less organized
after the occurrence of boundary layer transition. Scattered
values for the Strouhal number (see 6.9) were found in the
range of 0.2 to 0.452!

In supercritical Re flow, the fluctuation of pressure is sto-
chastic in nature. The characteristics of the near wake is
strongly dependent on the turbulent intensity in the boundary
layer. For a smooth circular cylinder, the wake is disorganized
but not fully mixed with turbulence. The spectra of the lift
and drag fluctuation may demonstrate multiple distinct
energy bands. Because of this nature, the lift and drag should
not be characterized by a single frequency.

In the high end of the supercritical flow regime, the bound-
ary layer would have gone through another stage of transi-
tion.!? It is believed that a hysteresis process may exist in this
flow regime. After this flow regime, the phenomenon of reg-
ular vortex shedding reappears in the turbulent wake. '3

6.3.3.2.3.1 Spanwise Correlation

The correlation of vortex formation in the spanwise (i.e..
axial) direction is an important factor contributing to the low
frequency component of the hydrodynamic forces. For the
time being, the subject remains a research topic. Observed
data suggests that the spatial-temporal perturbation of the
excitation forces would lead to the modulation of amplitude
and frequency (i.e., beats) for the lift forces over a finite seg-
ment of a cylinder.!® The coupled drag force consists of both
a low frequency component corresponding to the beat fre-
quency of the lift force and a high frequency component cor-
responding to the vortex excitation.

6.3.3.2.3.2  Effect of Riser Oscillation

The oscillation of the riser has a tendency to change the
characteristics of the surrounding flow. The spanwise correla-
tion of vortex formation can be enhanced due to small ampli-
tude transverse oscillation of the riser. The phenomenon of
vortex formation in the near wake, as well as the added mass
and damping coefficients of the riser cross section, are gov-
emed by three dimensionless parameters including the ampli-
tude ratio (A, D). the reduced velocity (U,fD). and Re 2
When the vortex shedding period is close to one of the flex-
ural bending periods of the riser, the lock-on condition is
likely to occur. Under this condition, the dynamic equilibrium
can be described by a closed feedback loop in which the
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hydrodynamic excitation, added mass and damping are
dependent on the response amplitude of the riser. The oscil-
lating amplitude tends to be self-limiting as a consequence of
the dynamic interplay of the fluid-structure interaction. The
vortex shedding frequency is locked onto the nearest modal
frequency of the riser. Corresponding to a non-uniform cur-
rent profile, the vortex shedding frequency is not a constant
along the riser. Accordingly, the lock-on phenomenon may
not occur on the whole length of the riser. Owside the lock-on
region, the oscillatory drag forces contribute to the viscous
damping.

The interaction of the riser oscillation and the near wake is
imposed implicitly in the added mass and damping coeffi-
cients. It should be pointed out that the value of the added
mass and damping coefficients for in-line and transverse
oscillations may not be identical due to the asymmetry of the
flow pattern. Furthermore, the transverse oscillation of the
riser can also change the mean drag forces. For the lock-on
condition, the augmentation of the mean in-line drag is in the
range of 1.0 to 3.0 times or even higher in some cases in com-
parison with a stationary cylinder.?* The mean in-line drag
coefficient of an oscillating cylinder should be deduced in
conjunction with either measurements or numerical simula-
tion of the hydrodynamic forces.

6.3.3.2.4 Vortex Induced Loads On Flexible Risers

The effects of vortex-induced vibration on flexible risers
should be checked in a particular case, See AP1 RP 178 for
further explanation.

6.3.3.3 Superposition of Waves and Currents

The design events of a riser may include the presence of
waves and current. Under the extreme wave condition, the
flow condition should be classified as oscillatory flow (i.e..
Uma' Uy = 1), The effect of the associated current is repre-
sented by the mean drag and augmentation of viscous damp-
ing. The kinematics of the incident flow should be modeled
based on superposition of velocities of waves, current and
riser motions. In the event that the direction of the incoming
waves is not co-planar with the current or a directional sea
state is prescribed, the flow field as well as the global
response of the riser are three dimensional.

In some areas such as the Gulf of Mexico, the east coast of
continents or the outlet of major rivers (where strong currents
may occur without the presence of an extreme storm) or in
areas such as the Andaman and South China seas (where
internal waves i.c., solitons have been observed during the
operating condition) the design events may include a strong
current profile superimposed with a moderate sea state.
Under this condition, the current is the dominant factor for
the riser response. The effect of waves and vessel motions
should be regarded as a perturbation of the flow velocity.

ot for Fasasin




Desicn oF RISERS FOR FLOATING PRODUCTION SYSTEMS (FPSS) AND TENSION-LEG PLATFORMS (TLPS) 75

6.3.3.4 Hydrodynamic Interaction of Dual or
Multiple Risers

6.3.3.4.1 Dual Risers

This subject is concerned with the behavior of a trailing
riser in the wake of a leading riser. Measured data suggests
that if the spacing of the risers is too close. adverse effects
due to a suction force may be developed between the risers,
thereby increasing the possibility of physical contact of the
two risers. In common practice, the mean clearance between
two risers is determined by the interference coefficients Cyp.
Cer. Cpy, Cpa. where the subscripts 1 and 2 denote the lead-
ing and trailing risers respectively. For two equal size cylin-
ders arranged in tandem, these coefficients are given as a
function of the longitudinal and transverse spacings.**2* For
unequal size cylinders. the diameter ratio of the two cylinders
is another important parameter for the interference coeffi-
cients, 2627 In peneral, the lift and drag coefficients for the
trailing cylinder are less sensitive with respect to the change
of the Re. The interference boundary is determined by the
characteristics of the near wake of the leading riser. If the
diameter of the leading riser is equal to or greater than the
trailing riser, the surface roughness of the leading riser is the
dominant parameter which dictates the characteristics of the
near wake.

The fluctuation pressure in the wake of the leading cylin-
der may lead to hydroelastic instability such as galloping on
the trailing riser.2%2% [n order to address this problem prop-
erly, a thorough understanding of the wake flow is considered
essential. The fluctuation force on the trailing riser is depen-
dent on the variation of the following parameters:

a. Longitudinal and transverse spacings (X'D, Y/Dy).

b. Diameter ratio (/1)

¢. Transverse oscillation amplitude of the leading cylinder
(4,/Dy).

d. Surface roughness of the leading cylinder (kD).

e. Re of the cross flow (U0, /n).

6.3.3.4.2 Multiple Risers

Wake synchronization within a riser array can be a design
issue. 303132 In this case, the dynamics of the risers are cou-
pled with the wake flow within the boundary of the array. The
general practice for riser system design is to avoid the wake-
induced instability problem by properly choosing the riser
spacing.

6.3.4 Load Model

For the flow conditions addressed in 6.3.3.1, the general
practice for modeling the hydrodynamic forces is based on
the Morison formula. The formula was originally derived for
caleulating the hydrodynamic forces on shallow water fixed
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piles.?? Since the introduction of this formula, the offshore
industry has extended its applicability to moveable structures,
including risers. A modified form of the Morison formula is
given by:

F= rj\,,a-:%‘ ~Capi + % o | U=y | s U,~%) (24)

The above formula is based on the following implicit
assumptions:

a. For the inertia force term, the diameter of the riser is small
in comparison with the displacement of the relative motion
between the fluid flow and the riser. The acceleration of the
fluid flow is evaluated at the centerline of the riser. The
higher order convective acceleration terms are neglected.

b. The inertia. added mass. and drag coefficients are time
invariant. The time dependency of the hydrodynamic forces
is modeled by unsteadiness of the incident flow and the body
motion. The fluctuating lift and drag forces due to vortex
shedding are neglected.

¢. The hydrodynamic forces are determined by the accelera-
tion and velocity components normal to the riser centerline.
The three dimensional effect due to the tangential component
of the incident low is ignored.

d. The riser response is inline with the incident flow. The lift
force is omitted.

A more precise definition of the inertia force can be made
based on a Eulerian frame of reference by re-placing the ‘w'r
term in Equation 24 with ‘w/t + u 'w’x. However, if the
hydrodynamic inentia force is evaluated by a coordinate sys-
tem which moves with the riser, the ‘w’t term should be
replaced by ‘w’t + (1 — %) ‘w'’x.

Derivation of higher order terms for the loading function is
available in the literature.!*34.35 Since the Morison formula
can be expressed in different forms, each form is associated
with a set of coefficients for a specific flow condition. To
maintain the accuracy of hydrodynamic loads, the Morison
formula to be used in computer simulation must be consistent
with that used for defining the hydrodynamic coefficients.

6.3.4.1 Equivalent Linearization

In frequency domain simulation, the drag and damping
term in Equation 24 can be linearized to facilitate computa-
tion 36373898 With the presence of waves, currents, and riser
motions. the linearized drag and damping forces are
expressed at the mean equilibrium position by the following
formula:

Fp= Oy + 2U,Cu— %)+ CyGila.Uy) - (25)
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where

Cy = Caol)

C:‘—'ﬁﬂ
T

= expl-'a(Un/o)?]

o)
w
!

erf (Uya)

ﬁ
1
L]

Glol,) = | J;Iﬁ“ al,Cy + Cyla + U]

erf @ = uy'? § exp M) dy
0

Without the presence of the current U, Equation 25 is
reduced to the following form:

Fp="15CypD J% as(u-x) (26)

Nole that the unknown % is imbedded in the standard devi-
ation of the relative velocity . In spectral analysis, the trans-
fer functions of the riser response, x, are to be obtained
through an iterative procedure.

The linearized drag force in Equation 26 can be expressed
in the following form if the excitation is caused by a single
sinusoidal wave train;

Fp= Uy CypD Sin Iug—im.r,,e"| (u—%) (27)

where rdenotes the phase angle between ¥ and u(r), X, and
1, being the amplitude of x and «, respectively.

For the flow conditions addressed in 6.3.3.2, there are three
basic conditions to be considered:

6.3.4.2 Calculate the Static Deflection of the Riser

In this case, only the steady drag due to the L, term is lefi
in Equation 24. The drag coefficient should be prescribed as a
function of Re. When the riser axis is inclined in space but
coplanar with the incident current, the normal and tangential
drag forces per unit length can be estimated by the following
formulas:

Fy= ”29 Can D "I‘J‘: 128)

Fp=Yap Cu D U2 (29)

where Cy, and Cy, are the normal and tangential force coeffi-
cient, respectively, and [, is the free stream current velocity.

The coefficients Cy, and Cy can be expressed as a function
of the riser inclination angle o, as follows:??

Cyp= Cgsin* (30)
Cyp = Cy(0.03 + 0.055 sin at) cos o 30

In case the riser axis is not coplanar with the current, the
riser inclination angle a should be determined by the dot
product of the unit vectors = and /, where / defines the
direction of the current in the global coordinate system
li.e., & = cos~!(z » )]. The direction of the normal drag
force is defined by the resultant velocity on the x-y plane
of the local coordinate system.

6.3.4.3 Calculate the Hydrodynamic Forces
Outside the Lock-on Region of the Riser

In this case, the wave particle velocity u vanished in Equa-
tion 24. The coefficients C, and Cyassociated with the trans-
verse oscillation. however, should be determined based on the
guideline as described in 6.3.3.2. There is an ongoing effort in
the industry to study the nonlinear interaction of hydrody-
namic loads resulting from the mixed mode oscillation of a
riser. As long as small amplitude motion is concerned, the
nonlinear modal interaction is assumed to be weak, and the
associated modal damping can be approximated by means of
linearization. Semi-empirical riser codes are available for cal-
culating riser forces and responses.

6.3.4.4 Calculate the Vortex Induced Forces in the
Lock-on Region of the Riser

For the time being, there is no universally accepted method
for solving this problem. Methods available in the public
domain include: 1) simulate the lift force by a wake oscillator
and express the lift coefficient as a function of the riser mode
shapes, 1041424344 ynd 2) simulate the vortex induced forces
based on random excitation.> The applicability of these
methods to riser design has not been fully established.
Emerging technology for calculating the vortex induced lifi
and drag forces is based on numerical simulation of flow sep-
aration and vortex formation. Various methods were pub-
lished for simulating the flow over two dimensional blunt
bodies 4647484950 The in-line and transverse components of
the fluid forces are generally presented in time series. The
validity of those solutions may depend on the numerical
accuracy of the codes and how the physics of various flow
regimes are being modeled. Prior 1o the application of this
technology to riser analysis. validation of computer code with
measured data is recommended.
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6.3.5 Conditions That Affect Hydrodynamic Loads
6.3.5.1 Free Stream Turbulence

: 6.3.5.1.1 The effect of free stream turbulence should be
identified for the design events which are dominated by
strong current. The presence of turbulent cross flow can

. induce early transition of the boundary layer at a lower Re
and a substantial reduction in spanwise correlation of vortex
induced loadings.3!52.33 At pre-transition Re, free stream tur-
bulence has little or no effect on the hydrodynamic forces and
the Strouhal frequency. After the transition, high frequency
components in the fluctuating lift and drag become more pro-
nounced in comparison with the case of uniform incident
flow. This phenomenon of high-frequency random fluctua-
tion is called buffeting,

6.3.5.1.2 The Re at which the transition of boundary layer
begins to occur is determined by the following empirical for-
mula:*

Ty Rel34 = 1,725 10° (32)
where

h = (/U X D/ 1) denotes the Taylor number.

6.3.5.1.3 Theabove formulais valid for 3.4 x 10% <Re < 1.5
x 105, The net reduction of Re resulting from the effect of free
stream turbulence dictates how far the original Cgversus-Re
curve should be shifted to the lefi.

6.3.5.1.4 For the purpose of riser analysis, it is appropriate
to set the free stream turbulence intensity #/{/x, in the range of
0.01 to 0.03. The fine structure in a Gulf Stream Ring was
found to have a length scale ranging from centimeters to
meters.3% The loop and eddy current are expected to have
similar characteristics. To evaluate the effect of free stream
turbulence, the lower limit of Re should be set equal to 3.4 x
10#

6.3.5.2 Surface Roughness

6.3.5.2.1 Long-term exposure of a marine riser in the
ocean environment can lead to deterioration of the surface
smoothness.

6.3.5.2.2 Surface roughness is defined by the dimension-

less parameter &'D, where & denotes the average height of the
' roughened surface and D the outer diameter of a bare cylin-
der. For a lightly roughened cylinder (e.g., &/D < 0,02), the
effect of surface roughness is to induce early transition of the
boundary layer. The drag coefficient is in the range of 0.7 to
1.0 afier the transition, depending on the roughness. The eriti-
cal Re (at which the Cy reaches the minimum value) may be
determined by the following empirical formula:3®
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Re = 6000/(k/D)12 (33)

6.3.5.2.3 Bevond the critical Re, the angle of boundary
layer separation tends lo decrease with the increase of surface
roughness. However, due to the increase of the turbulent
intensity in the boundary layer and the near wake, the spectral
amplitude of the fluctuating lift force decreases with the
increase of the surface roughness,’

6.3.5.24 When the surface roughness protrudes outside
the boundary layer. a disruption of the flow pattern is likely to
occur. In this case, transition to turbulent boundary layer
would occur upstream near the stagnation point, and the flow
field demonstrates post critical phenomenon. The Cy curve is
nearly flat, and its dependency on the Re is insignificant. A
brief summary of this subject is given in 6.3.5.3.

6.3.5.3 Marine Growth

6.3.5.3.1 Marine growth includes barnacles. mussels.
hydroids, chama, kelps, anemones, and many other organ-
isms. They are found in the top layer of the ocean where sun
light penetrates. The distribution of marine growth is depen-
dent on site specific factors including current, water tempera-
ture, nutrients, ete, For the purpose of riser analysis, it is
reasonable to assume that marine growths extend from the
splash zone downward to a depth determined by the location.
In general, marine growth is concentrated near the sea sur-
face,

6.3.5.3.2 To evaluate the loading effect due 1w marine
growths, the following parameters are required:

a. The average thickness and specific gravity of the growth.
Note that it does not take a lot of growth to change the surface
condition from smooth to very rough. The thickness of the
growth is dependent on the time exposure between each riser
cleaning cycle. The specific gravity of the growth is in the
range of 1.0 to 1.4 depending on the type of organism.

b. The attached mass and the effective hydrodvnamic diame-
ter of the riser. In practice, these parameters can be derived
from (a). The hydrodynamic inertia, added mass, drag, and
damping forces should be evaluated based on the effective
diameter.

¢. Hydrodynamic coefficients obtained from model tests or
field measurements. Limited field measurement data for very
rough tubulars reveals that Cyand Cyyapproached the respec-
tive value of 1.1 and 1.3 at high K¢ 38596061

6.3.5.3.3 The state of practice for riser analysis does not
include the simulation of fluctuating lift and drag due to
marine growths, In the very rough state, the turbulent inten-
sity in the flow surrounding the riser is high. and secondary
vortices may be formed behind local sharp edges. The near
wike would demonstrate a high level of turbulent mixing, and
its spectral density is wide-banded. In general, the effects of
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marine growth are detrimental because of the augmentation
of the hydrodynamic loads and the attached weight of the
organisms. This design disadvantage translates to higher riser
stresses, shorter fatigue life and higher riser top tension
requirements,

6.3.5.4 Effect of Appendages
6.3.5.4.1 Satellite Lines

Appendages such as choke and kil lines, hydraulic lines,
and a mud booster line can be found on the circumference of
a bare drilling riser joint. These lines are not arranged in 90
degree spacing for a typical design (see Figure 37). The pres-
ence of these satellite lines on a bare riser joint can induce
significant changes for the hydrodynamic coefficients. More-
over, these coefficients are sensitive with respect to the orien-
tation of the incident flow. At certain orientations, the flow
field is asymmetric, and a significant mean lift force can be
observed. In practice, these coefficients are obtained by
means of model testing at full scale Re. Public disclosure of
this information is rare, Available data indicates that the total
drag force on the riser joint is not equal to the sum of the
member forces which are¢ computed without considering the
hydrodynamic interference. To estimate the maximum drag
force on the riser, an equivalent pipe model which shares the
same Cy of a slightly roughened cylinder can be used. The
equivalent diameter should be taken as the pitch diameter as
shown in Figure 37. If the reference diameter is not based on
the pitch diameter. the value of Cy should be adjusted so that
the drag force of the riser remains unchanged.

For a high pressure drilling riser which is designed to oper-
ate with a surface BOP. only one optional hydraulic line may
be needed to provide the control function of the bottom con-
nector. The presence of this satellite line on the circumference
of a bare riser would lead to asymmetrical flow conditions,
except for two orientations at which the satellite line and the
riser are lined up in the same direction with the incident flow.

The steady lift force induced by the asymmetric flow field
is given by:

Fr=thpC Du+U,-%)»? (34)

in which the lift coefficiemt Cy should be determined by
model testing or numerical simulation of the flow field. The
sign of the lift force is imbedded in €.

6.3.5.4.2 Local Irregularities

Due to the presence of the riser connectors, the continuity
of the riser cross section is interrupted from one joint to
another, For threaded connectors, the increase of hydrody-
namic forces can be accounted for by using the actual diame-
ter. For bolted connectors, however, the local added mass and
damping forces should be accounted for by modifying the

hydrodynamic coefficients. These coefficients are dependent
on the geometry of the connector and therefore can only be
obtained through model testing. Similar treatment is applica-
ble for estimating the fluid forces induced by anodes. In gen-
eral, the effects of local irregularities are not among the
primary factors which govern the global response of a riser.
Because of this nature, they can be neglected during the feasi-
bility or concept development stage of the design,

6.3.5.5 Wave Kinematics

This subject is concerned with computing wave particle
velocities for design seastate conditions, Based on small per-
turbation theory, the domain of definition for the wave veloc-
ity potential is confined by the mean equilibrium
(undisturbed) water surface. In order to extrapolate the wave
particle velocity from the mean water line to the wave profile.
a number of stretching techniques are available 526364 |y
should be pointed out that except for shallow water applica-
tion, the riser response is in general not sensitive to the choice
of a specific stretching technique. Crest kinematics in near
breaking waves may be important for local bending in some
riser configurations, In this case, either model 1ests or non-lin-
ear finite amplitude Kinematic models can be used to deter-
mine the riser response.

6.3.5.6 Wave Amplification

Due to the presence of surface piercing columns of a TLP
or & semisubmersible platform, wave interference between
the columns may lead to noticeable amplification at discrete
frequencies. The local wave field between the columns con-
sists of both propagating waves and standing waves. In gen-
eral, the wave amplification transfer function can be obtained
by model tests or numerical simulation. The three dimen-
sional wave profile together with the wave particle velocity
can be derived based on the superposition of the incoming
waves, the diffracted waves and the waves generated by the
vessel motions.®3

In order to determine whether the effect of wave amplifica-
tion should be included in the design sea stte, the wave
amplification transfer function must be established in
advance. If the peak period of the transfer function is in the
feasible range of the wave spectral peak period, it should be
demonstrated that the design condition does include the addi-
tional wave forces due to wave amplification. Otherwise. this
phenomenon can be ignored in the design process.

6.3.5.7 Vortex Suppression Devices

Vortex suppression can be achieved based on the following
two basic principles: 1) modification of the flow field by min-
imizing the strength of the vortices and 2) disruption of the
spanwise correlation of the vortex formation. Since the fluc-
tuating lift and drag are coupled. a suppression of one compo-
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nent may lead to the same effect for another. On the other
hand. a disruption of the spanwise coherence may in-crease
the three dimensionality of flow separation, thereby allowing
a partial cancellation of the exciting forces over a finite seg-
ment of the riser. For a specific design, the effectiveness of
the vortex suppression device should be demonstrated by
means of credible testing.

There are a number of vortex suppression devices
described in the public domain.®%7 Among them, the fol-
lowing three concepts have been used for prototype deploy-
ment.

6.3.5.7.1 Wake Fairing

This concept includes various configurations ranging from
hydrofoil section, splitter plate, and flag-type tail fairing. The
main function of these devices is to delay the flow separation
and minimize the strength of the vortices. The mean drag is
also minimized as a result of modifying the flow field. One
design requirement of this concept is that the fairing must be
free to rotate about the axis of the riser. If the fairing is not
free to rotate, dynamic instability may occur on the riser due
to the unsteady lift forces on the fairing.

6.3.5.7.2 Helical Strake

The main function of a helical strake is to alter the flow
separation characteristics over the cross section of the riser as
well as in the spanwise direction. Its effectiveness is depen-
dent on the pitch length of the winding and the projected
height of the strake.%® Despite the suppression of the vortex
induced fluctuating lift and drag, a helical strake can also lead
to a significant increase of the mean drag as well as the Cy
and g as defined in the Morison formula.

6.3.5.7.3 Alternate Buoyancy Joints

On a riser which is designed to use syntactic foam modules
or air cans for tensioning. one practical way to minimize the
vortex induced vibrations is 1o arrange the buoyancy and bare
riser joints in an alternate manner. Since the flow separation
characteristics are entirely different over the bare riser joint
and the joint with buoyancy material, the lock-on condition
may only occur on ¢ither type of joints. The joints which do
not encounter the lock-on condition provide the damping
required for minimizing the vortex induced vibrations. In
practice, the alternate joint arrangement is applied on the riser
where strong current is expected to oceur.%?

6.3.6 Model Testing

Accuracy of results of analysis for risers subjected to wave
and current forces depends upon correctness of the estimation
of the hydrodynamic parameters. ie.. drag. inertia. and lift
coefficients. For tubular bers. these p ters are well
established from previous research, However, in certain situa-

tions (e.g.. when risers have appendages attached to them)
such as external buoyancy and weight elements. choke and
kill lines, or when a group of risers are in ¢lose proximity to
each other, determination of hydrodynamic coefficients may
require model testing. Both wind tunnels and wave basins or
flumes can be used for the purpose, but the tests must be care-
fully planned to ensure that the appropriate Re are reached.
Wind tunnels can reach far higher Re than the best wave
basins can. However, even the best wind tunnel tests cannot
predict the effect of VIV on drag forces.

The hydrodynamic parameters are affected in a complex
way by Re. KC, surface roughness, steady or oscillating flow
pattern, member inclination, etc. Each of these factors have to
be carefully studied before planning for a model testing pro-
gram,

Interference effects between a group of risers may increase
or decrease the load on the group as a whole and on individ-
ual members within a group. Flow interference and degree of
shielding are dependent primarily on the spacing of the cylin-
ders and their orientation relative to the flow. Model testing
may be the only means of establishing proper hydrodynamic
coefficients for such systems. Information from previous
model test results on groups of cylinders can be used for anal-
ysis, if appropriate.!

Model testing on a complete riser or riser system subjected
to wave and/or current forces is extremely difficult to perform
because of scaling problems for similitude. The KC number
may be achieved by matching Froude numbers, but the effect
of high Re is difficult to model at reduced scale because of
roughness and turbulence.

6.4 GLOBAL ANALYSIS

Previous sections have discussed use of a riser analysis in
design, and modeling of environmental effects lead to applied
loads and vessel motions, The objective of this section is o
provide general guidance on analyses techniques and model-
ing practices typically used in industry. The treatment is
intentionally generic, because many techniques apply to a
wide variety of riser configurations and can be used to gener-
ate basic data from which further detailed results (e.g.. com-
ponent stress, tensioner stroke, riser clearance) can be
derived, More detailed guidance for specific analyses and
riser types is provided in subsequent sections.

The following presents the basic equation of motion funda-
mental to riser analysis and covers several key issues that
need to be properly addressed in every riser analysis. includ-
ing effective tension, stiffness, mass, buoyancy. and hydrody-
namic loads, Next, a discussion of typical boundary
conditions is presented. followed by an introduction to vari-
ous solution techniques. Finally, several special modeling
considerations are discussed.
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6.4.1 Equation of Motion

For simplicity in presentation, the following discussion is
restricted to the case of planar, small angle, linear strain anal-
ysis of an initially straight riser modeled as a tensioned beam.

The static equilibrium equation for lateral displacement of
a tensioned beam is:

‘%[E"(EJ%]'é[?L{z)j—: = r(z) (35)

where

= = spatial coordinate along the beam axis.

u = transverse displacement in the direction of the
load.

El = bending stitfhess of cross section.

r = applied lateral load, not including applied
hydrostatic and pressures,

T, = effective tension,

The beam’s resistance to deformation is provided by flex-
ural stiffness and more significantly. geometric stiffness aris-
ing from axial tension.

The dynamic equation of equilibrium can be obtained from
Equation 35 by incorporating inertia forces and a mechanism
for energy loss (damping). Applying D"Alembert’s principle.
assuming viscous damping, and simplifying leads to:

2 prd : =
[mi=)+ P"r“”% + :(:]%l: + ;—:}-[ﬂ(:}i-f]—%['r‘(:};—ﬂ = p{=1)

' (36)

where
Afz) = internal area.
m = distributed mass.
¢ = viscous damping coefficient.
£ = density of internal fluid.

This model is adequate for many riser analyses. Moreover.
the description of this model can be used to introduce most of
the fundamental concepts. Extensions required to cover more
sophisticated modeling requirements are dealt with in subse-
quent sections.

In applying Equation 36 to riser analysis, the tension to be
taken into account in analyzing an immersed, fluid filled tube
is known as effective tension, 7,. Effective tension applies to
the global analysis of:

a. All types of riser (metal, flexible, drilling, production, and
catenary ),

b. Risers consisting of a single tube, multibore, or tube
within tube (e.g.. ticback risers).
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c. Risers of any cross-section, not necessarily circular (e.g.,
oval).

d. Risers with internal fluids of any density characteristics
(not necessarily constant density).

e. Risers of any materials (not necessarily elastic), with plane
sections not necessarily plane (e.g.. flexibles).

f. Risers with tensioned guidelines threaded through multi-
ple guides.

Effective tension can be formulated most clearly as:
L= T+ Y Pixd)-(Poxdgls (7

for a riser comprising n distinct tubulars, where

T, = axial tensions in a structural element (pipe
wall),

Py = axial “tension” in an internal fluid column (A=
internal sectional area, P; = internal pressure).

Pod, = axial “tension™ in a displaced fluid column (4,
= external or displaced cross-sectional area. £,

= external pressure).

Lateral force at any cross section of a riser is equal to shear
plus the effective tension times the slope. This calculation is
valid only because it is equivalent to integrating pressure
around the tube circumference and adding shear and the lat-
eral component of tension.

It must be stressed however that effective tension only
applies to the global analysis of risers. When calculating
other effects of tension and pressure on tubes, such as axial
strains and the load combinations that lead to failure, the
complete stress field in the wall of a riser’s tube must be
taken into account.

6.4.1.1 Discretized Equation of Motion

Practical riser analysis requires numerical approximations
to the riser differential equation to generate a system of cou-
pled algebraic equations, which can then be solved by stan-
dard numerical solution techniques. Starting with Equation
36 and applying the finite element method”! results in the fol-
lowing statement of lateral equilibrium for an individual ele-
ment:

[mlbin } + [e]ba ) + [t} = te) = g) (38)

where [m]. [¢), and [£] are element mass. damping. and stiff-
ness matrices, respectively. Vectors {r} and g} represent
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applied element loads and element boundary forces. [k] is
defined as:

[£] = [kA + [kg] (39)

[kg| is the geometric stiffness matrix and is a function of
element length and effective tension. [k is the flexural stifi-
ness matrnx

An equation similar to Equation 38 can be developed for
the axial direction, the primary difference being the form of
the flexural stiffness terms (i.e., AL versus £7). Solution of
the axial equations yields axial force in the riser. which is
required for the lateral equilibrium equation. Thus, the two
equations are coupled through the tension term and are typi-
cally solved by iteration. More discussion of tension coupling
is given in 6.4.3.4,

The kevs to building an accurate stiffness model of the
riser system is to properly estimate the lateral bending stiff-
ness term, El(z) and to accurately determine the effective ten-
sion distribution in the riser system. The former requires
reasonable approximations for auxiliary lines, large appurte-
nances and changes in wall thickness. The latter requires
approximating riser weight and buoyancy.

6.4.1.2 Mass Modeling

6.4.1.2.1 Proper modeling of the riser mass distribution is
required for an accurate solution to the dynamic equilibrium
equation. Riser mass is usually taken as a mass per unit
length, distributed over regions of roughly equal properties.
In finite element models, this distributed mass can be used
cither to develop a consistent mass matrix by the same meth-
ods used for developing the flexural stiffness matrix or a sim-
ple lumped mass matrix. The riser tube, couplings, coatings.
auxiliary lines, anodes, buoyancy modules. appurtenances,
and internal contents all contribute mass that must be
accounted for in the dynamic model. In addition. the hydro-
dynamic added mass, as described in 6.3.3.1, must be
included.

6.4.1.2.2 Each component of mass in the riser model con-
tributes a gravity force at the location where the mass is
attached to the riser, and all gravity forces contribute, along
with buoyaney and pressure forces, to the axial tension in a
riser. Riser contents exert a pressure force on internal diame-
ter changes in the riser, as described in the following section.

6.4.1.3 Buoyancy and Pressure Forces

Buoyancy forces arise from the vertical component of
pressure integrated over the submerged area and arise only
for exposed horizontal surface. In the case of a completely
submerged body. buoyancy foree can be shown to equal the
weight of the displaced fluid. For most metal riser analyses,
the top surface of the riser is above the water surface. and
therefore the most significant buoyancy force experienced
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directly by the riser is at the lower end and then only if not
connected to the seafloor (¢.g., during riser deployment oper-
ations).

Significant buoyancy forces occur on buoyancy modules,
which are attached to riser joints for that purpose. Buoyancy
modules have exposed horizontal surfaces and generate a
buoyancy force greater than their gravitational force because
their mass density is less than seawater. Data on buoyancy
modules is typically given in terms of “net lift,” which is the
difference between buoyancy and weight (gravitational
force).

Buoyancy forces also act on all other submerged material
that is attached to the outside of the riser, including nonstruc-
tural appurtenances, riser connectors, and coatings. It is often
assumed that the nominal riser pipe is the only material which
is continuous along a riser. therefore all other items attached
to the riser are assumed to have horizontal surfaces on which
buoyancy forces act, The total buoyaney force on any length
of riser can then be taken to equal the difference between the
weight of water displaced by the riser and that displaced by
the nominal riser tube, which is equal to the weight of water
displaced by all attached items.

Finally, changes in riser diameter result in horizontal sur-
faces upon which pressure forces can act. Changes in outside
diameter can generate a buoyancy force from external pres-
sure, and changes in inside diameter give rise to a buoyancy
force from internal pressure. In fact, proper consideration of
diameter change handles the case where the riser terminates
above the seafloor, exposing it to pressure force. Pressure of
seawater is applied to the entire end (sealed or unsealed), and
the pressure of contents, acting in the opposite direction. is
applied to the inside area, If the contained fluid is seawater at
the same pressure as the external fluid, as it would be for an
unsealed end, the net force resultant is simply the product of
hydrostatic pressure and riser tube section area. If the riser is
empty and at ambient air pressure, as it would be for a sealed
end with no contained fluid, the net vertical force is the prod-
uct of hydrostatic pressure and cross-sectional area of the
sealed tube.

6.4.2 Riser Boundary Conditions
6.4.21 Top End

6.4.21.1 Vessel Motions

Vessel motions are required to perform uncoupled dynamic
riser analysis. This type of analysis is valid for both column
stabilized and monohull vessels. Vessel motions important for
riser design are:

a. Wave-frequency motions.
b. Low-frequency motions at the surge/sway natural periods.
c. Static offsets.
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The analysis required can be summarized as follows:

a. First order motion responses in the six-degrees-of-
freedom.

b. Wind and current force coefficients and slowly varying
dynamic wind responses.

c. Mean wave drift forces and slowly varving wave drift
responses.

d. Maximum platform offset including all motion response
contributions.

This section is intended to summarize the main features of
this type of analysis. Details may be found in API RP 2 FPI
and APl RP 2T,

The calculation of first order vessel motions is usually per-
formed in the frequency domain for uncoupled riser analysis.
The motion responses and static offsets due to the first-order
wave forces, second-order, wave-drift forces, and wind and
current forces are calculated separately. The maximum vessel
offset and motion are estimated based on combination of the
individual contributions.

The dynamic wind response of the vessel is a combination
of a steady component and a time varying component. The
steady component is calculated by summing the wind drag
forces and on each ber above the water line,

In addition to the steady wind forces, the vessel will exhibit
a low frequency motion responses induced by wind dynam-
ics. The total wind forces are treated as a constant or a combi-
nation of a steady component and a time varying component.
The time varying component is also known as low frequency
wind force. The low frequency wind force will induce low
frequency resonant surge, sway and yaw motion.

The frequency distribution of wind speed fluctuation can
be described by a spectrum. A wind spectrum for use in this
analysis is given in the 19th edition of the API RP 2A-WSD.

6.4.2.1.1.1 Wave Freq

y Motion Resp

The vessel’s first order wave responses in six degrees of
freedom are generally calculated using 3D diffraction tech-
niques. These are characterized by response amplitude opera-
tors (RAQOs) and phase angles. TLPs require computation of a
wave frequency setdown resulting from surge/sway. Heave—
and roll/pitch—are usually negligible for TLP riser analysis.

6.4.2.1.1.2 Low F ¥ Motion R

e | {3

A dynamic riser analysis is generally performed with the
vessel offset t its mean position due to the steady environ-
mental loads (wind, wave, and current) plus the maximum
low frequency response of the vessel. The low frequency
wave responses of the vessel are excited by the second order
wave drift forces and momems and by wind gust forces.
Although the magnitude of these forces is small compared 10
the first order wave forces, the frequency of the oscillating

drift force may correspond very closely 10 the natural fre-
quency of the moored vessel. In this case the horizontal
motion of the vessel may be significant. The low frequency
responses are also highly dependent on the mooring stiffness
and the total damping included in the system, Both the slow-
drift oscillations and the wave-frequency motion are calcu-
lated about the mean offset position described above. A sim-
ple one-degree-of freedom (surge) simulation of the vessel's
behavior can be used to calculate the low frequency surge and
sway motions of the vessel.” In this method. by knowing the
vessel mass, the mooring stiffness and surge damping. the
low frequency surge motion can be estimated.

6.4.2.1.1.3 Combination of Motion Components

Maximum vessel offsets are calculated as the superposition
of the mean offset and the maximum dynamic excursion. For
riser analysis. mean and low frequency motions are generally
added to get a quasi-static offset to determine a quasi-static
mean riser configuration. Wave frequency motions are then
calculated about this point for by the riser analysis program.

6.4.2.1.2 Tensioner Modeling

Top tensioned risers are attached to the FPS by tensioners
50 that modeling of their response characteristics is important
to accurately simulate the global riser response. In general.
the load-displacement curve of a riser tensioner may resem-
ble one of the following characteristics:

a. Flat curve close to constant tension with respect to ten-
sioner stroke. In the analysis, riser top tension is maintained
constant.

b. Linear relation between riser top tension and tensioner
stroke. The tensioner can be modeled by a linear spring
between the riser and the platform.

c. Nonlinear relation between riser top tension and tensioner
stroke. Top tension response and tensioner stiffness can be
modeled by a non-linear beam or truss elements. 1 the riser
top tension increases significantly with respect o the ten-
sioner stroke, the tension variation may change the stiffness
in flexural bending of the riser. In this case, the coupling
between the axial and bending response may be important,

6.4.2.2 Bottom End
6.4.2.21 Flex Joints

Flex joints are often used at the lower end of metal risers to
allow the riser to articulate with minimal bending resistance.
A flex joint can be modeled as a beam element or preferably
as a linear spring having the appropriate rotational stiffness
properties. Stiffness is a function of deflection magnitude.
and this flex joint property can be important for fatigue. It
should be ensured during the motion analysis that the design
angular limits of the flex joints are not exceeded.
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6.4.2.2.2 Stress Joints

Stress joints are special joints at the bottom or op of the
riser designed to control the curvature and hence the stress in
the riser where it attaches to a stiff support structure. They are
usually tapered from a thick-walled section to a thinner-
walled section with constant [D. A stress joint can be mod-
eled for gross stiffness purposes as a number of straight-
walled beam sections with decreasing wall thickness.

6.4.3 Solution Methods

A numerical solution to the equilibrium equations is typi-
cally obtained by assembling equations for each region com-
prising the riser into a system of equations describing the
force-displacement relationships for all degrees of freedom
(dof). By combining all equations for elements connected to 2
particular node, in a manner consistent with requirements for
equilibrium at the node and compatibility between elements,
equations relating forces at all global dof to displacement at
each dof at the node are obtained. Assembling all such equa-
tions for N global degrees of freedom leads to a system of N
coupled algebraic equations. These equations can be
expressed in matrix form as:

(MU )+ [CHOY + KU LY = (R (40)
where
[M] = NxN system mass matrix.
[€] = NxN system damping matrix.
[K] = NxN system stiffness matrix.
{R} = Nx 1 system load vector.
({7} = N | acceleration vector.
{0} = Nx | velocity vector.

11} = Nx | displacement vector.

where each row represents the equilibrium equation for a glo-
bal degree of freedom, obtained by adding contributions from
cach connected element. Matrix columns contain coefficients
specifying mass, damping and stiffness coupling between the
various dof. The coupling terms arise from clements which are
connected between nodes at which the coupled dof are defined.
The following sections address various issues pertinent to the
numerical solution of the global equilibrium equation.

6.4.3.1 Discretization

6.4.3.1.1 Finite element or finite difference technigues are
typically employed to reduce the differential equilibrium
equations 10 a set of coupled algebraic equations that can be

e
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solved numerically. The riser must be discretized carefully to
avoid numerical errors from too coarse a mesh while produc-
ing a model that can be analyzed with a reasonable amount of
computational effort. The level of discretization that is ulti-
mately acceptable depends on the numerical representation of
tension variation, the spatial variation in physical properties
of the riser and in the magnitude of applied load, frequency
content of the applied load and the accuracy of the desired
results. In general, coarser meshes are acceptable for deter-
mining approximate displacement solutions to problems
dominated by vessel motions, while finer meshes are essen-
tial for accurately determining stresses in the splash zone or at
a stress joint for fatigue analysis.

6.4.3.1.2 Finite element length is further controlled by the
following considerations”:

El
T
b. Away from boundaries, clement length should not exceed

c=2 JI
wim

where o is the highest lateral frequency to be included in the
analysis.

a. Near a boundary, element length should not exceed: €=

c. The ratio of lengths of successive elements should not
exceed about 1:2.

6.4.3.2 Small Versus Large Angle Formulation

6.4.3.2.1 The “small angle™ assumption is often used when
formulating riser analysis methods, particularly for vertical
risers, In practice, various operational constraints, or stress
limits for many types of risers are only met by keeping the
maximum angle change along the riser below ten degrees.
This just happens to be a generally recognized limit for the
accuracy range of small angle beam theory.

6.4.3.2.2 Use of small angle theory simplifies the solution
through approximation of the curvature term, at the expense
of limiting its applicability. However, small angle approaches
will generally be sufficient for a wide variety of design appli-
cations. Note that small angle theory does not limit the
approach to small displacements. as rather large displace-
ments of a riser in moderate water depths can be achieved
without exceeding an angle change of ten degrees.

6.4.3.2.3 Note also that small angle theory is not limited
to vertical risers. For example, any number of techniques
(e.g., catenary equations) can be used to calculate the initial
configuration of a catenary riser, whose subsequent
dynamic response to environmental excitation can be caleu-
lated by small angle theory, subject to the limitation dis-
cussed above. Large rotations must be modeled, however,
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for certain analyses where angle changes will exceed ten
degrees, This can be the case for flexible risers in extreme
storms, particularly if the loading is normal to the catenary
plane. For these situations, numerous approaches have been
developed to accommodate large rotations,” 74

6.4.3.3 Planar Versus Three-dimensional Analysis

A common simplification for many riser analyses is the use
of planar (two-dimensional) analysis, in which vessel motion,
waves, current and any initial displacement of the riser are all
assumed to be in the same plane. For many cases, especially
for initially straight (vertical) risers, this is an adequate
assumption that can significantly reduce the resources
required for analysis. Planar analysis is therefore particularly
useful for preliminary design work. Spread seas and non-col-
linear wave and current loads cannot be solved directly with
two-dimensional techniques due to the coupling introduced
by the drag force non-linearity. In many cases, reasonable
approximations will still permit the use of two-dimensional
formulations. However, certain problems are inherently
three-dimensional and therefore require a three-dimensional
analysis (e.g., stresses near the seabed for a catenary riser
subjected to loading normal to the plane of the riser).

6.4.3.4 Tension Coupling

Tension in the riser has a significant influence on stiffness.
For some riser designs, the temporal variation in tension rela-
tive to the mean tension is naturally small and therefore will
have little effect on lateral displacement. However, risers with
relatively stff tensioning systems may experience tension
variations that are significant relative 1o the mean tension,
leading to appreciable changes in lateral stiffness. Analysis of
these risers must account for the nonlinear coupling between
axial tension and lateral stiffness. The coupling comes from
the fact that as a riser displaces laterally, it must stretch axi-
ally and/or displace vertically. The balance between axial
stretch and vertical displacement is a function of the con-
straint typically provided by its atachment to a vessel, which
is itself a function of vessel displacement. In the general case,
accurate determination of tension variation requires assess-
ment of the coupling between lateral and axial riser displace-
ments, constraints between the riser and wvessel, and the
associated vessel displacement. In some cases, pressure
changes due to change in elevation of the free surface may
also contribute to tension variation.

6.4.3.5 Stroke and Tensioner Stiffness

6.4.3.5.1 Calculation of tensioner stroke is necessary if
nonlinearities in the tensioner stiffness are to be accounted for
in the tension calculation. Stroke calculations are also often
desired for tensioner design. Stroke of direct-acting w@nsion-
ers is simply the relative displacement between the tensioning
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ring and the vessel. Stroke of other tensioner designs depends
on the particular geometry of their attachment to the tension-
ing ring as well. In any case, vertical riser displacement due
to lateral motion and low frequency and wave frequency ves-
sel displacements should be considered, as should nonlinear
setdown of a vertically-moored vessel (TLP).

6.4.3.5.2 In many cases where tension changes due to
stroke are relatively small, modeling of the tensioner stiff-
ness is not important. However, for detailed design of the ten-
sioning ring or tensioning attachment hardware, forces due to
stroke may be important. Also, in cases where a tensioner is
relatively stiff, or in extreme cases when a tensioner is
stroked out, accurate stiffness modeling of tensioners may be
important. In these cases, lensioners can be modeled as
inclined scalar springs with the appropriate stiffness charac-
teristics. Accurate prediction of forces local to the tensioning
ring may require considering large vessel rotations when for-
mulating the spring (i.e., stiffness changes with instantaneous
vessel position).”>

6.4.3.6 Stability

Low, or even negative, effective tension over a portion of
the riser does not imply the riser is unstable, nor does it cause
the riser to instantaneously experience Euler buckling. The
direct consequence of low or negative effective tension is low
lateral stiffness, the result of which is adequately estimated by
the standard global riser analysis if changes in effective ten-
sion are accounted for,”®

6.4.3.7 Nominal Forces and Stresses

6.4.3.7.1 Nominal internal forces and stresses on the riser
cross section can be calculated directly from the dynamic
equilibrium equation for a riser element using the results from
global analysis. Such nominal forces and stresses can then be
used directly in design, where called for by Section 5, or they
can be used as input to more detailed analysis of riser compo-
nents as described in 6.5,

6.4.3.7.2 Local equilibrium of a riser element leads
directly to the following expression gotten by solving Equa-
tion 38 for internal forces {g}:

tgh = [mltie} + [e]fa ] + [A]fu )= {r) (an

6.4.3.7.3 Contributions to internal force by inertia loads
are represented in the mass times acceleration term. Similarly
damping contributions are represented in the damping term,
and curvature is the stiffness term. Note also that contribu-
tions by internal and external pressure terms are also in the
stiffness term via the effective tension, as is the contribution
of axial wension to shear and moment.
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6.4.3.8 Frequency-Domain Analysis

6.4.3.8.1 Frequency-domain analysis is appropriate when
the effects of tension coupling are known to be small, and
there are no other nonlinearities significantly affecting
responses. Frequency-domain analysis is ofien used for
fatigue analysis with the objective of obtaining estimates of
root-mean-square (rms) axial and bending siresses. Fre-
quency-domain analysis is also useful to estimate rms stresses
for use in strength calculations of certain components as well
as estimating clearance between risers (see 6.6).

6.4.3.8.2 The principal advantage of frequency-domain
analysis is a reduction in computational effort for linear sys-
tems, coupled with very simple unambiguous output. Analy-
sis of linear systems is well understood. and the application of
frequency-domain results to design criteria is straightforward.
The limitation of frequency-domain analysis is the difficulties
and added complexities associated with modeling nonlinear
behavior.

6.4.3.8.3 Wave and current forces as modeled by Mori-
son’s equation are nonlinear in velocity. This is typically a
significant force term for risers, but it can be successfully lin-
carized as described in 6.3.4,3637.3898 With a linearized drag
term, the frequency-domain equilibrium equations become:

[4] §L7} = { Ry} (42)
where

[A] = —4r2 2 [M] + 2rf[C] + [K]
IRLI | l‘b{.‘"z’“ + &)

6.4.3.8.4 |[R;} represents the linearized wave and current
load, fis the wave frequency in Hertz and ff is the relative
phase of the load at degree-of-freedom, /. [(°] contains terms
constructed from the lincarized damping force term. [4] is a
complex-valued coefficient matrix that may be solved
directly at each frequency by standard solution technigues for
simultaneous equations. The equation may also be trans-
formed to modal coordinates, leading to response estimates
for each individual dynamic mode. In either case, the solution
is in terms of displacement amplitude and phase as functions
of frequency, linearized to a particular seastate.

6.4.3.8.5 When displacement amplitudes are divided by
the wave amplitudes used to generate the loads. the results are
termed frequency response functions (RAOs) or transfer
functions. The transfer functions can then be used to generate
response estimates tor a variety of environmental conditions,
although frequently the analysis will be linearized to a variety
of seastates of different intensities to keep the linearization
error reasonably small. There are several good references that
summarize the frequency-domain analysis method for off-
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shore applications.””78.79 There are also several applications
of the method to riser analysis in the literature 30.81.82

6.4.3.8.6 In addition to properly linearizing the drag force,
careful selection of analysis frequencies is essential to ade-
quately model riser response. Frequencies used in the analy-
sis should result in adequate definition of 1) the wave energy
spectrum, 2) vessel response characteristics, and 3) natural
frequencies of the riser.

6.4.3.9 Time-Domain Analysis

Time-domain analysis is typically used when accurate rep-
resentation of nonlinear behavior is important to meeting the
analysis objective. Nonlinear effects encountered for some
riser analyses such as tension coupling. large rotations, non-
linear loading or foundation stiffness can be directly modeled
in the time-domain.3*# In addition, time-domain analysis is
used to analyze transient events such as disconnecting with
overpull on a drilling riser or loss of station keeping ability.
Finally, time-domain analysis can be used to assess the rela-
tive accuracy of equivalent frequency-domain analyses and
calibrate them for use in design.

Time-domain analysis requires defining the environment
as a function of time, typically simulating wave time histo-
ries. Vessel motions may be calculated from the simulated
waves and vessel frequency response functions (uncoupled
vessel/riser analysis) or they may be calculated in the time-
domain along with riser response (coupled vessel/riser analy-
sis). Time-domain analysis is essentially satisfying static
equilibrium, including inertial, damping, and applied loads, at
particular points in time.

6.4.3.9.1 Integration Approach
Direct integration methods integrate the equilibrium equa-

tion in time. with the objective of satisfying dynamic equilib-
rium at discrete times. The general form for such methods is:

(Al AU e = 1R, (43)

for explicit integration methods such as central difference or
for implicit methods, such as the Newmark method.

Ll 10U g = IR ey (44)
where
A = coefficient matrix.
£/ = function of mass. stiffness, and damping.
R = function of load. mass, stiffness, damping, and
the solution at previous time steps.
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The primary difference between the two classes of integra-
tion methods is that explicit methods are derived from the
equilibrium equation at time / and implicit methods at 1 + d,
This has implications on the numerical effort required to per-
form the integration. Explicit methods typically require fewer
computations per time step but often require shorter time
steps to achieve an accurate solution. Implicit methods often
require substantial numerical effort at each time step (like
decomposition of the coefficient matrix) but can often utilize
larger time steps. Selecting a method is usually a trade-off
between accuracy and economy. A variety of methods are
available from the literature 5586

Stability and accuracy of the time integration should be
carefully considered when setting up the time-domain analy-
sis run. Most popular methods are conditionally stable, mean-
ing that the time step size must be below a certain threshold
for the analysis 1o yield meaningful results. One of the most
popular methods is the Newmark Constant Average Acceler-
ation method, which is stable for any time step (i.e., uncondi-
tionally stable). However, all methods require that the time
step be small enough to accurately reflect important frequen-
cies in the load or response. This is analogous to proper spa-
tial discretization of the model and careful selection of
frequencies in the frequency-domain method. Large time
steps may result in a quicker analysis that is accurate for the
frequencies represented but may miss important higher fre-
quency contributions.

All methods have some degree of integration error that is
associated with frequency and amplitude of the integrated
response. In certain situations, slight errors in frequency
alone can accumulate and lead to numerical “beating” of the
response. It is important to recognize and understand these
errors when performing time-domain analysis, particularly
for the purpose of simulating long time histories and develop-
ing statistics for extremes.

6.4.4 Special Modeling Considerations
6.4.4.1 Equivalent Pipe Model

Global analyses of multiple tubular riser systems are gen-
erally performed using an equivalent pipe model. The equiva-
lent pipe models are generated using the assumption that the
riser section properties can be calculated from a compound
section. Using this assumption, which ignores non-isometric
properties, the riser properties are obtained by adding the
areas, moments of inertia, effective tensions and masses of all
of the tubulars together along the length of the riser. This
implies that the tubulars are in continuous contact with each
other and that the displacements (and thus the curvatures) of
all of the twbulars along the length of the riser are identical. In
reality the tubulars are not in constant contact with each other.
and therefore, the displacements of the tubulars are not identi-
cal. As a result, the global displacements describe the general
or approximate displacements along the length of the riser

tubulars. The closer the riser system configuration is to the
compound section assumed for the global analysis, the closer
the global displacements are to the actual displacements of
the wbulars.

6.4.4.2 Coupled Vessel/Riser Analysis

6.44.21 Riser simulations are usually conducted as
uncoupled analyses using assumed quasi-static offsets and
wave-frequency motions computed from RAOs from sepa-
rate moored-vessel analyses. Some programs permit solution
of the total vessel/riser/moorings problem wherein the latter
are represented by finite elements. This is called coupled
analysis and it is usually done in the time-domain. It is useful
when:

a. Risers can significantly influence the response of the
vessel,

b. A more complete representation of vessel motions is
desired that includes. for example, slowly varying motions or
more accurate setdown effects.

6.44.22 Coupled analyses are more computationally
intensive since many more degrees of freedom are being
solved for at each time step.

6.4.4.3 Design Statistics and Transfer Functions

Riser analyzes are run either to: 1) determine maximum
values or 2) develop transfer functions, usually for fatigue
analyses or for spectral computation of extremes. Quite dif-
ferent techniques are required in each case.
6.4.4.3.1 Frequency Domain
6.4.4.3.1.1 Extreme Values

Frequency-domain analysis results in root-mean-square,
Xyms. and zero-crossing period, 7-, for stresses and deflec-
tions for a particular seastate according to:

m, = J‘,\‘"SU}(ff (45)
Xoms = oMy (46)
Ty = o @7
iy
where
my = nth spectral moment.

I = frequency. Hz.

SN = power spectrum of the response.
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To predict the maximum values, these must be multiplied
by an extreme factor computed from the distribution of peaks.
Many analyses have assumed Gaussian responses so that the
extreme value is obtained from:

Kmax = Nmean + Xpms * F (48)
F=2in[DAT..P)]

where

P. = exceedence probability.
Npean = mean value of response.
D = duration of condition (often 3 or 6 hours).

While adequate for relatively mild conditions, such as for
fatigue analysis, drag dominated responses are generally non-
gaussian and are not well represented by this type of analysis
in extreme conditions. This is particularly true in the splash
zone, where the effects of intermittent wetting are important
for the statistics.

6.4.4.3.1.2 Transfer Functions

Transfer functions can be obtained directly from frequency
domain analysis programs.

6.4.4.3.2 Time-Domain

6.4.4.3.2.1 Extreme Values

Regular (design) wave simulation. These results are rela-
tively simple to interpret for finding maximum responses 1o
that particular wave, although relating that condition to a
design seastate is problematical. Such an approach cannot be
recommended when there is substantial dynamic response to
frequencies near the design waves. The use of spectral analy-
sis (based on transfer functions appropriate 1o the seastate to
analyze) described in the following, is therefore preferred.

Random-wave simulation. Time series from random-wave
simulations must be processed to obtain extreme values. One
approach is to fit a distribution. such as the Weibull 3-param-
eter distribution. to the peak values and to compute the
extreme value for the storm duration of interest. This method
is particularly attractive for long simulations up to the length
of the storm’s duration. While computationally intensive,
such an approach is well within today s hardware capabilities.
Statistical uncertainty can be reduced by increasing length of
simulation time.

6.4.4.3.2.2 Transfer Functions

When developing transfer functions from regular wave
analysis, such results may contain unwanted higher harmon-
ics that must be removed by filtering.

Random wave simulation results in time series that can be
post-processed to develop transfer functions via Fast Fourier
Transforms (FFT). One commonly used definition is:

_ S0
RAO(S) = 0 (49)
where
SN = wave spectrum at f.

RAC{f) = resp plitude operator, resp
wave amplitude at £2

6.5 COMPONENT ANALYSIS

per unit

This section addresses the detailed analysis of the riser
components using the results obtained in the global analysis.

6.5.1 Individual Riser Tubulars

6.5.1.1 The objective of analyzing individual tubulars is to
evaluate them with regard to the appropriate design criteria
and to generate loads and displacements required to evaluate
their components. The analyses of the individual tubulars
begins with the global analyses. Such analysis takes results
obtained in the global analysis and generates the information
required to satisfy this objective.

6.5.1.2 For riser systems which have one tubular that pro-
vides most of the riser stiffness (i.e., drilling risers. production
risers with small inner tubes, ete,) the global displacements
provide an accurate description of the predominant tubular's
displacements. It may also be possible to determine the ten-
sions, bending moments and stresses in the predominant tubu-
lar without additional analysis. However, in some cases
additional analyses are required to determine the loads and
stresses in the predominant tubular. In these riser systems,
additional analyses may also be required to determine the loads
and stresses in tubulars other than the predominant tubular. For
riser systems which do not have one predominant tubular, addi-
tional analyses are usually required to accurately estimate the
loads, stresses. and displacements in individual tubulars,

6.5.1.3 The additional analyses are aimed at evaluating the
interaction of the riser tubulars and determining the loads.

and displac in each tubular. These may be
obtained directly from the additional analyses or may be
obtained using a procedure derived from the results of the
global analysis and the analysis of the individual wbular. In
most cases it is not practical to perform a specific analysis of
each individual wbular for each load case to be evaluated. For
these situations a procedure may be developed which relates
the loads, stresses and displacements in the individual tubes
to the loads. stresses and displacements generated in the glo-
bal analyses.
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6.5.1.4 The wbulars interact with each other through con-
tact loads which occur at discrete points along the length of
the riser. The frequency and size of the contact loads between
the tubulars depends on the global riser displacements, the
clearances between the tubulars (and tubular components)
and the lateral stiffnesses of the tubulars. These discrete con-
tact loads may occur anywhere along the length of the wbu-
lars. The most likely points of contact are at the locations of
centralizers, clamps, connectors, etc.

6.5.1.5 Finite element or finite difference computer pro-
grams are generally used to analyze the individual wbulars.
Depending on the riser configuration and the particular objec-
tive of the analysis, it may be desirable to include all of the
tubulars in a solution with each tubular modeled individually,
or it may be desirable 1o model one tubular in a solution and
perform one solution for each tubular. For some riser sys-
tems, @ combination of both methods may be required. For
both methods static solutions are used to perform the analy-
ses. These analyses are used to obtain factors relating the
responses of the individual tubulars to the global responses of
the riser system. These factors are then used in conjunction
with the global analyses to estimate the loads, stresses and
displacements of the individual tubulars.

6.5.1.6 Because the lateral stiffness of an individual tubu-
lar is dependent on the tubular’s effective tension, along with
the cross-sectional properties of the tubular, it is important to
accurately model the effective tension distribution. Some of
the factors which should be considered when determining the
tubular’s effective tension distribution are listed below:

a. Weight of the twbular.

b. Densities of the fluids inside and outside the tubular,

c. Internal and external tubular pressures.

d. Temperature of the twbular,

¢. Boundary conditions at the ends of the tubular.

f. Tubular installation procedure to determine the initial
tubular tensions.

g. Distance between the centerline of the tubular and the
assumed centerline of the global riser model.

h. Special joints (i.e.. sliding or telescoping joints).

i. Relative axial stiffnesses of the riser tubulars.

6.5.1.7 It is also very important 1o accurately model the
free space or distance between the tubulars. The models
should include free space reductions which may occur at the
locations of centralizers, clamps. connectors, or other compo-
nents. Care must be taken when discretizing the model of the
tubular to ensure that in critical arcas, the response of the
tubular between the components can be accurately deter-
mined. For top tensioned metal risers, these critical arcas gen-
erally oceur at the 1op and bottom of the riser and in regions
where the effective tension of the tubular is low enough to
allow buckling of the tubular.
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6.5.1.8 Centralizers are used on tubulars inside larger tubu-
lars to control the displacements of the inner tubulars, The
more centralizers that are used, the more closely the riser
behaves like the equivalent pipe riser model used for the glo-
bal analysis, Centralizers are used to provide the inner tubu-
lars with additional stability, control the locations where
inter-tubular contact may occur and to protect other compo-
nents. For such riser systems. optimization of the centralizer
spacing is generally one of the tasks to be performed. This
generally requires an iterative process in which a number of
responses are evaluated to determine the optimum centralizer
spacing.

6.5.1.9 The resulis which should be generated from the
analyses will vary depending on the type of riser being ana-
lvzed and the objective of the analysis. Some of the results
which may be generated include:

a. Estimation of the axial and transverse displacements of the
tubulars. The axial displacements can be used to generate
information on the relative sliding between tubulars and 10
generate stroke information for tubulars with sliding (stab-in)
connections or telescoping joints. The lateral analyses are
used to generate the load distributions and to determine the
clearances between tbulars.

b. Estimation of the load distributions along the length of the
tubulars, These load distributions are used for the analyses of
the tubular connectors and to determine the stresses along the
length of the tubulars, The loads obtained at the ends of the
tubulars are used for the analyses of the components con-
nected to the ends of the tubulars.

¢. Estimation of the stresses along the length of the tubulars.
These stresses are used o evaluate the tubulars with regard to
the allowable stress and fatigue criteria.

d. Optimization of the centralizer and/or clamp spacing.

e, Estimation of the contact loads between tubulars. These
contact loads can be used to design centralizers and evaluate
wear.

6.5.2 Connectors and Stress Joints

6.5.2.1 The objective of these analyses is to assure struc-
tural integrity and performance of these components as a part
of the overall riser system. Analysis is intended to demon-
strate that they are resistant 1o yielding and failure due to
fatigue.

6.5.2.2 The following analysis procedures are recom-
mended:

a. Global analysis: Determine the net loads by global analy-
sis. In global analysis the stress joint should be modeled
appropriately with its varying stiffness. If flowlines and their
guide tubes share bending loads with the stress joint. it may
be assumed that there is a common radius of curvature for all
these tubes. The bending stiffness of the guide tubes and the
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flowlines are then added to that of the stress joint. Connec-
tors are usually represented by adding the weight and mass
to the tubular distributed properties. Such global analyses
include all possible seastate and riser configurations, and the
waorst riser response is then determined. From the global
analysis, determine loadings and displacements on the stress
joint or connector, calculate stresses along various cross sec-
tions of the stress joints and compare with allowable stresses
criteria.

b. Finite element analysis: Detailed finite element analysis
(FEA) is then usually performed. A two or three-dimen-
sional model may be used. Symmetry of the component can
be utilized in deter-mining the stress state by using a two-
dimensional axisymmetric FEA model. For such two-
dimensional analyses the equivalent tension concept (API
Spec 16 R) can be used to account for the bending load in
element types which allow only axisymmetric loadings.
Element formulations which allow axisymmetric modeling
with asymmetric loading are also available and may provide
improved results, Depending on the finite element model,
displacements and rotations rather than forces and moments
may be used to transfer the loadings from the global model
to the local model.

¢. Boundary conditions: A fixed boundary condition may be
used at the end of a stress joint attached to a foundation that
is significantly stiffer than the stress joint. The flexibility of
either the riser base or the upper riser package should be
included using appropriate spring elements. Interface ele-
ments can be used to model the interactions between the
stress joint and the lower connector package. This provides a
method to determine the load at which separation of the
faces of the connection between these two components
initiates.

d. Stresses: Once stresses are available from the FEA, they
should be compared to the design allowables defined in Sec-
tions 4 and 5.

e. Fatigue: Connectors and stress joints are critical members
where fatigue loading should be analyzed. Either FEA based
analysis or global analysis results may be used to calculate
the fatigue life. In the case where the global results are used,
stress amplification factors (SAFs) should be used for local-
ized high stress regions.

6.5.3 Flex Joints

Local analyses as outlined for the stress joint can be con-
ducted for the flex joint. The purpose of the local analysis is
to determine high local stresses and life of the joint under
fluctuating loads. Therefore, the model should include stiff-
ness of the elastomers between spherical shaped steel rings
and appropriate contact elements. Such models must include
highly non-linear behavior of the rubber layers and call for
specialized analyses capabilities,
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6.5.4 Effect of Appendages on Local Stress

Examples of appendages that will have an effect on local
stresses and may need to be analyzed are:

a. Choke and kill lines.
b. Anodes.
c. Buoyancy.

6.5.5 Tensioning System

Tensioner design requires information on maximum loads.
stroke, and angles. Loads comprise tensions in each compo-
nent, for example: cylinder tensions and centralizing reac-
tions. Stroke information determines the overall dimensions
of the tensioner unit and will generally be quite different for
up and down-stroke directions. Since such responses are
likely 10 be non-gaussian in large seastates, care should be
taken in developing extreme values from time series.

6.6 SPECIAL PURPOSE ANALYSES
6.6.1 Clearance

Clearance between risers, between a riser and a moving
obstruction (e.g.. a FPS pontoon), or between a riser and a
stationary obstruction (e.g.. subsea wellhead) is typically
assessed by performing a global riser analysis and calculating
mean clearance and relative motions. Statistics on minimum
clearance and impact velocity can then be developed. Envi-
ronmental conditions that are usually checked in clearance
analyses are storms and high currents.

6.6.1.1 Waves

6.6.1.1.1 Clearance can be estimated for wave-induced
motions in the frequency domain by calculating mean clear-
ance and estimating relative displacements due to slow-drift
and wave-frequency responses. Statistics for minimum clear-
ance, contact rate, and potential collision velocities can then
be estimated based on reasonable simplifying assumptions
and standard formulas for extreme values.

6.6.1.1.2 Mean clearance can be estimated as the average
clear distance between risers with the vessel at its mean slow-
drift offset. If riser natural frequencies are well d
from vessel drifi frequencies. then the standard deviation of
relative displacement due to slow drift of the vessel can be
estimated as the change in clearance that oceurs as the vessel
moves from its mean slow drift offset to the mean plus slow
drift standard deviation position. This will often be an ade-
quate representation for connected risers. However. some ris-
ers may exhibit appreciable dynamic response to vessel drift
during installation or retrieval operations (e.g.. running a sub-
sea BOP without guidelines). For these cases, a dynamic
analysis is appropriate to determine a relative displacement
spectrum due to slow-drift, using the vessel motion slow-drift
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spectrum as a dynamic boundary condition. Finally, the stan-
dard deviation of relative displacements at wave frequencies
is estimated by differencing the wave-frequency displace-
ment transfer functions of the two risers. These transfer func-
tions must be linearized about a particular vessel position,
due to the effect of vessel motion on riser tension.

6.6.1.1.3 A complete description of clearance in the fre-
quency domain includes the mean clearance plus a relative
displacement response spectrum, which typically comprises
response due to vessel slow-drift and wave-frequency
motions and loadings. There are no generally accepted proce-
dures for calculating extreme response statistics for a com-
bined slow-drift and wave-frequency relative displacement
process. However, the general approach is to develop an
envelope function for the combined process and then estimate
extreme values of the envelope using classical level-crossing
techniques.78889 There are no specific examples for riser
clearance analysis in the literature at this time, but the
extreme response of a vessel is an analogous problem that has
been studied extensively. %0

6.6.1.1.4 Similar quantitics may be calculated via time-
domain analysis, in which case the calculation of relative dis-
placement is straightforward if both slow-drift and wave-fre-
quency vessel motions are included in the simulation.
Relative velocities are typically computed via numerical dif-
ferentiation of the relative displacement.

6.6.1.2 Currents
6.6.1.2.1 Basic Wake Formulae

Because of potentially large static deflections in high cur-
rents, the risk of collisions in riser systems should be evalu-
ated. Large static deflection of a riser does not necessarily
represent a problem as long as it is approximately equal for
all risers in the array. However, for risers, even relatively
small difference in deflection can exceed the top and bottom
end spacings and lead to mechanical contact or collision
between adjacent risers.

Thus it becomes necessary 1o calculate the deflection of
each riser in the array to determine if any two will collide or if
there will be collision with mooring lines, platform pontoons,
etc. In this calculation it is recommended to account for the
shielding effect of risers situated upstream in the current field.

For calculating the shielding effect, the theoretical formu-
lation for fully developed turbulent wakes is recommended.

The wake field behind a cylinder in homogeneous flow
g NS

b=k (Cabx)'? (52

Uy = ko (Cabix)' 2 (53)

u= U, exp(-0.693(v / b)) (54)
Xe=x+4D/ Cy (55)
where

b = wake half-width (see Figure 38),

Cy = effective drag coefficient, any expected VIV 1o
be taken into account by increasing its typical
stationary flow value.?!

D = diameter of riser generating the wake.
x = distance in flow direction from center of riser.
v = transverse distance from center-line of wake.
U, = wake velocity aty=0.

u = wake velocity at arbitrary downstream coordi-
nates x,u.

V' = inflow velocity to upstream riser.

ky and > empirical constants having approximate values &) =
0.25 and -‘.’g =1.0.

As an example of the practical consequences of this formu-
lation consider two cylinders of equal diameter, one sitting
directly behind the other in the direction of the current. If the
cenler-to-center spacing is 5 diameters. the drag force on the
downstream cylinder is reduced by 45 percent compared to
the upstream cylinder. If the spacing is 30 diameters the cor-
responding reduction will be 27 percent and at a spacing of
100 diameters the reduction is still as large as 16 percent. It is
generally accepted that the potential flow field induced by a
cylinder is negligible at distances of the order of 5 diameters
or more. However, as can be seen from the above examples,
the shielding effect produced by the upstream cylinder is sig-
nificant even at much larger distances.

The evaluation of risk of collision in top-tensioned riser
arrays can be done in three phases as follows:

Phase 1: The static deflection due to current drag is calcu-
lated for each riser in the array, neglecting any hydrodynamic
interaction between them, i.e., assuming the inflow velocity
for each riser to be equal to the current at the relevant level. If
the riser deflections as calculated above do not exceed signif-
icantly the average of top and bottom spacings in the riser
array, one can safely conclude that there will be no collisions
between the risers due to the current, and no further analysis
is necessary. On the other hand. if the deflections as calcu-
lated are much larger than the spacings. more accurate analy-
sis is recommended as described in the following phase.

Cottgnt Anes e Fetews gt
Proviass try HS under |enie win AP

) OTELTON OF NMWONGRG Bermitind wihoul Sesae from HS ot for Resss



Desieh oF RISERS FOR FLOATING PRODUCTION SySTEMS (FPSS) AND TENSION-LEG PLATFORMS (TLPS) 9N

Phase 2: This calculation procedure takes wake interaction
into account. The procedure consists in calculating the deflec-
tion of each riser, starting with the far upstream riser, and
continuing with each riser in the sequence of their position in
downstream direction.”® The essential feature is that when
calculating the local inflow velocity, the wakes generated by
all upstream risers are taken into account by the formulae
shown above.

If the deflections determined by the Phase 2 calculations
show that no collisions will occur. then no further analysis is
necessary. However. if the direction of the current varies for
different levels down the risers, or if the stiffness of the ten-
sioning devices is such that it significantly reduces the deflec-
tion, there is still hope that collisions will not occur, even if
the Phase 2 calculation showed that they would. In this situa-
tion it is recommended that one proceeds to the more com-
plete analysis of Phase 3.

Phase 3: This more complete analysis accounts for varia-
tions of current direction for different levels down the riser
and for the stiffness of the tensioning device of each riser. The
riser curvature and deflections in the two horizontal direc-
tions (x and y) are determined accordingly. The drag force is
calculated, correcting the inflow for the wakes generated by
all the other risers, using the geometry of the other risers
determined in the previous current step.

If the deflections of the different risers according to this
calculation procedure are such that they collide, the designer
has two options:

4. Change the spacings or other parameters of riser system in
order to avoid collisions.

b. Verify that mechanical contact between risers will be
acceptable

If the second is chosen, one will have to evaluate possible
damage due to two effects:

a. Risers at different angles making continuous mechanical
contact, producing additional bending moments at the posi-
tion of contact.

b. Risers vibrating due to VIV, producing dynamic impact
forces at the points of collision, thus producing additional
bending moments as well as possible damage to the surface
of the risers. In this case a maximum possible impact velocity
will be 2wA, where @ and A are the frequency and amplitude
of the VIV, respectively.

6.6.1.2.2 Flexible Risers of Arbitrary Geometry

The numerical procedures described above refer primarily
to a vertical or nearly vertical riser. For this type of riser. the
numerical procedures up to and including Phase 2 calcula-
tions have been verified by experiments.?s For conditions
typically referring 1o Phase 3 calculations, there is so far no
experimental verification available, and the reliability of the

Table 5—Values of k3 for Different Velocity Profiles and
Different Riser Top Tension to Bottom Tension Ratios

TyTy Profile  12.0 5.5 33 16 1.0
Rectangular 114 1.07 1.03 1.00 1.00
WH=1.0 0274 0.282 0291 0.316 0.342
hWH=038 0.193 0.196 0212 0.237 0.262
hH=0.6 0.121 0.128 0136 0.157 0.178

hWH =04 00622 00663 00717 00852 00991
WMH=03 0.0392 00423 00460 00555 00653
hWH =02 00213 00231 00252 00307 00369
hWH=10.1 0.00893  0.00967 00106 00131  0.0160

results of the calculations should be judged with this limita-
tion in mind.

For flexible risers of arbitrary, wave-type geometry the
basic wake formulation is still applicable. Again there is no
experimental verification available, and practical experience
from this type of calculations is still very limited.

6.6.2 Hydrostatic Collapse
6.6.2.1 Collapse of Metal Pipe

6.6.2.1.1 The formulas given below may be used to ana-
lvze collapse resistance. These formulas should be used with
the criteria given in 5.4.1.

6.6.2.1.2 The collapse pressure for round pipe. P, is given
by:
Py=P by (PR +RAYI2 (57)

6.6.2.1.3 The minimum collapse pressure for imperfect
pipe. P, including the effect of bending strain, is given by:

Po=P,(g—55,) (58)
where

Dy = nominal pipe outside diameter and wall thick-
ness less any corrosion allowance.
D = maximum outside diameter of pipe.

Diin = im outside di

of pipe.
Eu = modulus of elasticity and Poisson’s ratio,
a, = specified minimum yield stress.

A = cross sectional area of pipe = m(7)/4.
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a = cross sectional area of wall = 7t [D2 - (D - 21))/4.

I, = effective tension on tubular,

@ = unit weight of water.

H = water depth.

P; = internal pressure.

P = netexternal pressure = GH - P},

Sa = mean axial stress = (T, - PA) fa- Py

Y, = reduced yield stress = a, {[1 - 3(5,/ 26,)]'2 -
(Sa/ 26,)}.

Py = yield pressure with simultancous tension =
2Y4/D.

P = elastic buckling pressure = [2E/ (1 -v3)] (+/ DY'.

p = plastic to elastic collapse ratio = P,/ P,.

O, = initial ovality = (Dyay — Din) / (Dpuay + D).

/= out-of-roundness function = [1 + (00 / 1)*]'2 -

oD/

g = imperfection function= (1 +pH) 2/ (P2 + 12,

b = strain reduction factor = 1.5 for API pipe.

5o = critical bending strain =1/ 260,

s = bending strain experienced by tubular.
6.6.2.1.4 Langner® provides more detailed information on
the analysis methods suggested in this section.
6.6.2.2 Collapse Propagation

6.6.2.2.1 An acceptable method of calculating the net
external pressure under which a pipe buckle can propagate £,
is to use the following formula:

Pp =240,/ Dy (59)

6.6.2.2.2 This formula should be used with the criteria in
54,

6.6.23 Commentary

The following points have been considered in developing
the criteria in 5.4 and 6.6.2.1:

a. Unless more accurate methods are used. the analysis pro-
cedures given in this section and the ecriteria provided in 5.4
should be applied to demonstrate that metal tubulars used in
FPS risers will not collapse under external hydrostatic pres-
sure. While based on a substantial amount of test data, these
criteria may benefit from further refinement as additional
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tests are performed. For example, additional data may be ben-
eficial to define the performance of DSAW pipe and the
effects of pipe eccentricity and residual stress. Sections 5.4
and 6.6.2 are intended 1o apply to metal tubulars of steel, alu-
minum, or titanium.

b. Little data exists to allow comparison of the results of this
approach with experimental results for titanium. An alterna-
tive approach using the equations derived by Timoshenko and
considering ovality may be used to verify predictions for this
material but may require higher safety factors to yield the
same degree of conservatism.

¢. The design factor is introduced to allow for variation in
the criteria based on factors such as the following:

1. Manufacturing methods, type of pipe.
2. Consequences of failure.
3. Service conditions.

d. The reduced yield stress is calculated based on von Mises”
failure theory to allow the incorporation of tension into the
analysis. The reduced yield stress is introduced in place of the
yield stress in the hoop pressure formula to give the yield
pressure with simultaneously acting tension. This approach is
conservative and results in predictions that agree well with
experimental results,

e. Analternative is to normalize the axial stress with the ulti-
mate stress in the reduced yield stress formula. This approach
offers even closer agreement between predictions and experi-
ments performed to date but is not necessarily conservative.
f. The strain reduction factor, b, has been taken as 1.5 for
AP grade pipe. Given a measured stress strain curve that is
always increasing, a smaller value may be appropriate. Like-
wise, for non-API pipe with high yield stress or large wall
thickness tolerances, a larger value of b may be warranted.

6.6.3 Vortex-Induced Vibrations

6.6.3.1 For long cylindrical structures such as risers, the
following basic model typifies an analysis for VIV:

a. Natural frequencies and mode shapes for bending are
determined as accurately as possible,

b. Vortex shedding frequencies are determined (along the
riser span) from the Strouhal relationship f; = 'StD (where 17
is the local free stream velocity).

¢. Vortex shedding frequencies are compared with the funda-
mental natural frequencies to see if VIV is possible and to
estimate the highest mode in the response (if VIV is not pos-
sible. then no further analysis is necessary),

d. If VIV is possible. then the VIV responses are determined
from an appropriate model.

e. VIV responses are used to compute the stress amplitudes
and corresponding fatigue damage.

f. If required, estimates of the mean drag coeflicient for the
vibrating riser are obtained.
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6.6.3.2 For highly-tensioned risers, a tensioned cable
approximation is usually sufficient and conservative for com-
pletion of Step a. Otherwise, bending rigidity of a riser must
be taken into consideration. Both Steps a and b can be per-
formed for both the in-line (in-line with the flow) and trans-
verse (normal to the flow) directions. however the transverse
direction usually experiences somewhat higher bending
stresses. Note that St is a function of several variables, includ-
ing Re, surface roughness and the level of free stream turbu-
lence.

6.6.3.3 Step ¢ requires the comparison of the highest vor-
tex shedding frequency, Fpwith the lowest natural fre-
quency in bending, fi1. If Fy/fyn > 0.2, then in-line VIV is
possible. If Fi/fl,; > 0.6, then transverse VIV is possible. For
transverse VIV of a long tensioned riser. the F/f}, ratio may
be rounded upwards (to the nearest whole number) to esti-
mate the highest transverse bending mode in the response.
Note however, that higher harmonics have been observed in
some experiments with test cylinders, but none to date are
known to have been observed for a marine riser experienc-
ing VIV,

6.6.3.4 Step d is the most difficult step in a VIV analysis.
The VIV response depends upon numerous parameters,
including Re, mass ratio, structural and hydrodynamic damp-
ing. the shape of the current profile, the specific modes
responding, the riser roughness, etc. Numerous models exist
for VIV amplitude prediction of risers experiencing VIV in
uniform flows (uniform along the span) and for which the
highest response mode is less than about 5. The best of these
models are summarized by Blevins,*® who notes that the pre-
dicted amplitudes of the various models differ by only about
15 percent. For low mode response. the response frequency
may be conservatively assumed to be equal to the natural fre-
quency of the highest mode excited. For higher mode
response, and for situations in which the current is nonuni-
form or sheared along the riser span. the low mode models
are usually overly conservative and accurate prediction of the
response is complex. While there is not an accepted way of
modeling high mode or sheared flow VIV, several conceptual
models have been proposed. including those by Wang and
Dalton™ and Vandiver.*!4245 These models account for the
possibility of multiple bending modes being excited by a
sheared current but require calibration with substantial model
or field data before they can be used to confidently make
responsible predictions. These models also attempt to prop-
erly account for hydrodynamic damping: however, the user
must also include the correct structural damping which. for
flexible pipe, can sometimes be substantial. The effects of
adjacent tubulars should also be considered.

6.6.3.5 Once the VIV response is known. the bending
stresses can be easily and accurately determined using com-
mon formulas for stress and strain. The bending stresses can
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then be combined with additional structural information, such
as weld types and locations to produce fatigue life estimates.
Analysis of wear may also be required for flexible pipe.

6.6.3.6 The predicted VIV amplitudes and frequencies can
be used to obtain estimates of the local mean drag coefficients
by use of an empirical formula. Blevins reports some of the
more common formulas used to estimate these drag coeffi-
cients. ¥ All of the formulas are in effect an empirical coeffi-
cient (which accounts for the vibration) that is multiplied by
the local steady drag coefficient for a stationary riser.

6.7 SERVICE LIFE

6.7.1 Fitness-for-Service

A fundamental requirement of any engineering structure is
that it should not fail during its service life. Depending on the
operating environment and the nature of the applied loading,
a structure can fail by a number of different modes. In the
case of FPS risers the failure modes of most concern are frac-
ture (brittle fracture, ductile fracture, plastic collapse, ete.),
fatigue, and environmental cracking.

The flaw acceptance standards included in the majority of
fabrication and construction codes are based on good work-
manship practices. More recently, a number of fracture
mechanics-based assessment procedures have been devel-
oped which enable the significance of weld discontinuities to
be assessed on a “fitness-for-service™ basis. Using this con-
cept, a structure is considered to be fit-for-service provided it
can be operated safely throughout its design life. The adop-
tion of finess-for-service concepts in several codes has
resulted in the development of more rational flaw acceptance
criteria,

Fitness-for-service assessment procedures can also be used
to assess the significance of flaws or cracks in a structure
which may have escaped detection during original fabrication
or have developed in service (e.g., fatigue cracks or environ-
mental cracks). These procedures enable operators not only to
assess the significance of flaws in structures but determine
remaining life, inspections intervals, and inspection sensitiv-
ity requirements.

6.7.1.1 Fracture Mechanics Assessment
Procedures

6.7.1.1.1  Fracture mechanics seeks to relate the three
parameters which combine to control the process of fracture.
These parameters are:

a. Size of discontinuity.
b. Material toughness.
c. Applied stress.

6.7.1.1.2 Ifany two of the three parameters are known, it is
then possible (using the principles of fracture mechanics) to
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estimate the value of the third parameter which will give rise
to failure of the structure. Alternatively, if all three parame-
ters are known, it is possible to predict if the structure is fit-
for-service and, if so, the margin of safety.

6.7.1.1.3 Figure 40 summarizes the different loading paths
that can result in the failure of a statically loaded structure
(assuming creep and corrosion effects are not significant).
The loading paths range from brittle fracture under nominally
clastic loading (applied stresses well below yield) to plastic
collapse (overload of remaining ligament).

6.7.1.14 In cases where brittle fracture occurs at low
applied stresses, the concept of linear elastic fracture mechan-
ics (LEFT) can be applied, i.e.. a stress intensity factor (K)
approach. At the other extreme when the failure mechanism
is plastic overload, assessments should be performed using
limit load or plastic collapse analyses,

6.7.1.1.5 Between these two extremes, elastic plastic frac-
ture mechanics (EPFM) methods can be applied to assess the
integrity of structures. The two most common EPFM fracture
characterizing parameters are the crack-1ip opening displace-
ment (CTOD) and J-integral (J), Fitness-for-service method-
ologies have been developed using both of these parameters.

6.7.1.1.6 A number of different fitness-for-service assess-
ment methodologies for calculating allowable or critical
flaw sizes are currently in use throughout the world. Never-
theless, the most widely used assessment methodology for
offshore structures is BSI PD6493. This document includes
detailed fracture and fatigue assessment procedures for
welded structures.

6.7.1.1.7 Fitness-for-service design philosophies can be
applied to welded structures in several different ways. The
first and most widely used approach is to develop relaxed
flaw acceptance criteria which are typically derived assuming
a minimum toughness level which is incorporated in a weld
procedure  qualification. Nevertheless, fitness-for-service
concepts can also be used to develop inspection criteria
including sensitivity and probability of detection, In addition,
fitness-for-service concepts can be used 1 demonstrate that
flaws, which may escape detection, will not impair overall
structural integrity even under accident or overload condi-
tions.

6.7.1.2 Fatigue Design

In general, the fatigue life of a component can be broken
down into two phases: Crack initiation and propagation. In
the case of unwelded components (e.g.. machined compo-
nents), the crack initiation period represents the bulk of the
total fatigue life. This is particularly noticeable at high fatigue
lives where the fatigue crack initiation period may exceed 95
percent of the fatigue life. In the case of machined compo-
nents, once a fatigue erack has grown to a detectable size, the
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component is virtually at the end of its useful life and would
normally be withdrawn from service.

In the case of welded joints, there is practically no crack
initiation period due to the presence of weld toe discontinui-
ties which behave as preexisting cracks. As a result, the bulk
of the fatigue life of a welded joint can be attributed to fatigue
crack propagation.

The difference in the fatigue behavior of parent material
and welded joints (i.e., the difference in the crack initiation
phase) has significant effects on overall fatigue performance
and fatigue design. In general, the fatigue strength of
unwelded components increases with material tensile strength
due to the in-creased initiation life associated with higher
strength materials. In the case of welded joints however, the
fatigue strength is relatively unaffected by material tensile
strength because the bulk of the fatigue life of a welded joint is
spent in the propagation phase, and although crack propaga-
tion rates can change from one material to another there is no
consistent trend with regard to tensile strength.

6.7.1.21 S-N Curve Approach

6.7.1.2.1.1 Parent Material S-N Curves

The S-N curve approach is probably the most widely used
approach to assess the fatigue performance of parent material.
Since the fatigue behavior of parent material components is
dependent on a number ol parameters including parent mate-
rial properties (e.g., strength), microstructure, environment,
mean stress, etc., it is difficult to develop general fatigue
design puidelines to cover parent material components (e.g.,
castings, changes in section, threaded connections, etc.), If
fatigue data does not exist for the material and testing envi-
ronment under consideration, then the designer must either
develop fatigue data on a case by case basis or use a lower
bound design S-N curve (e.g., Class B S-N curve in the UK
Department of Energy Guidance Notes, 1990).

Parent material fatigue properties are influenced by mean
stress. High mean stress will increase the fatigue damage and
reduce the fatigue life. Commonly accepted methods used to
account for the effect of the mean stress on the fatigue damage
include the Goodman mean stress correction method and the
Gerber mean stress correction method. Many [atigue curves
have been adjusted for or inherently include the effects of
mean stress and no further adjustment is required when using
these curves. However. if the fatigue curve being used does
not account for the effects of mean stress, then an adjustment
of the mean stress effects should be included in the analysis.

6.7.1.2.1.2  Welded Joint S-N Curves

The fatigue behavior of welded structures is reasonably
well understood and comprehensive fatigue design rules have
been established. The majority of fatigue design codes present
a series of 8N curves for different weld joint geometries
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which have been derived from constant amplitude fatigue test
data. The design S-N curves incorporate the effect of the stress
concentration due to the weld, and as a result the stress
adopted in a design assessment is the nominal far field stress.

A classification system is used to relate details of the
welded joint (i.c., weld joint geometry) and the appropriate
design S-N curve. In general, the classification depends on
the joint type, joint geometry, form of applied loading, and
the testing environment, Since these parameters will control
the local stress distributions at welded joints, the different
design S-N curves can be viewed as a method of accounting
for local stress effects arising from weld joint geometry and
the form of applied loading. Unlike parent material S-N
curves, S-N curves for welded joints are in general, not influ-
enced by mean stress, because the bulk of the fatigue life is
spent in the crack propagation phase. In addition, weld resid-
ual stress always exists to some extent.

6.7.1.2.2 Fatigue Crack Growth Assessment
Procedures

Since the majority of the fatigue life of a welded joint is
spent in the crack propagation phase, the analysis of fatigue
cracking in welded joints is well suited to fracture mechanics.
It can be used to predict the fatigue strength of nominally
sound welds by considering the propagation of a fatigue
crack from the inherent discontinuities that exist at the weld
toe and the weld root. Although the size of these discontinui-
ties is not well defined, it is recommended that a discontinuity
depth of 0.2 mm is adopted unless there is a technical justifi-
cation to adopt a different value. One of the advantages of a
fracture mechanics approach is that this method can be used
10 predict S-N curves for welded joints which do not readily
fit into the existing weld joint classifications. In such cases,
the user can predict fatigue performance by undenaking a
finite element analysis of the welded joint under consider-
ation assuming an initial crack size and compute the antici-
pated fatigue life.

Fracture mechanics assessment procedures can also be
used to predict the life of a joint with a weld discontinuity or a
parent material component (e.g.. casting of forging) which
contains a flaw. The most widely used fatigue crack growth
relationship is the Paris Law:

da ! dN = C(K)® (60)
where:
K = applied stress intensity factor range.
a = crack size.
N = number of cycles.

Candm = constants which depend on the material and
environment.

For design purposes, it is sometimes necessary to estimate
the limiting flaw size which will not extend by fatigue during
service. The limiting crack size below which fatigue crack
growth will not occur can be calculated using fatigue thresh-
old concepts. This information can be useful in defining the
required sensitivity of NDT equipment and also drawing up
inspection criteria.

Fracture mech based fatigue t procedures
can also be used to define inspection criteria and in particular
inspection intervals. This is achieved by assuming the maxi-
mum flaw size which may escape detection and specifving a
critical crack size which should be detected to avoid unneces-
sary damage to the structure or the risk of failure.

6.7.1.2.3 Stresses For Fatigue Assessment

For riser components, both the S-N and fracture mechanics
design approaches require knowledge of the magnitude and
probability of occurrence of the expected loads applied dur-
ing either the riser’s life or the recommended inspection inter-
val. These expected loads are generated from global riser
analyses. The loads used to estimate the fatigue damage gen-
erated by the primary wave frequencies are obtained from
dynamic global analyses of the riser for the seastates expected
during the riser’s life or the recommended inspection interval.
The expected seastates, along with the probability of occur-
rence of each, form the “Fatigue Weather Scatter Diagram.™

The loads used to estimate the fatigue damage generated
by the low frequency wave drift are obtained from global
analyses of the riser using the low frequency wave-induced
motions of the FPS, These loads can be generated using static
or dynamic global analyses, depending on the frequency of
the motion, Dynamic analyses should be performed if the
inertial loads generated by the low frequency wave-induced
motions are significant. The loads generated by VIV must be
obtained from a VIV analysis of the riser.

It is important to remember that all of the loads that con-
tribute to fatigue damage of the riser components are cyclical
in nature. A number of cycles or probability of occurrence for
each type of load must be known to estimate the expected
fatigue damage. For the primary wave cycle damage, this
information is usually given in the terms of number of wave
cycles for a deterministic analysis and number of storms for a
spectral (stochastic) analysis.

When assessing parent material components or welded
joints in the post-weld heat-treated condition, the stress range
required for a fatigue assessment is the total stress range if the
stress range is entirely tensile. In situations where the stress
range is partly compressive, then the stress range for the
fatigue analysis should be taken as the entire tensile stress
range plus 60 percent of the compressive stress range. For
welded joints in the as-welded condition. the stress range to
be used in fatigue assessments should be based on the full
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stress range regardless of whether the stress range is partly or
wholly compressive,

In the S-N fatigue approach, peak stress ranges are calcu-
lated for each bin in the fatigue weather scatter diagram.
These peak stress ranges are equal to the product of the
dynamic pipe wall stresses obtained from the global riser
analysis and the stress amplification factors (SAFs) calcu-
lated for the riser components. The dynamic pipe wall
stresses are calculated from the dynamic bending moments
and the dynamic tension variations. The SAFs are derived by
local finite element analysis of a structural component. The
SAFs represent the stress increase caused by geomelry, three-
dimensional effects and load paths through the structural
component.

In cases of variable amplitude loading, the Miner cumula-
tive damage summation is used to sum the damage from the
different loads. As long as all of the load cycles are included
in the analysis, the total damage obtained using the cumula-
tive damage summation is not affected by the sequence in
which the loads are applied to the riser component. The
method used to estimate the fatigue damage is different for
the deterministic and spectral analysis methodologies. See
API RP-2A for a description of the deterministic and spectral
fatigue analysis methodologies. The esti d fatigue life is
equal to the inverse of the annual damage generated by the
fatigue loads. The total fatigue damage is equal to the com-
hined damage generated by the fatigue loads (i.e., combined
primary wave frequency, low frequency wave drifi, and FPS
offset-induced damage plus VIV d ) if the installation

(including hardness), weld geometry, level of welding resid-
ual stresses, operating conditions, and environment.

When assessing environmentally-assisted cracking on a fit-
ness-for-service basis, the user must first identify the cause of
cracking or damage and assess the possibility of further
growth or damage, i.¢., is the cracking associated with origi-
nal fabrication defects or previous operating conditions which
were more severe than current conditions (e.g., upset condi-
tions or a change in operating conditions). If the possibility of
further growth or damage exists. the user must estimate
remaining life and determine appropriate inspection intervals
or develop an on-stream monitoring approach. The basic
options for treating a component which has experienced envi-
ronmentally-assisted cracking are as follows:

a. Prevent further cracking or damage.
b. Predict remaining life using appropriate crack growth law
and determine appropriate inspection intervals.

However, before proceeding with any of the above options,
the engineer must first assess the limiting crack or flaw size
which could result in failure of the component. The limiting
flaw size should then be compared with the cracks or flaws
that have been detected to determine the maximum allowable
crack growth.

6.7.1.3.1 Prevention of Further Cracking

Prevention of further crack growth can be addressed by
either changing the operating conditions (e.g.. downrating) or

damage is negligible. (See 6.2.5.4.)

Care must be taken in calculating the stresses and SAFs to
be used in the fatigue analysis. Relatively small changes in
the stresses and SAFs can result in large differences in fatigue
life. Fatigue life is proportional to the stress ranges and SAFs,
each raised to the power of the S-N curve inverse slope (from
3 to 5). It can be demonstrated that, for an S-N slope of 5,
doubling of either the stress range, SAF, or any product of
these, decreases fatigue life by a factor of 32. For example, if
the structural component had a fatigue life of 100 years, dou-
bling the product of the stress range and SAF would reduce
the fatigue life to 3 years.

6.7.1.3 Environmental Cracking

Environmentally-assisted cracking is common in compo-
nents which operate in aggressive (e.g., sour) environments,
Environmentally-assisted cracking or degradation can take
many forms ranging from local thinning caused by global
corrosion attack to stress corrosion cracking and hydrogen-
induced cracking or hydrogen blistering. The form of crack-
ing or degradation is dependent on a number of factors
including the material, chemical composition and microstruc-
ture, weld metal and properties of the heat effected zone

i ing the resistance to further environmental attack
through the use of protective coatings, ete. One of the most
important assessment parameters for components operating
in aggressive environments is the threshold stress intensity
factor to prevent further crack growth, frequently referred to
as KISCC. Assessments can be performed using KISCC to
predict acceptable combinations of crack size and applied
stress. i.¢.. combinations which will not give rise to subse-
quent crack growth in service. This concept can also be
applied in design o ensure that original fabrication flaws will
not extend in service. Unfortunately, KISCC is dependent on
both material and operating conditions and appropriate values
can be difficult to obtain,

The fatigue stress intensity factor threshold should also be
considered when assessing the possibility of subsequent
crack growth. It should be noted that the fatigue stress inten-
sity factor threshold is also very sensitive to the environmen-
tal conditions.

6.7.1.3.2 Predict Remaining Life Using Crack
Growth Law and Determine Inspection
Intervals

If further crack growth in service cannot be ruled out, a
remaining life assessment should be performed. The first step
in performing a remaining life assessment is o predict the
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limiting crack or flaw size which could result in failure of the
component. The limiting flaw size is then compared with the
cracks or flaws that have been detected to determine the max-
imum allowable crack growth.

Depending on the material and the operating conditions,
environmental crack growth relationships can take several
forms. In most cases, the rate of crack growth is a function of
the applied stress intensity factor although there are some
forms of environmental cracking which are simply a function
of time. With this in mind. it is essential that the user selects
an appropriate crack growth relationship for the component
and operating conditions under consideration. This can be a
major problem since crack growth rates can be very sensitive
to changes in the process environment. Nevertheless, assum-
ing an appropriate crack growth relationship is available, the
user can calculate the number of cycles or time required for
the existing cracks to increase to a critical size. This informa-
tion can then be used to set inspection intervals to monitor
crack growth and enable the user to decide when to take
remedial action or withdraw the component from service,

6.7.2 Wear

Wear and friction must be considered together as wear
causes surface damage which can act as initiation sites for
fatigue cracks to develop. On its own. wear is not considered
a problem structurally, as the loss of material is ofien insignif-
icant for stress considerations. However, its effect on fatigue
can be to greatly accelerate it, often causing fretting fatigue
failure. Fretting fatigue is particularly important for risers
having two metal armor layers in contact with each other. All
calculations for wear must be considered as approximate
since wear process is not fully understood. However, from
limited data available, it appears 1o be a strong function of
friction and the strengths of the material on either side of the
interface.
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6.9 NOMENCLATURE FOR SECTION 6.3
A = Cross sectional area of the riser.

Ax = In-line oscillating amplitude.

Ay = Transverse oscillating amplitude.
AyD, AJD = Amplitude ratio.

Cy = Added mass coefficient.

Cyq = Mean drag coefficient.

C4" = Fluctuating drag coefficient.

Cp = Mean lift coefficient.

Cr" = Fluctuating lift coefficient.

Cy = Hydrodynamic inertia coefficient.

Can. Cat = Normal and tangential drag coefficients of
an inclined cylinder.

D = Riser outer diameter or drag diameter.

DwDt = Material derivatives of u: ='u/t +u'u/'x +v
uly +wilu/z

f = Riseroscillating frequency.
fs = Vortex shedding frequency.
F = Generalized loading function.
Fi. Fp = Hydrodynamic inertia and drag forces per

unit length.
Fi. = Hydrodynamic lift force per unit length.
G(0) = Wave spreading function.
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Significant wave height.

Height of surface roughness.

Wave number associated with frequency
Wy

Keulegan-Carpenter number (U T/D) or
(X ay T/D).

Transverse length scale of free stream tur-
bulence.

Reynolds number (LU,DIV) or (U, D/V)or
(% max DY),

Strouhal number (f; D/U).

Wave spectral density.

Period of wave motion.

Peak period of the wave spectrum.

Zero crossing period.

Root mean square of free stream turbulence
fluctuation.

Maximum value of u normal to the riser
axis.

Wave particle velocity components in local
coordinates (Figure 34).

Free stream current velocity.

fiat for Hasale

U,
Uy(D)
-

-
=

Normal component of free stream current.
Reduced velocity.

Wave particle velocity in global coordi-
nates.

In-line displacement of the riser.

Lagrangian velocity and acceleration of the
riser in local coordinates.

Longitudinal centerline spacing of two ris-
ers.

Transverse centerline spacing of two risers.
Mass density of the sea water.

Standard deviation of ( ).

Kinematic viscosity.

Main direction of the waves.

Wave spreading angle.

Wave frequency.

Random phase distributed between 0 and
2n.

Inclination angle of the riser about the hori-
zontal plane.

Wave profile.

Gamma function.
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Figure 29—Design/Analytical Procedure for Top Tensioned Risers
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Figure 30—Flexible Riser Applications
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Figure 31—FPF Static Offset
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Figure 32—Hybrid Riser Tow-out Option
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Figure 33—Current Profiles
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Figure 34—Local Coordinate System (x,y.z) vs. Global Coordinate System (x4,xz,X3)
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Figure 37—Satellite Lines on Circumference of a Bare Drilling Riser
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Figure 38—Wake Profile Behind a Cylinder in Stationary Flow (Left) and Definition of Wake Half Width (Right)
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7 Materials
7.4 SCOPE AND PURPOSE

This section defines the materials, their processing. and
performance characteristics appropriate for use in FPS riser
design. Steel, titanium, and the material components of flexi-
ble (non-bonded) pipe are covered. Other materials, such as
aluminum, are not excluded if risers built using these materi-
als can be shown to be fit for purpose. Running and handling
tools are not covered in this section.

7.1.1 Specifications

7.4.1.1 The material should conform to an established
specification and to the minimum strength level, group, and
class in accordance with the design. In situations where an
appropriate ASTM, APL, ASME, AWS, or other equivalent
specification does not exist, a materials or fabrication specifi-
cation should be developed. subject 1o preproduction qualifi-
cation and used as appropriate for each situation.

7.1.14.2  For metallic structures, certified mill test reports or
certified reports of tests made by the fabricator or a testing lab-
oratory in accordance with DIN 50049 or equivalent consti-
tutes evidence of conformity with the specification. Non-
metallic structures should be certified to comparable standards.

7.1.2 Material Considerations

Factors that should be considered when selecting materials
include:

7.1.21 Tensile Properties

The riser analysis will determine the tensile characteristics
that should be specified for the material. Tensile characteris-
tics can include vield strength, ultimate strength, modulus of
clasticity, Poisson's ratio. elongation, reduction of area, and
strain-to-failure.

7.1.2.2 Fracture Toughness

The minimum fracture toughness of the material should be
such that brittle fracture is avoided at the expected stress lev-
els over the anticipated service life and at the lowest antici-
pated service temperature (LAST). Fracture mechanics-based
flaw-tolerance considerations are appropriate. Toughness and
fracture avoidance considerations are usually more critical for
highly-loaded members, at areas of stress concentration, at
regions of material inhomogeneities such as welds, and at low
service temperatures. Caution should be exercised in compar-
ing results from one method of fracture toughness testing
(Charpy, CTOD. drop weight tear tests, etc.) to another.
Material (steel, titanium, etc.) and material form (tubing. pip-
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ing, forging, plate, etc.) may dictate the best testing tech-
nique.

7.1.2.3 Service Temperature

The environmental conditions will determine the tempera-
ture ranges in which the material is expected to function, The
LAST will determine the toughness characteristics that
should be specified for the material. Test loads should also be
considered when selecting material strengths.

7.1.2.4 Fatigue Resistance

The fatigue resistance of the material should be compatible
with the expected fatigue stresses over the anticipated service
life. The environmental loadings usually cause the greatest
fatigue related loading in a riser. It is important that good
environmental information and surface vessel response data
are used to predict the fatigue life.

7.1.2.5 Internal Erosion or Wear

Internal erosion or wear can be caused by abrasive cle-
ments (e.g.. sand) in the produced fluid and passage or rota-
tion of downhole equipment. It can also be caused by a high
flow rate with turbulent flow characteristics at flow area
changes in the riser. This should be taken into account when
selecting materials that will be in contact with the flow. API
RP 14E provides guidance on erosional velocity constraints.

74.26 HzS

Sulfide stress cracking can cause many materials to fail
prematurely and catastrophically. If HaS is present in the flu-
ids, NACE MRO175 should be consulted to determine
acceptable materials for use in these conditions.

7.1.27

Internal corrosion can be caused by the fluid chemically
reacting with the material (¢.g., chlorides, COa, HaS, comple-
tion or treatment fluids). This can be addressed in different
ways including inhibitor injection in the flow. material selec-
tion, or coating the surfaces that are subjected to the corrosive
environment.

Internal Corrosion

7.1.2.8 External Corrosion

External corrosion can be caused by numerous conditions.
Depending upon the mode of corrosion, the preventative
action can vary. Possible solutions include: placement of sac-
rificial anodes, material selection, and coating the material.

7.1.29 Welding

The final properties of welded areas should be taken into
consideration. Acceptance criteria should be established for
all weld joints,

Mot for Reasis
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7.1.210 Code Requirements

Materials which are to be used in components requiring
regulatory agency review may require certification in accor-
dance with the appropriate design code.

7.2 MATERIAL CLASSIFICATION

This section defines and classifies materials appropriate for
use in the design and construction of FPS riser systems. All
materials, components and joints between components
should be designated according to three design classes. The
design classes are: Primary, Secondary, and Tertiary. These
design classes form the basis for selection of structural metal-
lic materials and riser components and identification of
appropriate inspection and maintenance programs.

In addition, seals may form a separate class. Metal or elas-
tomeric elements that maintain pressure integrity but serve no
other role in the riser system should be designated as a Seal
Class. An example of such applications are the ring gaskets in
collet connectors and the O-rings in subsea wellhead systems.

7.21 Primary Class

7.2.1.1  Structural materials or riser components (or parts
thereof) for which failure may induce a complete failure in
the riser system or interruption in production, should be des-
ignated as a Primary Class.

7.2.1.2 Material fracture toughness characteristics for this
class should be suitable for the conditions of service.

7.21.3 This class includes materials suitable for use at
subfreezing temperatures and for critical applications involv-
ing adverse combinations, where cold work, stress concentra-
tion, impact loading, or lack of redundancy indicate the need
for improved material toughness characteristics.

7.2.1.4 This class may also include materials involving
limited thickness, moderate forming, low restraint, and a
small or modest stress concentration factor, where the lack of
redundancy of the riser system may cause a catastrophic fail-
ure due to an isolated fracture of the material.

7.21.5 Examples of such applications are main compo-
nents in subsea wellhead systems, stress joints, riser joints,
and mechanical connection in tie-back production systems,
riser bottom connectors, casings and transition spools in sur-
face wellhead systems and main components of tensioning
systems,

7.2.2 Secondary Class

7.2.21 Structural materials, riser components, or parts of
components and welds of reduced criticality should be desig-
nated as a Secondary Class. This class includes materials for
components that have enough structural redundancy. In this
case the fracture of the material or the failure of the compo-
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nent does not cause an interruption in production or the cata-
strophic failure of the riser system.

7.2.2.2 Materials that might normally be considered criti-
cal in application may be identified as a Secondary class if the
design is determined to be sufficiently robust.

7.2.3 Tertiary Class

Materials, riser components. or parts of components that
are not considered structurally critical should be designated
as Tertiary Class. This class may include attachments such as
anodes, temporary welds, ete.

7.3 MATERIAL FORMS
7.3.1 Tubulars
7.3.1.1 General

7.3.1.1.1  This section covers steel and titanium tubulars
and flexible (non-bonded) pipe. Tubulars should be procured
in accordance with a written procurement specification which
clearly defines all performance criteria and required proper-
ties of the tubulars. The general requirements of a Quality
Assurance System should be implemented by the tubular
manufacturer, As a im, tubulars should be manufic-
tured and tested in accordance with the requirements of APl
SPEC 5L, APl SPEC 5CT, or equivalent industry standards
for metallic tubulars and APl Spec 17] or equivalent industry
standard for flexible pipe.

7.3.1.1.2  Manufacturing procedure specification and qual-
ity plan—It is recommended that tubulars be manufactured in
accordance with @ Manufacturing Procedure Specification
(MPS) that has been reviewed and approved by both the man-
ufacturer and operator. An MPS is defined as a detailed writ-
ten step-by-step plan for manufacture, describing specific
methods, materials, equipment, and activities which the man-
ufacturer shall use specific to the particular order of tubulars,

7.3.1.1.3 It is recommended that quality control testing
and inspection of tubulars be conducted in compliance with a
Quality Plan (QP) that has been reviewed and approved by
both the manufacturer and operator. A QP is defined as a
written document setting out specific quality practices,
resources, and sequence of activities relevant to quality con-
trol testing and inspection of the whbulars, specific to the par-
ticular order of tubulars.

7.3.1.2 Materials Selection and Process of
Manufacture

The specific chemical composition should be mutually
approved between the tubular manufacturer and operator
afiter thorough review of performance criteria, manufacturing
method, required propertics and fabrication method (e.g..
upset and threaded, ginh welded. ete.). For girth-welded
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tubulars, special attention should be paid to control of ele-
ments affecting weldability and subsequent HAZ properties.

Steel and titanium twbulars may be i d by either
a seamless or a seam-welded process. In case of seam-welded
processes, special attention should be paid to both the process
controls and NDT employed for the seam weld in order to
reliably ensure required properties are met and that defects
are controlled to within specified levels.

7.3.1.21 Steel

Steel wbulars should be manufactured by either the seam-
less process, electric-resistance welded (ERW), or double-
submerged arc welded (DSAW) seam-welded processes.

It is recommended that tubulars be manufactured by a steel
making process that includes vacuum degassing resulting in a
fully-killed steel and a fine (ASTM 7 or finer) grain structure.

7.3.1.2.2 Titanium

Titanium alloys may be generally classified as alpha,
alpha-beta, or beta type alloys, depending on the extent and
type of alloying elements added. Some examples of commer-
cial titanium alloys which are potential candidates for marine
riser tubular service are given in Table 6.

Specific compositional limits and tensile property mini-
mums for these and other titanium alloy tubular products may
be found in ASTM B-337 and ASTM B-338 wbular product
specifications.

In general, titanium tubulars are produced via the same
methods utilized for steel tubulars, but special precautions
must be employed. During processing, titanium absorbs oxy-
gen and hydrogen that will degrade mechanical properties.
Oxygen contamination is surface related and can be mini-

mized via coatings during hot working. During pipe finish-
ing, this case layer must be removed either by chemical

or al

7.3.1.2.3 Flexible (Non-Bonded) Pipe

A non-bonded flexible pipe is a multilayer structure com-
posed of thermoplastic and structural steel layers as described
in Section 2.4.2.3.2,

7.3.1.2.3.1 Thermoplastic Materials

Thermoplastic materials used in flexible pipe manufacture
are olten made of high density polvethylene; cross-linked
polvethylene: nylons 6, 11, and 12; polyvinyldene fluoride
(PVDF) and polypropylene. Selection of material types,
grades and additives should be guided by functional require-
ments. Data on candidate grades should be reviewed for the
following:

Internal/external fluid tightness.

. Long term allowable strains.

Wear resistance.

. Fluid and chemical compatibility.

. Creep resistance under service conditions.

. Modulus stability.

g. Aging resistance and change in properties for anticipated
service conditions over service life.

e en op

In order to select the thermoplastic material. manufacturer
and operator should review the following information:

a. Fluid composition.
b. Service temperature and
excursions.

anticipated  temperature

Table 6—Titanium Alloys for Riser Use
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ASTM grade Minimum vyield strength

Alloy type Alloy (UNS number) MPa (ksi)
alpha Ti-0.3Mo-0.8N1 12 (R53400) 345 (50)
near-alpha Ti-3A1-2.5V 9 (R56320) 483 (T0)

Ti-3A1-2.5V-0.05Pd 18

Ti-3A1-2.5V-0.1Ru —
dlpha-beta Ti-6A1-4V 5 (R56400) 759-827 (110-120)

Ti-6AL4V ELI 3

T-6A1-4V-0.05Pd 24

Ti-6Al-4V-0 | Ru =
beta Ti-3AL8V-6Cr-47r-4Mo 19 793-1172 (115-170)
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¢. Frequency and duration of exposure to fluids used for tem-
porary operations (e.g.. well stimulation acids, oxygen
scavengers, inhibitors, etc.).

d. Operating pressure and depressurization frequency and
rate. Qualification testing is advisable where new material
grades are being used or where the service conditions are out-
side the experience base. Qualification test requirements
should be agreed upon by manufacturer and operator,

7.3.1.3 Materials Qualification

Qualification of materials used in metallic tubulars and
flexible pipe are outlined in this section. It is recommended
that tubular materials be qualified in accordance with a docu-
mented qualification plan that has been reviewed and
approved by both the manufacturer and operator.

7.3.1.3.1 Metallic Tubulars
7.3.1.3.1.1 Qualification Test Samples (QTS)

This section refers to qualification test samples (QTS) for
metallic tubulars. QTS for whulars should take the form of
test rings which are suitable for subsequent extraction of
mechanical test specimens cut from tubulars in their final as-
rolled or heat-treated condition. A QTS should be cut from
one tubular at approximately the midpoint of each production
lot. For these purposes a production lot is defined as all tubu-
lars heat treated together either as a batch or sequentially in
an uninterrupted continuous operation with the same nominal
dimensions from the same heat.

7.3.1.3.1.2  Mechanical Properties

Tensile test specimens should be extracted and tested from
QTS representing each production lot. As a minimum, the
following tensile properties should comply with design
requirements:

a. Yield strength.

b. Ultimate strength.

¢. Percent elongation.

d. Percent reduction of arca.

7.3.1.3.1.3 Fracture Toughness (Tubulars)

Fracture toughness testing of production material is recom-
mended (e.g. as per ASTM E1290, ASTM E992, ASTM
E399, ASTM E813 or equivalent), Test temperatures for frac-
ture toughness tests should be according to Table 7. Tough-
ness wvalues are to be specified by owner or operator
consistent with the design and fitness-for-purpose practices.

For titanium alloys. the planc-strain fracture toughness
tests (per ASTM E-399 or equivalent) are recommended.
(See Table 7 for test temperatures. )

7.3.1.3.2 Flexible Pipe

7.3.1.3.2.1  Polymeric Materials

The adequacy of polymers in relation to phenomena such
as aging. fatigue, creep. environmental stress cracking. swell-
ing due to water/oil absorption, UV light degradation, wear/
abrasion. and blistering shall be considered for qualification
testing. Samples for testing shall be taken from material
extruded on to a flexible pipe with repr ive di
or an equivalent procedure. It is recommended that qualifica-
tion test requirements for the polymer sheath layers. antiwear
layers and tapes, and insulation be reviewed and approved by
both the manufacturer and operator.

7.3.1.3.2.2  Metallic Materials

As a minimum, the following tensile properties should
comply with design requirements:

4. Yield strength.

b. Ultimate strength.

c. Percent elongation.

d. Percent reduction of arca.

In addition, the material grade designation, heat treatment,
surface treatment, and lubricator (where relevant) shall be
documented.

7.3.1.4 Inspections
7.3.1.4.1 Metallic Tubulars

As a minimum all riser wbulars should be ulrasonically
examined over 100 percent of the pipe body in accordance
with API Spec SCT SR2 (12'/5 percent reference notch), for
both longitudinal and transverse defects. Depending upon
design requirements (i.c., fracture mechanics fatigue predic-
tions) a more severe reference notch or side-drilled hole may
be warranted. The ends of upset tubulars and coupling stock
should also be inspected with ultrasonics to equivalent crite-
ria. In addition, the ends of all tbulars. whether upset or not.
and all coupling stock should be magnetic particle inspected
for both transverse and longitudinal defects.

For additional references regarding the ultrasonic inspec-
tion of titanium tubulars, the user may refer to AMS 2236 or
MIL STD 2154, MIL STD 6866 is a common standard used
when performing liquid penetrant inspection of titanium
components,

7.3.1.4.2 Flexible Pipe

Inspection requirements for flexible pipe shall be in accor-
dance with APl Spec 17J or as agreed upon by manufacturer
and operator.
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Table 7—Toughness Testing Recommendations

7.3.2 Forgings and Extrusions
7.3.21 General

This section covers steel and titanium forgings and extru-
sions. Forgings and extrusions should be procured in accor-
dance with a written specification and Quality Assurance
System. The following text identifies elements to be consid-
ered in development of the written specification.

7.3.2.2 Alloy Selection and Process of
Manufacture

The specific chemical composition should be mutually
approved between the tubular manufacturer and operator
after thorough review of performance criteria, manufacturing
method and required properties.

The designer should consult with manufacturers and
experts as o the appropriate specifications for the desired
application. When selecting a suitable composition, designers
and metallurgists should as a minimum, consider the follow-
ing:

a. Will the forging or extrusion contain structural weldment?
b. Will repair welding be allowed?

Service Class —> Primary Secondary
= Toughness Testing Toughness Testing
Material Form Recommended Test Temperature Recommended Test Temperature
Metallic Tubulars | Steel Fracture Toughness <=LAST if not girth- Charpy V-notch <=LAST -18°F (10°C)
. welded
<=L AST-36°F (-20°C)
if girth welded
Titanium Fracture Toughness <=LAST Fracture Toughness <=LAST
Forgings and Steel Fracture Toughness <[ AST Charpy V-notch Impact  [<=LAST -18°F (10°C)
Extrusions
! Drop-Weight Tear <=LLAST —50°F (-28°C) | Drop Weight Tear <=LAST
Titanium Fracture Toughness <=LAST Fracture Toughness <=LAST
Castings Steel See Note 5 Charpy V-notch Impact | <=LAST -18°F (10°C)
Drop Weight Tear <=LAST
Titanium Fracture Toughness <=LAST
Structural Shapes | Steel Fracture Toughness <= AST —36°F (20°C) | Charpy V-notch Impact |<=LAST -36°F (20°C)
and Plates
Drop Weight Tear <=L AST -50°F (28°C) | Drop Weight Tear <=LAST
Titanium Fracture Toughness <==LAST Fracture Toughness <=LAST
Noles:
1. Tertiary Service Class—Toughness Testing Not Required
2. Fracture Toughness testing for steels per ASTM E1290, £992, E399, E813 or equivalent; for titanium per E399,
3. Charpy V-notch tests per ASTM E23 or equivalent.
4. Drop Weight Tear Test per ASTM E208 or equivalent
5. Castings g Ily are not led for primary service. However, if d d suitabl gt requirements should be specified
by owner.

¢. Will there be stress relief after welding?

d. Will the selected composition achieve specified mechani-
cal properties (including toughness) in the critical cross
section and in the HAZ for forgings to be welded?

7.3.2.21 Steel

It is recommended that all primary service class forgings
and extrusions be manufactured by a steel making practice
that includes vacuum degassing or argon-oxygen decarbur-
ization resulting in a fully killed steel and a fine (ASTM 5 or
finer) prior austenitic grain structure.

A range of chemical composition specifications may be
considered suitable for forgings and extrusions, depending on
the design requirements. The following chemical composi-
tion specifications may be considered for forgings and extru-
sions:

a. AlSI41xx.
b. AIST43xx.
c. AISI 86xx.
d. ASTM A182 Grade 22,
e, ASTM A336 Class F22.

Comyrghi Amarcan Pesweu [Pz
Pravided bry IS under bcenss aitn AR
Mo rer0GUEtion of natworg e Sed wihit B hom IHS.

Toor for Resaln



Desich OF RISERS FOR FLOATING PRODUCTION SYSTEMS (FPSS) AND TENSION-LEG PLATEORMS (TLPS) 15

Table 7—Toughness Testing Recommendations

7.3.2 Forgings and Extrusions
7.3.21 General

This section covers steel and titanium forgings and extru-
sions. Forgings and extrusions should be procured in accor-
dance with a written specification and Quality Assurance
System. The following text identifies elements to be consid-
ered in development of the written specification.

7.3.2.2 Alloy Selection and Process of
Manufacture

The specific chemical composition should be mutually
approved between the tubular manufacturer and operator
after thorough review of performance criteria, manufacturing
method and required properties.

The designer should consult with manufacturers and
experts as o the appropriate specifications for the desired
application. When selecting a suitable composition, designers
and metallurgists should as a minimum, consider the follow-
ing:

a. Will the forging or extrusion contain structural weldment?
b. Will repair welding be allowed?

Service Class —> Primary Secondary
= Toughness Testing Toughness Testing
Material Form Recommended Test Temperature Recommended Test Temperature
Metallic Tubulars | Steel Fracture Toughness <=LAST if not girth- Charpy V-notch <=LAST -18°F (10°C)
. welded
<=L AST-36°F (-20°C)
if girth welded
Titanium Fracture Toughness <=LAST Fracture Toughness <=LAST
Forgings and Steel Fracture Toughness <[ AST Charpy V-notch Impact  [<=LAST -18°F (10°C)
Extrusions
! Drop-Weight Tear <=LLAST —50°F (-28°C) | Drop Weight Tear <=LAST
Titanium Fracture Toughness <=LAST Fracture Toughness <=LAST
Castings Steel See Note 5 Charpy V-notch Impact | <=LAST -18°F (10°C)
Drop Weight Tear <=LAST
Titanium Fracture Toughness <=LAST
Structural Shapes | Steel Fracture Toughness <= AST —36°F (20°C) | Charpy V-notch Impact |<=LAST -36°F (20°C)
and Plates
Drop Weight Tear <=L AST -50°F (28°C) | Drop Weight Tear <=LAST
Titanium Fracture Toughness <==LAST Fracture Toughness <=LAST
Noles:
1. Tertiary Service Class—Toughness Testing Not Required
2. Fracture Toughness testing for steels per ASTM E1290, £992, E399, E813 or equivalent; for titanium per E399,
3. Charpy V-notch tests per ASTM E23 or equivalent.
4. Drop Weight Tear Test per ASTM E208 or equivalent
5. Castings g Ily are not led for primary service. However, if d d suitabl gt requirements should be specified
by owner.

¢. Will there be stress relief after welding?

d. Will the selected composition achieve specified mechani-
cal properties (including toughness) in the critical cross
section and in the HAZ for forgings to be welded?

7.3.2.21 Steel

It is recommended that all primary service class forgings
and extrusions be manufactured by a steel making practice
that includes vacuum degassing or argon-oxygen decarbur-
ization resulting in a fully killed steel and a fine (ASTM 5 or
finer) prior austenitic grain structure.

A range of chemical composition specifications may be
considered suitable for forgings and extrusions, depending on
the design requirements. The following chemical composi-
tion specifications may be considered for forgings and extru-
sions:

a. AlSI41xx.
b. AIST43xx.
c. AISI 86xx.
d. ASTM A182 Grade 22,
e, ASTM A336 Class F22.

Comyrghi Amarcan Pesweu [Pz
Pravided bry IS under bcenss aitn AR
Mo rer0GUEtion of natworg e Sed wihit B hom IHS.

Toor for Resaln



16 APl ReCOMMENDED PRACTICE 2RD

f. ASTM A350 Grade LF6 and LF787.

g. ASTM A508 Class 2. 2a. 3. 3a. 4. 4b, 5, and 22B.
h. ASTM A541 Class 2,2a,3,32,4,7.7B.8,22B, and 22.
i. ASTM A707 Grade L.3.14.15.18.

i ASTM A739 Grade B22.

k. ASTM A859.

l. MIL-5-23009 (HY80. HY 100).

For primary service class forgings and extrusions, steel
cleanliness should be verified by magnetic particle step-down
tests (e.g.. AMS 2300 or 2301) or by microcleanliness tests
such as ASTM E45 or equivalent.

7.3.2.2.2 Titanium

It is recommended that all primary service class forgings
be manufactured using the guidelines of ASTM B 381. It
should be noted that some of the titanium alloys are propri-
etary to specific manufacturers.

7.3.2.3 Materials Qualification
7.3.2.3.1 AQualification Test Samples (QTS)

For primary service class forgings and extrusions, qualifi-
cation test samples (QTS) should be used to qualify mechani-
cal propertics after final heat treatment. The QTS should be
sized to realistically represent the forging or extrusion at the
critical cross section. QTS may take the form of prolonga-
tions, sacrificial forgings, trepanned or cored samples, or sep-
arately forged test bars. Separately forged test bars should
have a forging reduction representative of the actual forgings
or extrusions to be qualified and should be heat treated
together with the forgings or extrusions they are to represent.
Separately forged test bars should have an equivalent round
(ER, as defined by AS-1260 for example) greater than or
equal to the forgings they are to represent; however, ER need
not exceed 10 inches (254 mm).

Mechanical properties for secondary service class forgings
or extrusions should be verified by testing QTS meeting the
guidelines of API Spec 6A, Section 407.

7.3.2.3.2 Mechanical Properties

Mechanical Properties should be confirmed for base-metal,
weld-metal and heat-affected-zone for forgings or extrusions
which will be welded.

As a minimum, the following mechanical (1ensile) proper-
ties should be confirmed for forgings or extrusions by tests
performed on the QTS:

a. Yield strength.

b. Ultimate tensile strength,
c. Percent elongation.

d. Percent reduction of area.
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7.3.2.3.3 Fracture Toughness Tests (Forgings and
Extrusions)

Primary service class steel components—fracture tough-
ness tests and dropweight tests (DWT) are recommended
(e.g.. as per ASTM EI1290, ASTM E992, ASTM E399, or
ASTM E813 or equivalent, and DWT per ASTM E208 or
equivalent). Test temperature for fracture toughness tests
should be per Table 7.

Secondary service class steel components—Charpy V-
notch (CVN) impact tests with minimum values for both
absorbed energy and percent shear area are recommended
(e.g., as per ASTM E23 and DWT tests per ASTM E208 or
equivalent), Test temperature should be per Table 7.

For both primary and secondary class titanium compo-
nents, the plane-strain fracture toughness tests (per ASTM E-
399 or equivalent) are recommended, Test temperature
should be per Table 7.

Tertiary service class components—fracture toughness
testing is not required.

7.3.2.3.3.1 Heat-Treatment Controls

Quality heat treatment should be performed in fumaces
meeting the calibration and uniformity guidelines of BSI
M354: AMS 2750; API Spec 6A Appendix H: or equivalent.

7.3.2.3.3.2 Nondestructive Testing

All forgings and extrusions should be ultrasonically (UT)
examined and should have their finish-machined surfaces
examined by the magnetic-particle (MT) or liquid penetrant
method.

7.3.23.4 Steel

Applicable standards for steel forgings and extrusions are
ASTM A388 or MIL-STD-2154 or equivalent for UT and
ASTM A275 or MIL-STD-1907 or equivalent for MT.

For primary service class steel components, UT acceptance
criteria should, as a minimum, be in compliance with ASTM
AT45 PL-1 or MIL-STD-2154 Class A, and MT acceptance
should be in compliance with ASME BPV Sec. VIII Div.1
App.6 or MIL-STD-1907 Grade A (or their equivalents).

For secondary service class steel components, UT accep-
tance criteria should, as a minimum, be in compliance with
ASTM A745 PL-2 or MIL-STD-2154 Class B, and MT
acceptance should be in compliance with ASTM A788 S18
or MIL-STD-1907 Grade B (or their equivalents).

7.3.2.3.5 Titanium

Applicable standards for titanium forgings and extrusion
are AMS 2236 or MIL STD 2154 or equivalent for UT and
MIL STD 6866 or equivalent for liquid penetrant inspection.
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7.3.3 Castings
7.3.3.1 General

Castings should be procured in accordance with a written
specification and Quality Assurance System (AP1 Spec QI,
or equivalent). Castings should not in general be used for pri-
s mary service class unless NDT and mechanical properties
recommended in 7.3.2.1 for primary service class forgings
and extrusions can be verified. The general guidance of
ASTM AT03 for steels and ASTM B367 for titanium should
be complied with. Additional elements to be considered in
development of the written specification include:

7.3.3.2 Alloy Selection and Process of
Manufacture

The specific chemical composition should be mutually
approved between the tubular manufacturer and operator
after thorough review of performance criteria and required
properties. The designer should consult with manufacturers
and experts as to the appropriate specifications for the desired
application.

The following questions can be of primary importance
when selecting a suitable composition:

a. Will the casting contain structural weldments?

b. Will repair welding be allowed?

c. Will there be stress relief afier welding?

d. Will the selected composition achieve specified mechani-
cal properties in the critical cross section?

7.3.3.21 Steel

A range of chemical composition specifications may be
considered suitable for castings and extrusions. depending on
the design requirements. General chemical composition spec-
ifications considered suitable for castings are:

a. AlISI41xx.

b. AISI 86xx.

ASTM A352 All Grades.
ASTM A487 All Grades.
MIL-5-23008 (HYB80, HY 100),

LU =

It is recommended that all castings be manufactured by a
steel making practice that includes vacuum degassing or
argon-oxygen decarburization.

7.3.3.2.2 Titanium

ASTM B367 may be used as a guideline specification for
titanium castings. Castings should be done under vacuum.
Afier casting, the pants should be hot-isostatic press (HIP)
treated to minimize voids and porosity.
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7.3.3.3 Material Qualification
7.3.3.3.1 Qualification Test Samples (QTS)

Qualification test samples (QTSs) should be used to qual-
ify the mechanical properties of all castings after final heat
treatment on a heat and heat-treat lot basis. The location and
configuration of the QTS shall be by agreement between cus-
tomer and manufacturer to assure that the properties of the
QTS will be representative of the entire cast part.

For steels, the QTS shall comply with ASTM A703 Sup-
plementary Requirement $26 (or equivalent), except that the
thickness upon which the dimensions of the QTS are based
should be defined as the diameter of the largest circle that can
be inscribed within the critical cross section of the casting at
quality heat treatment.

7.3.3.3.2 Mechanical Properties

As a minimum, the following mechanical properties
should be confirmed for the castings by tests performed on
the QTS:

a. Yield strength.

b. Ultimate tensile strength.

¢. Percent elongation.

d. Percent reduction in area.

7.3.3.3.3 Fracture Toughness (Castings)

Primary service class—As mentioned in Table 7. for pri-
mary service, castings should be very carefully evaluated,
particularly if welding is involved.

Secondary service class—For steels, Charpy V-notch
(CVN) impact tests with minimum values for both absorbed
energy, percent shear area and/or lateral expansion are recom-
mended (e.g., as per ASTM E23 or equivalent). Test tempera-
ture should be per Table 7.

For titanium alloys, fracture toughness tests (per ASTM
E399 or equivalent) are recommended. Test temperatures
should be per Table 7.

Special attention should be given to welding procedures
(see 7.4).

7.3.3.4 Heat-Treatment Controls

Quality heat treatment should be performed in furmaces
meeting the calibration and uniformity guidelines of MIL-H-
6875: MIL-STD-1684: BSI M54: AMS 2750; AP] Spec 6A,
Appendix H; or equivalent,
7.3.3.5 Inspection

All castings should be either radiographically (RT) or
ultrasonically (UT) examined and should have their finish-
machined surfaces examined by the magnetic-particle (MT)
method to accepted standards,
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For steel castings, ASTM A703 Supplementary Require-
ments S5 or §7 and ASTM A703 Supplementary Require-
ment S6 may be used as reference for RT, UT. and MT
respectively.

For titanium castings, AMS 2236 or MIL STD 2154 or
equivalent and MIL STD 6866 or equivalent may be used as
reference for RT or UT and liquid penetrant inspection,
respectively.

Acceptance criteria for RT should, as a minimum, be in
compliance with Severity Level 3 in low-stressed areas and
ASME BPV Code Section VIII Division I Appendix 7 for crit-
ical areas (or their equivalents). Acceptance criteria for UT
should be Quality Level 3 in non-critical regions and Quality
Level 1 in highly stressed or fatigue hot-spot regions. Accep-
tance criteria for MT should be in compliance with ASTM
E125 Severity Degree 2 for surface indication Types Il
through V and ¥,4" maximum for Type I linear indications in
non-critical regions (or equivalent standards). MT acceptance
criteria for critical regions should be in compliance with
ASME BPV Code Section VIII Division | Appendix 7 (or
equivalent).

7.3.4 Structural Shapes and Plates
7.3.41 General

Structural shapes and plates should be procured in accor-
dance with a written specification which clearly defines per-
formance and acceptance criteria. The general requirement of
a Quality Assurance System should be implemented by the
manufacturer. Certified mill test reports or certified reports of
tests made by the fabricator or a testing laboratory constitute
evidence of conformity with the specification. Unidentified
materials should not be used,

7.3.4.2 Alloy Selection and Process of
Manufacture

Steels and titanium alloys are available in a wide range of
compositions and properties. The designer should select a
specification which provides the required strength level while
also addressing:

a. Weldability, including the use of special welding proce-
dures, if required.

b. Fatigue problems which may result from the use of higher
working stress,

¢. Notch toughness in relation to other elements of fracture
control, such as fabrication. inspection procedures, service
stresses, temperature, and corrosion environment.

7.3.4.21 Steel

The following is a partial listing of specifications for steel
shapes and plate that have been used successfully in offshore
structures and marine risers:

a. ASTM A36,
b. ASTM Al31 Grades A, B, D. E. CS, AH32, AH36,

DH32. DH36, EH32, EH36.
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c. ASTM A516 Grade 65.

d. ASTM A537 Classes 1 and 1.

e. ASTM AS72 Grades 42, 50.

. ASTM AT09 Grades 3672, 5072, 50T3.
g. ASTM ATI10 Grade A Class 3.

h. AP12H Grade 42.

i. API2W Grades 42, 50, 50T, 60.

j. APL2Y Grades 42, 50, 50T, 60,

Additional steel specifications that might be of interest are
listed in documents such as API RP 2A.

7.3.4.22 Titanium

The plate specification most commonly referenced to man-
ufacture and test product is ASTM B 265,

Titanium plate is produced from intermediate slab product
and hot rolled to the required dimensional tolerances, Plate
product is then low-temperature annealed to minimize the hot
rolling stresses. Titanium forms a tightly adhering scale and a
thin, tough, oxygen-rich, surface layer known as alpha case.
This surface layer must be removed by shot-blasting or
machine-grinding and chemically etching. An alpha-case-free
surface enhances the ability to form, machine and weld tita-
nium,

Heat treating—Several of the alpha beta (Grades 5, 23, 24,
and 25) or beta titanium alloys (Grades 19, 20, and 21) are
heat ble, reaching ical properties above those
stated in ASTM. A common heat treating specification is
MIL-H-81200,

7.3.4.3 Materials Qualification
7.3.4.31

Mechanical Properties

As a minimum, the following mechanical properties
should be specified and confirmed:

a. Yield strength.

b. Ultimate strength.

c. Percent elongation.

d. Percent reduction of area.

7.3.4.3.2 Fracture Toughness (Structural Shapes
and Plates)

Fracture toughness is recommended and test temperatures
should be per Table 7.

7.3.44 Inspection

Application and service environment will influence the
NDT requirements. Typically. higher alloyed alpha beta and
beta grades require an ultrasonic inspection o AMS 2631
Class A. Finish material surfaces are routinely dye penetrant
inspected to MIL-1-6866.

Hat for Feasie



DesieN OF RISERS FOR FLOATING PRODUCTION SYSTEMS (FPSS) AND TENSION-LEG PLATFORMS (TLPs) 18

7.4 WELDING
7.41 General
: 7411 Scope

This section establishes the recommended practices for arc

welding of wrought and cast steel and titanium materials for

» risers and attachments thereto. For steels, welding should be

conducted in accordance with 7.4 and APl Std 1104 and sup-

plements. Unless otherwise specified in the contract docu-

ments, longitudinal weld seams in the manufacture of steel pipe

are acceptable provided they comply with the applicable pipe
specification. For sour service, NACE MRO175 should apply.

7.41.2 Welding Terms

Welding terms and definitions pertaining to welding as
used in this document conform to the standard definitions of
AWS A3.,0 and supplemented by API Std 1104 for steels.

7.4.2 Quality Control

Detailed written procedures should be established for con-
trol of welding quality. The following procedures are recom-
mended prior to starting fabrication:

a. Welding and weld repair.

b. Storage, control, and identification of welding consumables.
c. Welder qualification records.

d. Inspection/NDE.

e. Monitoring the progress and quality of welding.

7.4.21 Welding Processes and Consumables—
Steel

7.4.21.1 Low Hydrogen

Excluding the root pass, all welding of steel with a nominal
yield strength of 40 ksi or more, or a weld throat thickness in
excess of '/» inch, should be accomplished with low hydro-
gen processes (i.e., less than 15 ml/100g).

7.4.21.2 Gas Metal Arc Welding—Short Circuit
Arc

GMAW-S welding should be limited to secondary and ter-
tiary welds or root passes in one-sided butt welds without
backing.

7.4.21.3 Consumables

Filler metal, fluxes, and shielding gases should comply
with the requirements of AP1 STD 1104.

. 7.4.2.2 Welding Processes and Consumables—
Titanium

7.4.2.21 Gas Tungsten Arc Welding

GTAW welding should be used whenever possible. Process
variations such as hot wire filler metal additions or buried arc
may be used when qualified in accordance with this section.
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7.4.2.2.2 Plasma Arc Welding

PAW welding may be used when qualified in accordance
with this section and approved by the user.

7.4.2.2.3 Other Processes

Titanium is readily welded by other conventional pro-
cesses including laser (LBW), electron beam (EBW), friction
(FRW), and flash welding (FW).

7.4.2.24 Consumables

Filler metal shall comply with ANSI/AWS A3.16. The user
should specify the level of testing per ANSI/AWS A5.01.
Schedule J (chemistry only for each lot shipped) or Schedule
K (tests specified by the purchaser for each lot shipped).
Filler metals shall be selected to nominally match base metal
chemistry.

When mounting or removing titanium spools, the wire sur-
face shall not be handled other than with lint-fiee, clean
gloves. Wire which has been improperly handled shall be
removed from the spool and discarded. Manually-fed tita-
nium wire or rod shall be wiped with a clean, acetone-soaked
cloth before welding and handled thereafter with clean, lint-
free gloves. Prior to reinitiating welding, titanjum wire or rod
shall be cut back approximately one-half inch.

7.4.2.25 Shielding Gas

Conventional welding processes, such as GTAW, hot wire
GTAW, and PAW, need not be performed in a chamber, pro-
vided proper shielding is provided. Protection should be pro-
vided to all titanium surfaces above 800°F in order to prevent
contamination by air. Separate gas supplies are needed for
primary shielding (weld torch) of the molten puddle, second-
ary shielding (trailing) of the cooling weld and heat-affected
base metal and backside shielding of the weld and base metal,
Backside shielding may be accomplished with either a purge
or backing shield. Argon or mixtures of argon and helium are
preferred as shielding gas. Inert shielding gases should be at
least 99.995 percent pure and capable of providing a dew
point of ~40°F at the work piece. Shielding gas hoses shall be
new or shall not have been used to carry anything except
weld gases. Rubber hoses are prohibited. All gas lines and
equipment should be prepurged prior 1o use.

The effectiveness of shielding should be evaluated prior to
production welding. An arc should be struck on scrap metal,
The color of the weld can be used as an indicator of shiclding
effectiveness and indirectly, weld quality. Weld colors reflect
the degree to which the weld was exposed 1o oxygen at ele-
vated temperatures. A bright silvery metallic luster can gener-
ally be taken as an indication of an uncontaminated weld.
Straw color indicates decreased shielding in the secondary
shielding. Light straw should be removed by wire brushing. If
straw coloration is observed, welding practice and shielding
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technique should be reviewed. Contaminated welds, as evi-
denced by blue, purple, gold. gray. and powdery white are
contaminated. and weld properties are likely to be deleteri-
ously affected and should be removed.

7.4.3 Qualification
7431 General

Welding procedures and each welder or welding operator
should be qualified in accordance with ASME Section IX for
titanium alloys and ASME Section 1X or APl Std 1104 for
steels and the additional recommendations of 7.4. The weld-
ing procedure should be adhered to during welding per-
formed under this document.

7.4.3.2 Essential Variables

Welding qualifications may be based on ASME Section IX
or API Std 1104 and should also comply with the essential
variable range of this document:

a. A single welding procedure may cover several essential
variable changes as long as separate procedure qualification
exists for each essential variable or the procedure qualification
incorporated the subject changes 1o the essential variables.

b. A change in the trailing shield or backing shield design or
method constitutes an essential variable.

¢. An increase in the maximum time between completion of
the root bead and the start of the second bead does not consti-
tute an essential variable.

d. The addition or deletion of post-weld heat-treatment and/
or a change in post-weld heat-treatment time or lemperature
constitute an essential variable.

e. A change from automatic/ mechanized GTAW to manual
GTAW or vice versa is an essential variable,

7.4.3.3 Material Strength/Grade

Test pieces for welding procedure qualifications should be
of the same strength (vield and tensile) grade and classifica-
tion as production material, Heat-treatment or manufacturing
process should be similar to that used on the job. When avail-
able, actual job material should be used.

7.4.3.4 Base Metal Weld Prequalification—Tubulars

If tubulars are to be joined either o themselves or 0
mechanical connectors via girth welds. it is recommended
that a prequalification program be conducted. in a fashion
analogous to AP1 RP 2Z. This should confirm that the heat-
affected-zone of the tubulars will perform in an acceptable
fashion. relative to tensile properties. fracture toughness,
hardness, and delayed cracking susceptibility. Evaluation
should be conducted on those HAZ in the post-weld condi-
tion that will be utilized in service (i.e., as-welded vs. post-
weld heat-treated).

7.4.3.5 Material Chemistry
7.4.3.5.1 Steel

Test pieces for procedure qualification of carbon steel
should be selected from the higher range of carbon equiva-
lents. All qualified procedures are based upon the carbon
equivalent (Pcm) of the parent metal defined in Equation 55.

Si f'mHClH('r+§-[*@+L+SB (55)

Pem=C= 35 70 5 15 10

where

Pem = carbon equivalent.
C, Si.ete. = elements,

Procedures are qualified for welding materials with a Pem
up to 0L02 percent higher (by product analysis) than the mate-
rial qualified. Heat/ladle analysis may be used if approved by
the company when product analysis is not reported. Use of
higher Pem steels will require a new welding procedure qual-
ification.

7.4.3.5.2 Titanium

Where specified by the user, chemical analysis shall be
taken at the root and face surface. As a minimum, the ele-
ments of the filler metal specification should be checked. The
interstitial elements in the weld metal should not exceed the
limits of the filler metal and/or the base metal specification.

7.4.3.6 Reduced-Section Tension Tests

In addition to the tensile requirements of ASME Section
IX for titanium and ASME Section X or APl Std 1104 for
steels, transverse weld tensile tests should not fail in the weld
metal. Overmatching of the weld metal is desired.

7.4.3.7 Bend Tests

Bend tests shall be performed as part of qualification
requirements for steel and fitanium in accordance with
ASME Section IX. For steel and titanium grades with P-num-
bers, the mandrel diameter should comply with ASME Sec-
tion I1X. QW-466.1. The mandrel diameter shall be 16 times
the specimen thickness for Ti-6Al-4V.

7.4.3.8 Macrosection Examination

One weld area sample should be ground, polished and
etched with a suitable solution to give clear definition of the
weld heat-affected-zone (HAZ) and fusion line microstruc-
wres under the microscope. For acceptable qualification, the
macrolech test specimen, when inspected visually, should
conform to the requirements for visual examination,
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7.4.3.9 Microstructural Hardness

7.4.3.9.1 Steel

For acceptable qualification, the maximum hardness
should be determined using Vickers hardness tests (ASTM
E92) Hv10. Rockwell and Brinell hardness tests and conver-
sions from Rockwell or Brinell hardness tests are not accept-
able. Hardness test locations should be carried out as shown
in Figure 41, Maximum acceptable hardness shall be 325
Hv10. If any individual hardness value exceeds the limit
specified. two further sections should be taken, both of which
should meet the specified requirements.

7.4.3.9.2 Titanium

For acceptable qualification, the maximum allowable dif-
ference between the base metal, HAZ and the weld metal
averages shall not exceed 30 (Hv10) for each traverse. Hard-
ness test locations should be carried out as shown in Figure
41. The hardness test should use the Vickers method with a
10 kg. load.

A photograph or photo macrograph of 1X to 3X magnifi-
cation clearly showing the hardness indentations, HAZ and
the weld zone should be included in the test results.

7.4.3.10 Toughness Testing (Welds)
Test temperatures for welded structure fracture toughness
testing are given in Table 8.
7.4.3.101 Steel
7.4.3.10.1.1 Charpy Testing

Charpy V-notch impact testing should be performed in accor-
dance with ASTM A370. Weld metal, fusion line, and HAZ
tests are required. The Charpy test specimen locations are given

in Figure 42. Only root location tests are required for base mate-
rial thickness less than %/ in. (20 mm). The absorbed energy
and p t shear requir shall be specified by the owner.

7.43.10.1.2  CTOD Testing

When specified by the owner, CTOD testing should be
conducted in accordance with AP1 Sud 1104 paragraph A.3.2.
The level of fracture toughness should be specified by the
owner.

7.4.3.10.2 Titanium

Fracture toughness testing shall be conducted in accor-
dance with ASTM E399. The fatigue crack shall be located in
the weld metal and the HAZ (0 to 1| mm from the fusion line).
Specimen shall be Bx2B, L-C orientation. Acceptance crite-
ria shall be as agreed upon by manufacturer and operator.

7.4.3.10.3 Welders and Welding Operators

Welders and welding operators should be qualified in
accordance with ASME Section IX or API Sid 1104 for
steels. Welders should be qualified for the type of work
assigned and should be issued certificates of qualification
describing the materials, processes, electrode classifications,
positions, and any restrictions of qualification.

Welder requalification tests should be required if there is
some specific reason to question a welder’s ability or the
welder is not engaged in the given process of welding (i.c.,
SAW or FCAW) for a period of 6 months or more.

7.4.4 Welding Workmanship
7.4.4.1 Tack Welds

Tack welds may be used in lieu of lineup clamps for bun
welds to hold members in alignment. All tack welds should

Table 8—Toughness Testing Requirements for Welds

Charpy V-notch Impact

<=LAST -50°F (28°C)

Service Class —> Primary Secondary
Testing Test Testing Test
Material Form Recommended Temperature Recommended Temperature
Steel Base Metal Fracture Toughness <=LAST -36°F (20°C) | Charpy <=LAST -36°F (20°C)
Drop Weight Tear <=LAST -50°F (28°C) | Drop Weight Tear <=LAST
Weld Metal Fracture Toughness <=LAST Charpy V-notch Impact | <=LAST -36°F (20°C)

Fusion Line, HAZ

Charpy V-notch Impact

<=LAST -36°F (20°C)

Charpy V-notch Impact

<=LAST -18°F (20°C)

Titanium—Base Metal, Weld Fracwre Toughness <=L AST Fracture Toughness <=LAST
Metal, Fusion Line, and HAZ
Note,
Tertiary Service Class—toughness testing not required.
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be made by qualified welders using a welding procedure for
the root pass of an approved procedure. Tack welds should
have the same preheat requirements as for the root pass of the
appropriate structural welding procedure.

7.4.4.2 Temporary Attachments

The same care and procedures used in permanent welds
should be used in welding temporary attachments.

7.4.4.3 Preheat and Interpass Temperature

Contractor should develop a general preheat control proce-
dure. The procedure should specify the method of heat appli-
cation and control, maximum temperature of the surface, and
time required for cach application.

74431 Steel

Preheating may be accomplished by any suitable method,
provided that it is uniform and that the temperature does not
fall below the prescribed minimum during the actual welding
operations. Pyrometer thermocouples andfor temperature-
indicating crayons or equivalent should be used to assure the
required temperature is obtained prior to and maintained dur-
ing the welding operation.

Minimum preheat for all steel should be the greater of
38°C (100°F) or the minimum qualified by testing, whichever
is higher.

Maximum preheat or interpass temperature should not
exceed 232°C (500°F) unless otherwise qualified.

7.4.4.3.2 Titanium

When welding titanium, the methods of measuring the pre-
heat and interpass temperatures shall be restricted to those
that do not leave contaminants on the surface of the metal.
Appropriate methods include thermocouples and contact
pyrometers. Temperature indicating crayons are prohibited.
Preheat and interpass temperature should be measured within
approximately one inch of the weld joint edge adjacent to the
area of the start of the next weld bead. Flame heating should
not be used for preheating,

The minimum preheat for titanium should be greater than
60°F, or the minimum qualified by testing, whichever is
higher.

The maximum interpass temperature shall not exceed
350°F unless otherwise qualified.

7.4.4.4 Welding Environment and Joint
Cleanliness

7.44.4.1 Contractor should develop a cleaning procedure,
7.4.4.4.2 Prior to welding titanium and its alloys, it is
imperative that weld joints be free of mill scale. dint. dust,
grease, oil, moisture, and other potential contaminants. Tita-
nium reacts readily at elevated temperatures with air, mois-
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ture, oil. grease. din, refractories, and most other metals to
form brittle compounds. Any surface of the weld joint mem-
bers which will see temperatures above 600°F, or a minimum
distance of two inches from the weld edge. should be cleaned
with non-chlorinated solvents such as acetone. Solvents shall
be new or re-distilled solvents only. Once cleaned, the clean-
liness of the joint should be preserved.

7.4.44.3 Prior to interpass cleaning. each weld bead
should be evaluated for color by the welder/welding operator.
Interpass cleaning is not required as long as the weld is a
bright silvery metallic luster.

7.4.44.4 The use of sandpaper or steel wool, which can
leave particles behind, is a source of contamination and is
prohibited for pre-weld and interpass cleaning. Rotary files,
files, burrs, and stainless steel brushes shall be new, not previ-
ously used on any other material and degreased with acetone
prior to initial use. Tools for use on titanium shall be main-
tained and stored from other tooling so they do not pick up
contaminants,

7.4.4.45 When welding titanium, a clean environment is
required. The area should be kept clean and isolated from dirt
producing operations such as grinding, cutting. machining,
and painting. During welding. the area should be free of air
drafts and temperature and humidity should be controlled.

7.4.45 Joint Fit-Up

7.4.45.1 Good fit-up is more critical for titanium than for
other materials. Uniform fit-up minimizes bumn-through and
controls underbead contour. Poor fit-up may increase the pos-
sibility of contamination from air trapped in the joint. Weld
joint offset should be specified in each welding procedure.
Joint offset refers to the weld land preparation mismatch.

7.4.4.5.2 Passes shall not start and stop at the same point.
Passes should be staggered in such a manner as to overlap the
preceding pass a minimum of 50 mm whenever possible.

7.4.46 Weld Defect Repair

7.4.4.6.1 Authorization for repair of welds, removal and
repair of weld defects and testing of weld repairs should be in
accordance with 7.4. Defects other than cracks in the root and
filler beads may be repaired with prior company authoriza-
tion. Defects other than cracks in the cap pass may be
repaired without prior company authorization. When repairs
are made in previously repaired areas. a procedure similar to
that for repair of cracks shall be used. Cracked welds shall be
discarded unless repair is authorized by the company. All
repairs shall meet the standard of inspection set forth in 7.4.

7.4.4.6.2 For all repair welding, written procedures
approved by the company shall be utilized. These may be
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based on company approved full-penetration groove welding
procedures qualified for repairs.

7.4.4.7 Weld Repair—Castings

7.4.4.7.1 It should be anticipated that castings will have
regions requiring weld repair. Weld repair procedures should
be qualified in compliance with an agreed upon established
industry standard (e.g.. ASME BPV Code Section IX, ASTM
A488. or equivalent) as a minimum. It should be demon-
strated that both weld metal and heat-affected-zone regions
achieve the mechanical properties and NDT specifications for
the remainder of the casting.

7.44.7.2 Authorization for repair of welds, removal and
repair of weld defects, and testing of weld repairs should be
in accordance with API Std 1104,

7.44.7.3 For all repair welding, written procedures
approved by the company should be utilized. These may be
based on company approved full penetration groove welding
procedures specifically qualified for repairs.

7.4.48 Arc Strikes

Arc strikes should be made only in the weld groove. A pro-
cedure should be established for determining the extent of
any methods for repairing damage to materials resulting from
inadvertent arc strikes outside of the weld groove. The meth-
ods of defining the hardened zone, presence of cracks, and
surface integrity restoration should be detailed.

7.4.5 Fabrication Details

7.451 General

Fabrication tolerances should be as per contract docu-
ments.

7.45.2 Temporary Welds

7.4.5.21 Temporary welds or fabrication aids should not
be made on primary members without prior company
approval, Where allowed on primary members, these welds
should be subject to the same welding and material require-
ments as other welds, These welds should not be made within
2 in. (50 mm) of other welds in secondary members.

7.45.2.2 All areas from which temporary attachments are
completely removed should be examined by magnetic parti-
cle. Gouges deeper than allowed by the material specification
thickness tolerance should be replaced or repaired.

7.4.6 Inspection/Examination

7.46.1 General

Inspection and nondestructive examination should comply
with the requirements of ASME Section V and/or API Std
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1104 for steels and the additional requirements of this specifi-
cation. Each inspection or examination should be carried out
using a written procedure approved by the company.

7.4.6.2 Personnel Qualifications

All inspectors should be AWS QC|1 certified (or acceptable
equivalent) except specialty technicians (PT, MT, UT. and
RT) should be qualified and centified according to the guide-
lines ASNT SNT-TC-1A or equivalent. Additionally, all spe-
cialty technicians may be required to demonstrate their
capabilities with a practical site test for company approval,

7.4.6.3 Inspection Requirements

Inspection Requirements should comply with Table 9. All
welds should be visually examined in accordance with APl
STD 1104,

On titanium alloy welds, visual inspection shall include
examination of the weld’s color. The weld should have a
bright silvery metallic luster. Blue, purple, gold, gray, pow-
dery white. or straw-colored welds indicate contamination
and should be removed.

7.4.6.4 Radiographic Examination

Welds that are subject to radiographic examination should
comply with the quality level requirements of ASME Section
V., Article 2 and/or AP Std 1104, Wire type image quality
indicators (1Q1) may be used in lieu of plaque type penetram-
eters. Where wire penetrameters are used, the maximum wire
diameter used to verify film sensitivity should comply with
ASME Section V, Article 2, Table T-276.

7.4.6.,5 Magnetic Particle Examination/Dye
Penetrant

7.4.6.5.1 Steel welds subject to magnetic particle testing
should comply with the quality level requirements of API Std
1104. Magnetic particle inspection should be by the wet
method using a white background and black ink. Magnetic
Particle inspection is required on both OD and 1D for primary
Appendix 6. If the weld 1D is inaccessible, then magnetic par-
ticle inspection after root pass is laid should be done from the
0D,

7.46.5.2 Dye penetrant inspection is required on both OD
and D for primary titanium welds in accordance with ASME
Section V, with acceptance criteria as set in ASME Section 8,
Div. 1, Annex 8. If the weld 1D is inaccessible. then dye pen-
etrant examination after root pass is laid should be done from
the OD.

7.4.6.6 Ultrasonic Examination

7.4.6,6.1 Ulrasonic examination procedures should be
established by an ASNT Level 111 ultrasonic specialist. The
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Table 9—Inspection Requirements

Radiographic Ultrasonie Magnetic Particle/Dye
Classification® material Examination Examination Penetrant Examination
Primary Steel ASME Sec. VI and/or APLRP 2XP and/or ASME Sec. VIII Div. 1.,
APL 11047 API 1104¢ App. 6
Titanium ASME Sec. VIII® Div, I, AMS 26300 ASME Sec. VIII Div. 1,
Uw 51 App. 8
Secondary APLSTD 11040 nol required
Tertiary not required
Notes:
EMaterial classification as defined in 8.2 of this document.
bExamine by either UT or RT.
“As defined by Comp Suppl | requi may be specified by Company.

procedure should define equipment, techniques and methods
consistent with the design requirements,

7.46.6.2 For ultrasonic inspection on steel welds, the
essential variables listed in AP1 RP 2X should be detailed in
the written procedure, which should be submitted for com-
pany approval prior to use during trial and subsequent exami-
nations. Variations from the proven procedure should be
cause for requalification.

7.4.6.6.3 Ultrasonic inspection of titanium welds should
be in accordance with AMS 2630, Both straight and angle
beam techniques should be employed. An ultrasonic standard
should be developed for each pipe wall thickness, with the
weld included.

7.4.6.6.4 Through-thickness UT examination—Plate or
pipe to be used in applications where the member is subject to
substantial Z-direction loading should be ultrasonically
examined. Examination and reporting requirements of A578
should apply.

7.4.6.6.5 The intersect location (footprint), including a 6-
inch (150-mm) wide band, should be examined in accordance
with AS78 acceptance standard-level 1.

7.46.6.6 Members with flaws that would interfere with
weld inspection may be positioned so that acceptable material
is located under the footprint area.

7.46.6.7 Weld repairs of members with unacceptable
flaws up to 10 in* (6450 mm?) may be made using a com-
pany approved weld repair procedure.

7.4.6.7 Acceptance Criteria

Company shall set acceptance criteria if different from
aforementioned standards for critical welds of primary mem-
bers and establish minimum sensitivity parameters for non-
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destructive examination of such welds. Acceplance criteria
may be established based on fitness-for-purpose or engineer-
ing critical assessment procedures. For further description or
reference to this approach see Reference 10.

7.4.7 Postweld Heat Treatment

When required by the owner, a written PWHT procedure
should be supplied to the company for approval.

7.48 Reports and Records
The following reports and data sheets should be supplied 10
the company representative:
a. Mill test reports and certificates.
b. Company approved welding procedure package.
c. Welder and/or welding operator qualification test results,

d. Temperature charts or records for all stress relieving and/
or postweld heat treating (when required by company specifi-
cations and/or regulatory authorities).

e. NDE reports and results.

f. As-built construction drawings.

7.5 BOLTING
7.51 General

Selection of bolting, studs, and nuts for components cov-
ered by this RP should consider the effects of a marine envi-
ronment and the corrosion protection measures that may be
employed at each location. Marine environments reveal that
localized corrosion resistance is a common limitation of oth-
erwise corrosion resistant materials. Threaded fasteners. by
nature, create tight crevices which often result in crevice cor-
rosion and pitting attack. Dissimilar material assembly ofien
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results in galvanic interaction, creating localized generation
of hydrogen, often resulting in hydrogen embrittlement. As a
minimum, the following should be considered:

External fluids.

. Internal Auids.

. Crevice corrosion,

. Dissimilar metal effects.

. Cathodic protection effects.
Coatings.

Preload.

. Tensioning system.

o mEme En o

7.5.2 Materials
7.5.2.1 Steel

7.5.2.1.1 Bolting materials manufactured from carbon or
alloy steel should not be used in submerged or splash zone
service at hardness levels exceeding Rockwell C 35. ASTM
specifications (latest revisions) than can produce suitable
bolting, studs, and nuts are:

a. ASTM A193.
b. ASTM A194,
c. ASTM A320,

7.5.2.1.2 Note that the materials defined in these specifica-
tions are more resistant to general corrosion than high
strength carbon or alloy steel: however, they are all suscepti-
ble to general corrosion, crevice corrosion, pitting corrosion,
stress corrosion cracking, corrosion fatigue, galvanic attack,
and MIC. The above specifications or their equivalents may
be applied, but careful design ideration is recon ded

7.5.2.2 Titanium

7.5.2.2.1 Titanium and titanium alloys are recommended
as preferred marine fastener materials for bolts, studs, and
nuts covered by this RP. These alloys are immune to ambient
seawater general corrosion, crevice corrosion, pitting, stress
corrosion cracking, galvanic attack, and MIC and are highly
resistant to corrosion fatigue.

7.5.2.2.2  All titanium alloys listed in the latest revisions of
the following ASTM specifications are suitable for all wet,
splash zone or dry, bolting. studs. and nuts applications:

a. ASTM F467.
b. ASTM F467M.
¢. ASTM F468.
d. ASTM F468M.

7.6.2,23 Optimum toughness and ductility are achieved
from the ASTM Titanium Grade 19 (Beta-C®) alloy for high
strength applications and ASTM Titanium Grade 4 for low
and medium strength requirements. The above specifications
or their equivalents should be applied.

7.5.2.2.4 Titanium bolting coatings—Titanium alloys gen-
erally require an anti-galling treatment for threaded compo-
nents. The recommended practice is to pretreat the surface
with a neutral bath anodize (e.g., AMS 2487 except with test-
ing requirements as negotiated hetween the supplier and pur-
chaser) and then 1o coat the threads with a bonded
molydisulfide based solid dry film lubricant (e.g., MIL-L-
46010 Type I1). The coatings both mitigate galling concerns
and, simultaneously, make negligible any galvanic interaction
the titanium bolting may have with less noble surrounding
metals. For galling mitigation it may be necessary to only
coat the external thread or the intemal thread. The bearing
surface should be coated. Additional installation lubricants
are not necessary but are not considered detrimental,

7.5.2.3 Nickel-Copper-Aluminum Alloys

7.5.2.3.1 Nickel-copper-aluminum alloy 500 and nickel-
copper-alloy 400 are alternative marine environment bolting
materials, These are not susceptible to general seawater cor-
rosion, but they are susceptible to crevice corrosion, pitting,
stress corrosion cracking, and galvanic attack. The latest revi-
sions of the following ASTM specifications are suitable for
bolting, studs, or nuts;

a. ASTM F467.
b. ASTM F467M.
c. ASTM F468.
d. ASTM F468M.

7.5.2.3.2 These alloys are known to have galling problems
similar to the titanium alloys. Liberal application of installa-
tion lubricants or applications of a solid film lubricant is rec-
ommended. The above specifications or their equivalents
should be applied.

7.6 NON-METALLIC MATERIALS FOR RISER END
CONNECTIONS/TERMINATIONS

7.6.1 Flex Element Elastomers

7.6.1.1 Elastomers are used in riser systems in laminated
flexelements, In laminated Aexelements, rubber lavers are
designed to be permanently bonded to reinforcements (usu-
ally steel). The strength and durability of the bond should be
shown to be adequate for the fluid, temperature, and loading
conditions during the life of the project. The rubber layers
should be designed to operate primarily in shear/compression
to prevent bond failures and to maximize fatigue life.

7.6.1.2 There is a wide range of different elastomers avail-
able, and it is not adequate to specify by material name. A full
material specification must be developed for each application
and must be specific to the compound being considered. This
specification should explicitly take into account: a) fluid
chemical composition, b) operation and upset conditions tem-
peratures, ¢) operating pressure, d) material deformations
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during service, ¢} depressurization frequency and rate, f)
cyclic loading, and g) qualification test requirements,

7.6.1.3 Some commonly used elastomer categories
include:

a. NR: Natural rubber.

b. CR: Chloroprene.

¢. EPDM:  Ethylene-Propylene-Dicne.

d. NBR: Nitrile rubber.

e. HNBR:  Hydrogenated nitrile rubber,

f. FKM:  Fluorocarbon rubber,

g. FFKM:  Tetrafluoroethylene-propy lene terpolymer.

7.6.1.4 Table 10 provides some generic material properties
of various categories of elastomers that can be useful in pre-
liminary materials selection.

7.6.1.5 Final selection of an elastomer compound should
be based on results of material qualification tests that are rep-
resentative of service conditions, These tests should be speci-
fied in the material specification and should be approved by
both user and vendor. It is advisable to review the track
record/ prior experience with the candidate elastomeric com-
pounds in flexelement service prior to making the final mate-
rial selection.

7.6.1.6
include:

It is suggested, that the material specification

a. Shear modulus (over a range of temperatures before and
after aging).

b. Ductile-brittle transition temperature (if applicable to ser-
vice conditions).

¢. Bond strength to metallic reinforcement (e.g., peel adhe-
sion strength).

d. Aging resistance (e.g.. modulus stability over service life),
e. Tear strength (e.g., trouser tear to relate to extreme
deformations).

f. Fatigue resistance (using project conditions of strain, tem-
perature and fluid environment).

g. Explosive decompression resistance.

h. Creep or stress relaxation (if appropriate).

i. Swelling and equilibrium absorption in service fluids,

7.6.1.7 Proper material evaluation, selection and specifica-
tion are required for a long-term, maintenance-free service.
The large number of elastomeric material compositions pos-
sible gives scope for tuning the properties for optimum per-
formance.

7.6.2 Bend Stiffener Materials

7.6.2.1 Bend-stiffener materials are typically molded solid
or reinforced polyurethanes. Selection of the appropriate
grade of polyurethane and care in processing during fabrica-
tion are critical for stiffener performance. Selection of mate-

Table 10—Generic Material Properties for Various
Elastomer Categories

Properties

Elastomer Category

NR, CR, EPDM Low to swell in b bons oil
and gas. Good mechanical properties. Good
low temperature propertics.

NBR, HNBR Moderate to good resistance to swell in

hyvdrocarbons. Moderate high temperature
and chemical resistance. Good mechanical
properties. May stiffen at low temperatures.
Poor H,S resistance

FKM, FFKM High resistance to swelling in hydrocarbon

oil and gas. Good chemical resistance af ele-
vated temperatures. Poor mechanical proper-
ties. May stiffen at low temperatures

rial grades should be guided by functional requirements. The
following data on candidate grades should be reviewed:

a. Stress-strain curve, modulus at prescribed strain levels.

b. Hardness.

¢. Change in properties for the anticipated service conditions
over anticipated service life.

d. Property variation over thickness.

7.6.2.2 As with elastomers, polyurethane is a family of
polymers that can have a wide range of properties. In some
cases, specification of the supplier, the generic type. sup-
plier’s trade name. and grade may be required.

7.6.2.3 Manufacturing of polyureth parts, especially in
large size, may require specialized equipment and experi-
enced personnel. Special consideration should be given to
quality control and previous experience of a contractor in
similar types of jobs and under similar environmental condi-
tions.

7.7 FOAM BUOYANCY
7.71 General

There are two basic types of foam materials used for buoy-
ancy: closed cell and syntactic foams. The former are nor-
mally limited to shallow depths, while the latter can be used
to greater depths, provided the material is correctly designed
and constructed.

7.7.2 Closed Cell Foams

7.7.21 Several kinds of closed cell foam materials are in
commaon use:

a. Polyvinyl chloride (PVC) foam.
b. Polypropylene foam.

¢. Polyurethane foam.

d. lonomer foam.
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during service, ¢} depressurization frequency and rate, f)
cyclic loading, and g) qualification test requirements,

7.6.1.3 Some commonly used elastomer categories
include:

a. NR: Natural rubber.

b. CR: Chloroprene.

¢. EPDM:  Ethylene-Propylene-Dicne.

d. NBR: Nitrile rubber.

e. HNBR:  Hydrogenated nitrile rubber,

f. FKM:  Fluorocarbon rubber,

g. FFKM:  Tetrafluoroethylene-propy lene terpolymer.

7.6.1.4 Table 10 provides some generic material properties
of various categories of elastomers that can be useful in pre-
liminary materials selection.

7.6.1.5 Final selection of an elastomer compound should
be based on results of material qualification tests that are rep-
resentative of service conditions, These tests should be speci-
fied in the material specification and should be approved by
both user and vendor. It is advisable to review the track
record/ prior experience with the candidate elastomeric com-
pounds in flexelement service prior to making the final mate-
rial selection.

7.6.1.6
include:

It is suggested, that the material specification

a. Shear modulus (over a range of temperatures before and
after aging).

b. Ductile-brittle transition temperature (if applicable to ser-
vice conditions).

¢. Bond strength to metallic reinforcement (e.g., peel adhe-
sion strength).

d. Aging resistance (e.g.. modulus stability over service life),
e. Tear strength (e.g., trouser tear to relate to extreme
deformations).

f. Fatigue resistance (using project conditions of strain, tem-
perature and fluid environment).

g. Explosive decompression resistance.

h. Creep or stress relaxation (if appropriate).

i. Swelling and equilibrium absorption in service fluids,

7.6.1.7 Proper material evaluation, selection and specifica-
tion are required for a long-term, maintenance-free service.
The large number of elastomeric material compositions pos-
sible gives scope for tuning the properties for optimum per-
formance.

7.6.2 Bend Stiffener Materials

7.6.2.1 Bend-stiffener materials are typically molded solid
or reinforced polyurethanes. Selection of the appropriate
grade of polyurethane and care in processing during fabrica-
tion are critical for stiffener performance. Selection of mate-

Table 10—Generic Material Properties for Various
Elastomer Categories

Properties

Elastomer Category

NR, CR, EPDM Low to swell in b bons oil
and gas. Good mechanical properties. Good
low temperature propertics.

NBR, HNBR Moderate to good resistance to swell in

hyvdrocarbons. Moderate high temperature
and chemical resistance. Good mechanical
properties. May stiffen at low temperatures.
Poor H,S resistance

FKM, FFKM High resistance to swelling in hydrocarbon

oil and gas. Good chemical resistance af ele-
vated temperatures. Poor mechanical proper-
ties. May stiffen at low temperatures

rial grades should be guided by functional requirements. The
following data on candidate grades should be reviewed:

a. Stress-strain curve, modulus at prescribed strain levels.

b. Hardness.

¢. Change in properties for the anticipated service conditions
over anticipated service life.

d. Property variation over thickness.

7.6.2.2 As with elastomers, polyurethane is a family of
polymers that can have a wide range of properties. In some
cases, specification of the supplier, the generic type. sup-
plier’s trade name. and grade may be required.

7.6.2.3 Manufacturing of polyureth parts, especially in
large size, may require specialized equipment and experi-
enced personnel. Special consideration should be given to
quality control and previous experience of a contractor in
similar types of jobs and under similar environmental condi-
tions.

7.7 FOAM BUOYANCY
7.71 General

There are two basic types of foam materials used for buoy-
ancy: closed cell and syntactic foams. The former are nor-
mally limited to shallow depths, while the latter can be used
to greater depths, provided the material is correctly designed
and constructed.

7.7.2 Closed Cell Foams

7.7.21 Several kinds of closed cell foam materials are in
commaon use:

a. Polyvinyl chloride (PVC) foam.
b. Polypropylene foam.

¢. Polyurethane foam.

d. lonomer foam.
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7.7.2.2 Closed cell foams are relatively lightweight (4 w0
12 Ibfeu.fi), resilient and inexpensive. They can be provided
with tough outer skins to resist handling damage. However,
most closed cell foams are not strong enough to survive pro-
longed immersion beyond a depth of about 200 feet. Manu-
facturer’s data should be closely examined before specifying
closed cell foam for any deep long-term application.

7.7.3 Syntactic Foam

Syntactic foam is a composite material combining pres-
sure-competent spheres of varying sizes and construction
(e.g.. macrospheres and/or microspheres) with various matrix
or binder materials, such as epoxy resin. Typical syntactic
foam densities are in the range of 18 1o 32 Ib/cu.ft. The
spheres are used to occupy a large portion of the product’s
volume to reduce the overall density and provide a buoyant
force without significant reduction of the hydrostatic
strength. The size, structure, and material composition of the
spheres are varied by design to generate foam products that
are suitable for the targeted service water depths.

7.7.4 Specification and Procurement

7.7.41 A specifications document should be developed to
ensure that manufactured products will provide desired buoy-
ant lift force o the riser system at depths of service and for
the duration of service required by the user. The specifica-
tions should reflect and balance these key considerations:

a. Maximum and service/operating depth.

b. Time at depth (duration of service).

¢. Permissible change in buoyancy during service.

d. Total buoyancy requirements {at all phases of service).

¢. Density needed 10 achieve buoyancy (lift force) within
constraints,

f. Handling and installation loads.

£. Service environment.

7.7.4.2 The specification should include testing and quali-
fication requirements that can demonstrate that the product’s
crushing strength properties. service depth, long-term average
density (buoyancy), and structural stability are adequate.
Such evidence is usually provided by hydrostatic testing of
full-size parts or of adequately-sized samples.

7.7.4.3 In addition, all metallic hardware associated with
foam buoyancy products (e.g.. fasteners) should be compati-
ble with other metals in the riser system, or appropriate anti-
corrosion measures should be taken. Caution is advised that
surface or near-surface buoyancy components may be subject
10 biological attack and fouling. Appropriate coatings or sur-
face impregnations may be required to prevent degradation of
service.

7.7.5 Manufacturing, Inspection, and Testing

7.7.5.1 A Quality Assurance Plan (QAP) shall be submit-
ted by the manufacturer and approved by the customer prior
1o starting production. The manufacturer shall establish a pro-
cess control and record system that identifies the process vari-
ables associated with the manufacture of each individual
buoyancy module. The inspection frequency, testing pro-
gram, and type of test shall be defined as part of the QAP.

7.7.5.2  The minimum recommended tests for qualification
and acceptance of modules to be used for buoyancy applica-
tions should be:

a. Buoyancy verification: Modules shall be immersed in
waler to verify buoyancy. The inspection intervals and maxi-
mum acceptance tolerance should be defined in the
specifications.

b. Crush strength: The crush strength of the foam used in the
modules shall be determined and shall be higher than the
pressure at service depth times the appropriate safety factor.
¢. Buoyancy losses: The loss of buoyancy caused by com-
pression and water ingress shall be determined at the service
depth, The minimum duration of the test shall be defined by
the designer and the materials specialist and shall take into
account the effect of the protective layer on the water
ingress rate.

7.8 COATINGS
7.81 General

Corrosion of external steel surfaces may be mitigated by
cathodic protection. proper material selection or by the use of
protective coatings, including flame-sprayed aluminum.
Whenever one of the first two options is preferred, the use of
protective coatings may be useful to extend the effective life
of the risers and reduce maintenance costs.

7.8.2 Coating Materials

7.8.21 Coating materials commonly used for steel risers
include fusion-bonded or liquid epoxy, polyethylene,
polypropylene, polyurethane, and synthetic rubbers (neo-
prene or EPDM), These materials are often combined and
applied as systems in which one or more layers are applied,
not only 1o inhibit corrosion but also to provide protection
from handling damage.

7.8.2.2 Some coating materials, such as the epoxies. have
excellent adhesion to steel but are somewhat brittle and are
sensitive 1o physical abuse. These are often combined with
polyethylene or polypropylene, which have poor bonding
characteristics but are tough and have excellent resistance to
abuse, The rubber coatings have both good adhesion and
toughness.
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7.8.2.3 While risers are usually coated prior to installation.
coating systems designed to be applied underwater can be
applied in-situ for repair and rehabilitation of damaged or
deteriorating coatings. Internal surfaces are only coated
where it is necessary to satisfy particular needs. such as pro-
tection from highly corrosive and/or abrasive streams, for
reduction of paraffin adhesion or for stream flow enhance-
ment. Coatings for these purposes are usually specialty mate-
rials such as baked liquid or fusion-bonded epoxies. epoxy-
phenolics, or phenolics.

7.8.2.4 Temporary protection of the interior of risers may
be achieved using vapor phase inhibitors or various rust-pre-
ventative oils or waxes. In each case, protection is short-
lived, and protection of more than nine months should not be
considered.

7.8.3 Selection of Coating System

7.8.3.1 Riser coating selection must be made based on a
number of considerations, including: 1) compatibility with
sea water and pressure due to water depth, 2) installation and/
or in-service loads and impact (particularly at the splash
zone), 3) tolerance to marine plant and animal growth (sea-
weed, barnacles, etc.), 4) temperature gradients between cold
seawater and hot/warm steel (hot-wall effect), and 5) ultra-
violet light exposure effects.

7.8.3.2 It is recommended that the selection of a coating
system should also involve:

a. Utilization of knowledgeable and experienced organiza-
tions and personnel.

b. Qualification of candidate coating systems using the track
record, history and performance experience of similar materi-
als in like service.

¢. Qualification of candidate coating systems using suitable
techniques under typical performance conditions. The use of
standard American Society for Testing Materials (ASTM)
tests to evaluate:

1. Cathodic disbondment at ambient and elevated
temperatures.

2. Bending characteristics.

3. Impact resistance.

4. Resistance to abrasion,

5. Accelerated weathering.

d. Estimation of performance characteristics and coating life
using analytical and mathematical tools.

e. An awareness of the sensitivity of application quality and
techniques on the candidate coatings, including the need and
case of repair and/or rehabilitation of damaged or deteriorated
systems.
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7.8.4 Coating Systems Application

In addition to proper coating materials selection, applica-
tion systems play a key part in assuring good coatings. The
following factors should be considered in reviewing the
application system:

a. Coating plants may be in proximity but may be completely
independent of steel pipe mills. or the steel pipe mill may
have its own coating system and/or coating yard. This could
affect candidate coating selection and application and require
additional attention.

b. Knowledge and experience of plant personnel, quality of
facilities, and laboratories, A well-managed control labora-
tory, with good quality control procedures is desirable.

¢, Good pipe storage and handling facilities are vital to mini-
mize coating damage due to handling and transportation,
often a major source of problems.

In-situ application is generally restricted to field welded
joints, repair, or rehabilitation.

7.8.41 Surface Preparation

7.8.4.1.1  An important factor in successful coating is sur-
face preparation. For immersion conditions, white metal
blasting (IS0O-8505-1. Sa 3) should be achieved, preferably
using rotary blasters. Chemical treatment of the surface
should be considered, particularly with systems involving
epoxy or where excessive surface chemical or salt contamina-
tion is likely.

7.8.4.1.2 Surface preparation at site is performed primarily
for welded joints prior 1o coating or for areas of coating
repair. Blast-cleaning methods are likely to be manually oper-
ated, and care should be taken to avoid undesirable surface
contamination. White metal blast-cleaning is advantageous
though near white (Sa 2'/>) may be acceptable depending on
the coating system.

7.8.4.2 Pipe-Handling

Most riser coatings systems are chosen in part. for their
toughness. However. damage caused by poor handling is
common and can be easily avoided. Handling equipment
should be padded on all contact faces. Slings should be of
nylon (or an alternate malleable material), and sharp impact
of any kind should be avoided.

7.8.4.3 Quality Control

7.8.4.31 A detailed quality plan should be prepared and
approved by both manufacturer and operator prior to com-
mencement of work, followed by inspection to ensure that the
agreed upon criteria are met,

Mat for Resale



Desicn oF RISERS FoR FLOATING PRODUCTION SySTEMS (FPSS) AND TENSION-LEG PLATFORMS (TLPS) 128

7.8.4.3.2 Sources that address coating systems quality and
recommended practices include:

. International Standards Organization (1SO).

. Deutches Institute fur Normung (DIN).

. National Association of Corrosion Engineers (NACE).
. Canadian Standards Association (CSA).

. Steel Structures Painting Council (SSPC).

. American Society of Testing and Materials (ASTM).

e oe
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7.8.5 Field Welds (Joints)

7.8.511 Riser field welded joints may be protected by
application of the same coating as that used for the riser pipe
or by use of an alternate coating. Field joints can be protected
with manually applied systems involving liquid epoxy. com-
posite tapes and wraps, and heat shrinkable materials. The
steel should be cleaned to at least Sa 2'/5 (near white) or bet-
ter to achieve an optimum bond.

7.8.5.2 Since field-weld joint coatings have the potential of
being inferior to the pipe coating, adjustments in cathodic
protection requirements should be considered to provide sup-
plemental corrosion protection.

7.8.6 Other Considerations

Sacrificial anode assemblies are frequently used in con-
junction with coatings to provide a synergistic protective sys-
tem. Anode assemblies are generally attached to uncoated
field joints, where the anode material provides adequate pro-
tection. If all field joints are to be coated, including those
where anodes are attached, the connection should be made
before final coating of the joint area, or a repair to the coating
will be necessary.

7.9 FATIGUE
7.9.1 General Considerations

7.9.1.1  Fatigue cracks can originate from planar and non-
planar flaws, and therefore both types are considered in
fatig nt. Fracture mechanics principles should be
used to describe the behavior of planar flaws using experi-
mental da/dN versus AK (fatigue crack growth rate vs.
applied stress intensity factor) data. Assessment of non-pla-
nar flaws should be done using experimental S-N (stress vs.
number of cycles data).

7.9.1.2  This section applies only to fatigue assessment of
steels and titanium alloys and not to the metallic components
of flexible pipe.

7.9.2 Fatigue Crack Growth Rates

The rate of fatigue crack growth can be represented by
Equation 60 for all values of AK. The recommended general
procedure for use of the crack growth rate curves for planar

flaws in fatigue life assessment is outlined in BS: PD6493.
The values of C and m depend on material and applied condi-
tions and can be taken as constant over a limited range of AK
only. In addition to the material strength/ grade and test envi-
ronment, the crack growth rates can depend on cycling fre-
quency, microstructural features, R ratio (mean stress level)
and test specimen configuration.

In the absence of specific data, the following subsections
provide recommendations on the fatigue crack growth rate
constants for steels and titanium allovs in typical marine riser
service conditions. Where specific crack growth rate data are
available for the material and service conditions, they can be
used in accordance with the general procedure for planar flaw
assessment described in PD6493,

7.9.21 Ferritic Steels

7.9.2.1.1 Table 11 provides the values of the crack growth
rate constants C and m (taken from BS: PD6493) for da/dN
{in units of in‘eycle) and AK (in units of ksi-vin) for ferritic
steels with yield strengths below 87 ksi. These provide the
upper bound to published data on ferritic steels (base metal,
weld, and HAZ).

Table |1—Fatigue Crack Growth Rate Constants for Ferritic
Steels with Yield Strengths 087 ksi

Service Condition C m

Aur, cathodically protected or isolated 484 x10°10 30

from marine environment, temp. 212°F

Splash zone/ freely corroding, temp. 317x 10 30

68°F

7.9.21.2 Forsteels with yield strengths greater than 87 ksi,
specific crack growth rate data should be obtained for the
material and service condition of interest, giving careful con-
sideration to the effects of testing frequency and waveform,
Careful thought should also be given to the statistical confi-
dence which the crack growth rate data give in the overall life
prediction,

7.9.2.2 Titanium Alloys

Very limited fatigue crack growth rate data on titanium
alloys in marine environments is available in the open litera-
ture. It appears that titanium alloys are more sensitive o the
material grade, microstructural properties. cveling frequency,
elc. than steels. It is recommended that specific crack growth
rate data should be obtained for the material and service con-
dition of interest, giving careful consideration to the effects of
lesting frequency and waveform, Careful thought should also
be given to the statistical confidence which the crack growth
rate data give in the overall life prediction.
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7.9.3 S-N Data
7.9.3.1 Steel
7.9.3.1.1 Weldments

In the absence of specific large scale test data allowing use
of a different S-N curve, it is recommended that an appropri-
ate S-N fatigue curve from a recognized national or interna-
tional standard be the basic component S-N fatigue design
curve for riser girth welds in steels: 1) with vield strengths
less than 87 ksi and 2) that see service in air or are cathodi-
cally protected or isolated from the marine environment.

Fatigue performance of riser girth welds may be improved
ifany of the following conditions are fulfilled:

a. Welds are ground flush on the 1D and OD and inspection
procedures that include, as a visual i ion of
the ID and OD to ensure no undercuts or suckbacks and either
Xeray or volumetric ultrasonic inspection consistent with
Table 9.

b. Special profile control processes (e.g., mechanized or
GTAW pulsed root) and technique are used in the welding
process and that: 1) minimize axial and angular misalign-
ment, 2) minimize stress concentrations associated with
reentrant angles and weld bead height, and 3) which result in
no undercuts, suck-backs (internal concavity). or insufficient
throat all around the circumference, followed by inspection as
above.

Curves that are not in national or international standards
may also be used if supported by large scale test data on
welds. Caution is advised that test welds should be made as
they would in service and tested under conditions representa-
tive of those in service. The component S-N curve should be
determined as the lower bound of'a two-sided, 95 percent pre-
diction interval, Consideration may be given 1o fixing the
slope in this type of statistical analysis on the basis of fracture
mechanics or other mechanistic arguments.

Under freely-corroding or unprotected conditions in sea-
water, the basic 5-N curve should be reduced by a factor of 2
on life, following guidance in UK DOE, “Offshore Installa-
tion Guidance on Design and Construction,” Pant 11, Section
4.2.1.10.

For higher strength steels, where corrosion protection is
being provided by cathodic protection systems. candidate
fatigue curves should be qualified by test data under represen-
tative conditions. Caution is advised that, when coupled w0
cathodic protection potentials more negative than —0.8V, the
fatigue resistance of higher sirength steels may deteriorate
due to hydrogen embrittlement.

For all welds other than the riser girth welds. the guidance
on fatigue curve selection provided in AWS DL1 or UK
DOE, “Offshore Installation Guidance on Design and Con-
struction,” Part I1, Section 4.2.1.10 may be used.
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7.9.3.1.2 Base Metals

In the absence of specific test data allowing use of a differ-
ent S-N curve, it is recommended that the DOE-B curve
should be the basic component S-N fatigue design curve for
steels: 1) with vield strengths less than 87 ksi, 2) that see ser-
vice in air, or 3) are cathodically protected or isolated from
the marine environment. Other curves may also be used if
supported by test data. The component S-N curve should be
determined as the lower bound of a two-sided, 95 percent pre-
diction interval. Consideration may be given to fixing the
slope in this type of statistical analysis on the basis of fracture
mechanics or other mechanistic arguments.

As an alternative to using the above DOE-B curve or a
stress-based approach using S-N data, specific fatigue curves
for specific base metals may also be developed using strain-
based approaches and strain-controlled fatigue test data on
representative materials.!

Under freely-corroding or unprotected conditions in sea-
water. the basic 5-N curve should be reduced by a factor of 2
on life, following guidance in UK DOE, “Offshore Installa-
tion Guidanee on Design and Construction,” Pant 11, Section
4.2.1.10,

For higher strength steels where corrosion protection is
being provided by cathodic protection systems. candidate
fatigue curves should be qualified by test data under represen-
tative conditions. Caution is advised that, when coupled to
cathodic protection potentials more negative than —0.8V, the
fatigue resistance of higher strength steels can deteriorate due
1o hydrogen embrittlement.

7.9.3.2 Titanium—Base Metal and Welds

7.9.3.21 Very limited fatigue S-N data on titanium alloys
and welds in marine environments is available in the open lit-
erature. It appears that titanium alloys are more sensitive o
the material grade, microstructural properties, cycling fre-
quency, etc. than steels. It is recommended that specific S-N
data should be obtained for the material and service condition
of interest (e.g., air, seawater isolated from cathodic polariza-
tion, seawater exposed to cathodic polarization, etc.) giving
careful consideration to the effects of testing frequency and
waveform. Caution is advised that where welds are antici-
pated, S-N data should be of 1 on rep ive welds
made as they would be in service and tested under conditions
representative of those in service. The component 5-N curve
should be determined as the lower bound of a two-sided. 95
percent prediction interval. Consideration may be given to
fixing the slope in this type of statistical analysis on the basis
of fracture mechanics or other mechanistic arguments.

7.9.3.2.2 Caution is also advised that when coupled to
cathodic protection potentials more negative than -0.8V (typi-
cally used to protect steels), the fatigue resistance of some tita-
nium alloys can deteriorate, a phenomenon related to
hydrogen embrittlement or *hydriding™ described in Section 8.
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7.9.4 Flexible Pipe

Both the tensile armors and the hoop stress resistance lay-
ers are fatigue critical components and should be checked.
Typically, both layers are made up of high strength steels
(100 to 120 ksi yield) except when designed for sour service,
where it is then limited by NACE guidelines. For flexible
pipe stressed for functional loads and dynamic curvature vari-
ations, the procedures outlined in 7.9.2 and 7.9.3 are applica-
ble here as well. Fatigue da/dN and S-N curves used must be
supporied by fently gath-
ered data for the specific material and environment seen by
the pipe layers.

' { o | i,
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7.10 CORROSION

External corrosion of carbon steel is best controlled by
cathodic protection and/or a combination of cathodic protec-
tion and coatings, as detailed in 7.5.2. Provisions should be
made to control not only internal corrosion problems but to
include such problems as paraffin formation and hydrate for-
mation. These latter problems can occur internally with all
riser materials.

7.10.1 Internal

Riser materials selection and internal corrosion mitigation
strategies should take into consideration compatibility with
all fluids that are expected to be in contact with the riser,
including:

a. Produced well fluids, including hydrocarbons, acidic
gases (CO, and H,S), and brines.

b. Drilling, completion and workover fluids.

¢. Hydrate, paraffin and corrosion control fluids and other
chemicals.

In addressing fluid compatibility, the following should be
considered as a mini :

a. Period of exposure.
b. Concentration of CO,. HyS, brines, ete. in the fluid.
c. Flow rates and solids production.

7.10.1.1 Steel

7.10.1.1.1  In steel risers for sweet wells, internal corrosion
is typically controlled by using appropriate corrosion inhibi-
tors. Field and laboratory test data on inhibitor effectiveness
under anticipated service conditions should be reviewed by
supplier and operator prior to inhibitor selection, Where such
data is unavailable, inhibitor qualification testing is recom-
mended to ensure adequate corrosion control can be
achieved. When produced H»S or souring from water flood-
ing is anticipated. materials selection should be based on
NACE MRO01-75 guidelines.

7.10.1.1.2 Inhibitors that have been suitably qualified may
be used to mitigate corrosion from drilling, completion and
workover fluids as well. Where risers are exposed to these
fluids only for a short term and/or at low temperatures, use of
corrosion inhibitors may not be necessary if supported by lab-
oratory corrosion test data or field experience under similar
conditions.

7.10.1.1.3 Suppliers should be consulted on the compati-
bility of well control fluids and chemicals including paraffin.
hydrate, and corrosion and scale control fluids.

7.10.1.2 Titanium

7.10.1.2.1  Titanium alloys are highly corrosion resistant to
produced well fluids including all hydrocarbons, acidic gases
(CO; and HaS), elemental sulfur and sweet and sour chloride
brines at elevated temperatures. Where produced H:S or
souring from water flooding is expected. titanium alloys
listed in NACE specification MR01-75 should be considered.
Caution is advised that, in the presence of acidified brines at
temperatures exceeding ~80°C, crevice corrosion and stress
corrosion cracking (SCC) susceptibility of some of the more
common alloy grades is enhanced. Titanium alloys contain-
ing minor ruthenium (0.1 percent Ru)? or palladium (0.03
percent Pd) levels and/or containing at least 3.5 wi. percent
molybdenum are reported to mitigate this susceptibility and
may be considered.! 2

7.10.1.2.2 Titanium alloys are also generally resistant to
well drilling and completion fluids. However. caution is
advised as before. Chloride or bromide-based brine comple-
tion fluids at temperatures exceeding ~80°C enhance suscep-
tibility to crevice corrosion and SCC, and careful alloy
selection must be made.

7.10.1.2.3 Titanium alloy riser components may also be
periodically exposed to well workover fluids. For acidizing
treatments, exposure of titanium alloys to hydrofluoric (HF)
containing acids should always be avoided due to rapid metal
dissolution. Alternative acidizing solutions include 10 to 12
wt. percent HCI solutions inhibited with an appropriate oxi-
dizing species (i.¢.. 1 percent sodium molybdate) or uninhib-
ited organic acids (i.c.. 10 percent acetic or formic acids) are
suitable.

7.10.1.2.4 Methanol injected downhole to dissolve
hydrates must contain at least 2.5 wi. percent water 1o prevent
stress corrosion cracking of titanium alloys components,
Anhydrous methanol grades should be avoided or sufficient
water should be added prior to injection. Commercially avail-
able, less-flammable methanol solvent grades containing 2.5
to 30 wi. percent water are recommended.
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7.10.2 External
7.10.2.1 Steel

7.10.2.1.1  Corrosion of exiernal steel surfaces may be mit-
igated by cathodic protection or by the use of protective coat-
ings. %% Weight is often a significant factor in floating and
tension-leg platform, and the use of coatings combined with
cathodic protection results in significantly reducing the
weight requirement for sacrificial anodes. Additionally, it has
been shown that the sphere of influence of a given anode is
markedly enhanced for well-coated pipelines. allowing for
additional weight savings. The splash zone of the riser. gener-
ally from mean sea level w about the plus ten foot elevation is
the most severe environment encountered from the standpoint
of external corrosion. Areas that are periodically wet, that is
not totally immersed. are not protected by cathodic protection
and thus must be protected by other means, such as corrosion
allowance, monel sheathing, vulcanized rubber or high build
epoxy systems.

7.10.2.1.2 Caution is advised that high strength steels may
be susceptible to hydrogen embrittlement under cathodic
polarization conditions at potentials more negative than —0.8
V(SCE). Qualification testing under cathodic conditions to
ensure hydrogen embrittlement resistance of base material
and welds is advisable.

7.10.2.2 Titanium

7.10.2.2.1 Titanium alloys are resistant to corrosion and
erosion-corrosion, uniform attack, pitting attack and microbi-
ologically-influenced corrosion (MIC) in natural seawater
due to the protective surface oxide film. Similarly, weld and
heat-affected-zone metal (performed per approved processes
and procedures) may be expected to exhibit corrosion resis-
tance equivalent to that of wrought base metal.

7.10.2.2.2 Long-term hydrogen absorption and possible
embrittlement in titanium alloys exposed to high cathodic
potentials from cathodic protection systems intended for
neighboring steel components need careful consideration in
terms of alloy selection and mitigation measures. The lower
strength a alloys are more susceptible to hydrogen embrittle-
ment than the a-[} and B alloys. Depending on the riser com-
ponent and application, total electrical isolation of the riser or
component, using monolithic insulating joints or commer-
cially available insulating flange gaskets and flange bolt
sleeve/washer kits may be considered. The insulating/isola-
tion joints must be demonstrated to be suitable for the service
conditions, including pressure, temperature, and dynamic
loading conditions where applicable. Where electrical isola-
tion is not achievable or practical, the application of insulat-
ing OD surface coatings of proven. seawater-resistant
palymers such as 6 o 10 mm thick polyurethane, polychloro-
prene rubber, and EPDM rubber coatings. may be considered.
Caution is advised that the experience base with these options

to mitigate hydrogen embrittlement is limited. and prototype
testing to demonstrate electrical isolation, serviceability, and
integrity over service life is recommended.

7.11 WEAR
7.11.1  Steel

7.11.1.1 The internal erosion or wear can be caused by
abrasive elements in the produced fluid. such as sand and pas-
sage or rotation of downhole equipment. It can also be caused
by a high flow rate and turbulent flow characteristics at flow
are changes in the riser. This should be taken into account
when selecting materials that will be in contact with the flow.

7.11.1.2  Risers with multiphase flow, or flow of fluids con-
taining particles (such as sand or proppant), must be able to
resist erosion. Some guidelines are provided for gas-liquid
flows in API RP I4E. For liquids carrying particles, less
guidance is available in the open literature. Resistance to ero-
sion under the expected conditions should either be demon-
strated experimentally or be analyzed using a calculation
procedure that has been sufficiently verified with experimen-
tal results.

7.11.2 Titanium

Titanium alloys may exhibit higher wear rates than steel in
situations of high bearing load contact with rotating, sliding
or reciprocating steel components |2]. These situations may
exist during drilling or well workover operations involving
contact with steel drill strings or wire lines. Although casual
andfor light contact is permissible. sustained high contact
load wear can be mitigated through the use of wear resistant
surface linings or rubber drill string collars. Wear resistant
surface linings or coatings include polymers (rubbers and
thermoplastics), hard and/or soft metal electro- or electroless-
plated coatings or plasma-sprayed hard coatings. Coating/
liner selection will depend on the specific component and
application, relative to wear and fatigue performance require-
ments.

7.11.3 Wear of the Flexible Pipe Plastic Layers

Wear in plastic materials constituting the flexible pipe is
due to an abrasion process. Abrasion can take place in two
different locations:

a. Wear of innermost layer.
b. Wear of external layer.

7.11.3.1  Wear of Innermost Layer

7.11.3.1.1  Under certain conditions, the well flow may
contain sand and other types of abrasive particles. For a flexi-
ble pipe with a thermoplastic inner layer. even small amounts
of sand can cause some local material losses due to abrasion.
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7.11.3.1.2  Manufacturers and designers should ensure that
local decreases in thickness do not affect the service life of
the whole system.

7.11.3.2 Wear of External Layer

7.11.3.2.1 The flexible pipe sections resting on the sea-bed

P can move from their as-installed position due to functional
and environmental forces (including movements due 10
expansion and settlement).

7.11.3.2.2 Limitations on allowable deterioration or abra-
sion of the external laver due to interaction with the sea-bed
can determine limits on allowable displacements.

7.11.3.2.3 The manufacturer/d '__ should determine if
any predicted abrasion is acceptable on the basis of the geo-
technical data provided by the operator, as well as the thermo-
plastic properties.

7.12 MARINE GROWTH AND BIOLOGICAL
CONSIDERATIONS

7.121 Marine organisms will often attach 1o risers,
increasing riser weight and cross-sectional area. Marine
growth thickness increases with time until a “climax™ thick-
ness is reached. When the climax thickness is reached por-
tions of the marine growth break off due 1o its own weight or
loading induced by water currents, and new growth begins
until the climax thickness is reached again. Climax thickness
can vary from a few centimeters to almost one meter depend-
ing on the location. Marine risers should be designed with
necessary strength to handle loads that occur when marine
growth reaches climax thickness, or means of controlling the
marine growth thickness should be implemented.

7.12.2 Marine growth build up can be controlled by routine
cleaning, use of materials and/or coatings that inhibit marine
growth adhesion to the riser and combinations of cleaning
and use of fouling resistant materials. There are two general
classes of fouling resistant materials: toxic release materials
that release materials toxic to the marine organism and low
surface energy materials that provide a surface to which
marine organisms cannot attach. The best economic approach
may be some combination of an antifouling system and rou-
tine cleaning.

7.12.3 Anti-fouling materials may be provided in the form
of a coating that releases materials toxic to marine organisms
at a controlled rate such as copper or tin compounds. Metallic
i copper coating-based systems are effective only as long as
they continue to release the toxic material and therefore have
a finite service life (commonly on the order of three years).
Some of the toxic release systems are not permitted in certain
areas of the world. Local regulations should be consulted.
Metallic copper systems offer service in excess of 10 years
and commonly consist of 90710 copper-nickel sheets with an
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elastomeric backing that electrically insulates the copper-
nickel from the steel riser. The elastomeric material may pro-
vide corrosion protection with the overlying copper-nickel
sheath providing resistance to marine fouling. Other varia-
tions may apply copper particles or thermally sprayed copper
over an electrically insulating coating. Care should be taken
to assure electrical isolation of the copper based materials
from the riser and the cathodic protection system. Cathodic
protection will retard copper corrosion such that copper ions
due to corrosion are no longer released, and the copper sur-
face will foul. Also the use of copper systems in the vicinity
of aluminum or aluminum coating may cause accelerated cor-
rosion of the aluminum.

7.12.4 Low surface energy coatings function by presenting
a surface to which the marine organisms cannot readily
attach. This approach is a developing technology and does
not have the problems associated with toxic release systems.
However, service life may be limited relative (o the structural
materials and metallic toxics. Further, the nature of these
coatings are such that they are not as resistant to mechanical
damage as corrosion protective coatings like as epoxies.” 89

7.13 BIBLIOGRAPHY

1. B. F. Langer, “Design of Pressure Vessels for Low Cycle
Fatigue,” .J. Basic Engineering (1962) pp. 389-402.

2. R. W, Schutz, “Recent Titanjum Alloys and Product
Developments for Corrosive Industrial Service,” Paper No.
244, Corrosion '95 Annual Meeting, March 1994, NACE,
Houston, TX.

3. R. W. Schutz and M. Xiao, “Optimized Lean-Pd Titanium
Alloys for Aggressive Reducing Acid and Halide Service
Environments,” Proceedings of the 12th International Corro-
sion Congress, Vol. 3A, September 1993, NACE. Houston,
TX.p. 1213

4. R. W. Schutz and J. 8. Grauman. “Fundamental Character-
ization of High-Strength Titanium Alloys,” Industrial Appli-
cations of Thanium and Zirconium, ASTM STP 917, 1986,
pp. 130-143,

5. R. W. Schutz, “Titanium: The Technically-Correct Metal
for Offshore Seawater Service,” paper presented at the [0th
Anniversary Conference on Corrosion and Materials Off-
shore, September 14-15, 1994, Oslo. Norway (NITO/NKF).

6. B. D Craig, T. E. Ferg. and C. Aldrich, “Corrosion/Wear
of Titanium Against Steel in Water and Oil Base Drilling
Muds.” 1992 OMAE—Vol. 11l-B.—Materials Engineering.
ASME. 1992, pp. 611-619.

7. Swain, Geoffrey W.. “Evaluation of Antifouling Coatings
for Fixed Offshore Structures,” Proceedings of the Sixth

bt e Rurnane




134 APl RECOMMENDED PRACTICE 2RD

International Offshore Mechanics and Arctic Engineering
Symposium, Vol. 111 pp. 445-451. ASME, New York, March,
1987. This paper provides an overview of the fouling prob-
lem for offshore jackets, a discussion of the various
approaches 1o control fouling on jackets and their merits and
an extensive list of references.

8. Bimbaum, L. S., “The Technology of Antifouling Coat-
ings.” Journal of Protective Coatings and Linings. Vol. 4(4),
pp 39-46, April 1987. This paper provides a good overview
of antifouling procedures.

Cooyrgt Amercan Petrotess insttde
Prcedant by (HS Lade [cmrms win AP
Ko reproduction or rebwariing permitind wilhou Soamse from HE

9. Abrams, P.L, “Atachment Methods and Field Testing off
Antifouling Sheathings on Offshore Structures,” Paper No.
OTC 5482, 19th Annual Offshore Technology Conference in
Houston, May 1987. This paper describes results of field tests
where several antifouling systems were used on offshore
jackets.

10.F. Kopp, G.Venkataramin, G. Rand, “Steel Catenary Riser
Welding and NDE Procedures and Weld Acceptance Crite-
rin." Proceedings of the 1997 Deepwater Offshore Technal-
ogv (DOT) Conference, Nov. 3-5, 1997,

Sl for Hasaln



DesiGn OF RISERS FOR FLOATING PRODUCTION SYSTEMS (FPSS) AND TENSION-LEG PLATFORMS (TLPS)

135

1010 2.0 mm

//
.

1.0te 2.0mm

i

Weld metal

Base metal

Notes:
1. Test load shall be 10-kgf or less.
. 2. Indentations to be located as shown on the figures and as detailed below:

HAZ: Starting at 0.25 to 0.50 mm from the fusion line with three (3] indents at 0.50 to 0.75 mm intervals.
Specimen shall be polished well enough to clearly show the fusion line under magnification.
Weid Metal: A minimum of three equally spaced indents for each hardness traverse.
3. Hardness traverse on fillet welds shall be as detailed for T-connections abave

Figure 41—Vickers Hardness Test Location
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Location of Charpy Test Bar Notches for All Single Sided Groove Welds
T -@' - p—

EEEES
Noy 2, 103mm 25 7 7
TN/ 13 T

i =2
—*l I-— 2mm
Fusion line and center of weld Heat affected zone: 2 mm from fusion
atcap and root line at cap and root

Location of Charpy Test Bar Notches for All Double Sided Groove Welds

— =
FERIZLT | =

(= 77 == T

—] f— 2 mm

Fusion line and center of weld Heat affected zone: 2 mm from fusion
at cap and root line at cap and root

Location of Charpy Test Bar Notches for All Single-Bevel Groove Welds

l — |e—2mm
o=
TETHAT | | =J=F
e / lto3mm < / <,
=75 =177
Fusion line and center of weld Heat affected zone: 2 mm from fusion
at cap and root line at cap and root

Note: For base material thicknesses less than 19 mm (/4 inch) enly root location tests are required.

Figure 42—Charpy Test Specimen Location for Welding Procedure Qualification
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ANNEX A—(INFORMATIVE)

Al

As a starting point for the compilation of a glossary for this
RP, the definitions are essentially taken from APl RP 16Q:
Recommended Practice for Design, Selection. Operation and
Maintenance of Marine Drilling Riser Svstems, November 1,
1993, In some cases, revisions have been made to accommo-
date both drilling and production risers.

The goal of this glossary is to focus on those terms specific
to risers of floating production systems and tension leg plat-
forms. Particular attention is given to the many acronyms
found in the text.

Glossary

A.1.1 accumulator (riser tensioner): A pressure ves-
sel charged with gas (generally nitrogen) over liquid with
pressure on the gas side maintained by its connection with
high-pressure gas reservoirs (bottles), High pressure hydrau-
lic fluid from the liquid side of the accumulator is used to
energize a riser tensioner cylinder.

A.1.2 air can buoyancy: Tension applied to the riser
string by the net buoyancy of an air chamber created by a
closed-top, open-bottom cylinder forming an air-filled annu-
lar space around the outside of the riser pipe.

A.1.3 apparent weight: Weight minus buoyancy (com-
monly referred to as weight in water. wet weight, net lift, sub-
merged weight, or effective weight).

A.1.4 auxiliary line: A conduit (excluding choke and kill
lines) attached to the outside of the riser main pipe. Examples
include: Hydraulic supply line, buoyancy control line. and
mud boost line.

A.1.5 ball joint: A ball and socket assembly having cen-
tral through passage equal to or greater than the riser internal
diameter that may be positioned in the riser string to reduce
local bending stresses.

A.1.6 bend restrictor: A device that prevents a flexible
pipe from being bent below a given radius (e.g. a tapered
conical inner surface through which the flexible pipe passes).

A.1.7 bend stiffeners: Device used o increase and dis-
tribute bending stiffness in localized areas of flexible pipe.
They are often made of polymeric molded material surround-
ing the pipe and attached to the end fitting.

A.1.8 BOP stack: An assembly of well control equip-
ment including BOPs, spools, valves, hydraulic connectors,
and nipples that connects to the subsea wellhead. Common
usage of this term sometimes includes the Lower Marine
Riser Package (LMRP).
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A.1.9 breech-block coupling: A coupling which is
engaged by small-angle rotation of one member into an inter-
lock with another member.

A.1.10 buoyancy control line: An auxiliary line dedi-
cated to controlling, charging. or discharging air-can buoy-
ancy chambers,

A.1.11 buoyancy equipment: Devices added to riser
joints to reduce their apparent weight. thereby reducing riser
top-tension requirements. The devices for risers typically take
the form of syntactic foam modules or metal open-bottom air
chambers,

A.1.12 charpy V-notch (CVN): Tvpe of fracture tough-
ness test.

A.1.13 Chinese lantern: A flexible pipe geometry.

A.1.14 choke and kill (C&K) lines: External conduits,
arranged laterally along the riser pipe. and used to circulate
fluids into and out of the well bore to control well pressure,

A.1.15 control pod: An assembly of subsea valves and
regulators which when activated from the surface will direct
hydraulic fluid through special porting to operate BOP equip-
ment.

A.1.16 crack-tip opening displacement (CTOD): A
measure of crack severity which can compared against a criti-
cal value at the onset of unstable crack propagation.

A.1.17 cumulative fatigue damage analysis: Fatigue
life prediction method based on use of a stress vs. number of
cycles curve (S-N) and the Palmgren-Miner Rule for damage
computation under variable amplitude loading.

A.1.18 design environmental case: Set of environ-
mental conditions included in a particular Design Case.

A.1.19 design fatigue life: The life predicted by cumu-
lative fatigue damage ratio calculations.

A.1.20 design load: Load governing a design.
A.1.21 design pressure: Pressure governing a design.

A.1.22 dog-type coupling: A coupling having wedges
(dogs) that are mechanically driven between the box and pin
for engagement.

A.1.23 drape hose: A flexible line connecting a choke,
kill or auxiliary line terminal fitting on the telescopic joint to
the appropriate piping on the rig structure, A U-shaped bend
or “drape™ in this line allows for relative movement between
the outer barrel of the telescopic joint and the vessel.

A.1.24 drift off: An unintended lateral move of a dynami-
cally positioned vessel off of its intended location relative 1o
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the wellhead, generally caused by loss of stationkeeping con-
trol or propulsion.

A.1.25 drive off: An unintended move of a dynamically
positioned vessel off location driven by the vessel’s main pro-
pulsion or stationkeeping thrusters,

A.1.26 drop weight test (DWT): Type of fracture
toughness test.

A.1.27 dynamic positioning (automatic station
keeping): A computerized means of maintaining a vessel on
location by selectively driving thrusters.

A.1.28 effective hydraulic cylinder area: Net arca of
moving parts exposed to tensioner hydraulic pressure.

A.1.29 effective tension: The axial tension calculated at
any point along a riser by considering only the top tension
and the apparent weight of the riser and its contents.

A.1.30 effective weight: See apparent weight.

A.1.31 elastic plastic fracture mechanics (EPFM):
A type of fracture mechanics analysis suitable for predicting
failure in highly ductile materials. Uses such measures as
CTOD or J-imegral.

A.1.32 elastomer: Any of the class of materials, includ-
ing natural and synthetic rubbers, which retumn to their origi-
nal shape after being subjected to large deformations.

A.1.33 emergency shut down (ESD): To shut off
operations/production and fluid flow on an emergency basis.

A.1.34 expansion bend: A bend placed in a line to pro-
vide for expansion and contraction.

A.1.35 expansion loop: See expansion bend.

A.1.36 factory acceptance testing: Testing by a man-
ufacturer of a particular product to validate its conformance
to performance specifications and ratings.

A.1.37 fail safe: Term applied to equipment or a system
s0 designed that, in the event of failure or malfunction of any
part of the system, devices are automatically activated to sta-
bilize or secure the safety of the operation.

A.1.38 fatigue weather (or wave) scatter diagram:
Table listing occurrence of seastates in terms of wave height
and period.

A.1.39 fillup line: The line through which fluid is added
to the riser annulus.

A.1.40 fitness-for-service: A concept that implies that
an item is fit for service when it can be operated safely
through out its design life.

A1.41 flange-type coupling: A coupling consisting of
two flanges joined by bolts.

A.1.42 fleet angle: In marine drilling riser nomenclature,
the fleet angle is the angle between the vertical axis and a
riser tensioner line at the point where the line connects to the
telescopic joint.

A.1.43 flex joint: A laminated metal and elastomer
assembly, having a central through-passage equal to or
greater in diameter than the interfacing pipe or tubing bore,
that is positioned in the riser string to reduce the local bend-
ing stresses.

A.1.44 floating production system (FPS): Any of
several types of surface platforms comprising a hull and
mooring system, that can support clusters of risers and pro-
duction and drilling equipment.

A.1.45 gooseneck: A type of terminal fitting using a
pipe section with a semicircular bend 1o achieve a nominal
180 degree change in flow direction.

A.1.46 guidelineless reentry: Establishment of a con-
nection between the BOP stack and the subsea wellhead or
between the LMRP and the BOP stack using a TV image and/
or acoustic signals instead of guidelines to guide the orienta-
tion and alignment.

A.1.47 handling tool (running tool): A device that
joins to the upper end of a riser joint to permit lifting and low-
ering of the joint and the assembled riser string in the derrick
by the elevators.

A.1.48 hang-off: Riser when disconnected from seabed.

A.1.49 heat affected zone (HAZ): Region around a
weld that has been affected during welding.

A.1.50 heave: Vessel motion in the vertical direction.

A.1.51 hot-spot stress: Highest stress in the region or
component under consideration. The basic characteristic of a
peak stress is that it causes no significant distortion and is
principally objectionable as a possible initiation site for a
fatigue crack. These stresses are highly localized and occur at
geomelric discontinuities. Sometimes referred as Local Peak
Stress.

A.1.52 hydraulic connector: A mechanical connector
that is activated hydraulically and connects the BOP stack to
the wellhead or the LMRP to the BOP stack.

A.1.53 hydraulic supply line: An auxiliary line from
the vessel to the subsea BOP stack that supplies control sys-
tem operating fluid to the LMRP and BOP stack.

A.1.54 instrumented riser joint (IRJ): A riser joint
equipped with sensors for monitoring parameters such as ten-
sion in the riser pipe wall, riser angle. riser internal fluid tem-
perature, pressure, ele,
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A.1.55 J-lay: A pipe laying technique in which the pipe
departs the vessel at a near-vertical angle.

A.1.56 JONSWAP spectrum: A wave spectrum nor-
mally used to describe seas in fetch-limited conditions. It has
three governing parameters, significant wave height, peak
period, and peakedness factor,

A.1.57 jumper hose: A flexible section of choke, kill, or
auxiliary line that provides a conduit around a flex/ball joint
that can accommodate the angular motion at the flex/ball
joint.

A.1.58 keelhauling: A technique for handling major
pieces of equipment offshore by transferring the item under
the keel of the vessel as opposed to bringing it aboard topside.

A.1.59 key seating: The formation of a longitudinal
groove in the bore of a riser system component caused by
abrasion and wear of the rotating drillstring on the riser com-
ponent.

A.1.680 kill line: See choke and kill line,

A.1.61 landing joint: A riser joint temporarily attached
above the telescopic joint and used to land the BOP stack on
the wellhead when the telescopic joint is collapsed and
pinned.

A.1.62 landing shoulder: A shoulder or projection on
the extemnal surface of a riser coupling or other riser compo-
nent for supporting the riser system or well control equipment
during riser deployment and retrieval operations. Sometimes
referred to as Riser Support Shoulder.

A.1.63 linear elastic fracture mechanics (LEFT): A
method of predicting crack growth based on the assumption
of elastic material behavior.

A.1.64 load and resistance factor design (LRFD):
A design approach separate factors are assumed for each load
and resistance term.

A.1.65 lower marine riser package (LMRP): The
upper section of a two-section subsea BOP stack consisting
of the hydraulic connector, annular BOP, ball/flex joint, riser
adapter, jumper hoses for the choke, kill and auxiliary lines.
and subsea control pods. This interfaces with the BOP stack,

A.1.66 lowest anticipated service temperature
(LAST): temperature used in establishing temperatures for
fracture toughness testing.

A.1.67 local peak stress: Sce hot-spot stress.

A.1.68 lock-in: Synchronization of vortex-shedding fre-
quency and structural vibration frequency producing resonant
flow induced vibration,
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A.1.69 low frequency motion: Motion response at fre-
quencies below wave frequencies typically with periods rang-
ing from 30 to 300 seconds.

A.1.70 madeup length: The net length contributed to a
riser string by a made-up riser component (overall joimt
length minus box/pin engagement).

A.1.71 marine drilling riser: A twbular conduit serving
as an extension of the well bore from the equipment on the
wellhead at the sea floor to the floating drilling vessel.

A.1.72 maximum environmental condition: Maxi-
mum condition for designing risers.

A.1.73 maximum operating condition: Maximum
condition in which normal operations are carried out.

A.1.74 microbiologically-influenced attack: (MIC).

A1.75 minimum bending radius (MBR): A governing
criteria for flexible pipe risers limiting the radius of curvature.

A.1.76 mobile offshore drilling unit (MODU): A
drilling rig used exclusively to drill offshore wells and that
floats on the water when being moved from location to loca-
tion.

A1.77 mud boost line: An auxiliary line which pro-
vides supplementary fluid supply from the surface and injects
it into the riser at the LMRP to assist in the circulation of drill
cuttings up the marine riser, when required.

A.1.78 net lift: See apparent weight.

A.1.79 nominal stress: Stress calculated using the nomi-
nal pipe wall dimensions of the riser at the location of concern.

A.1.80 porch: The top most part of a pontoon or similar
hull structure.

A.1.81 post-weld heat-treatment: (PWHT).

A.1.82 preload: Compressive bearing load developed
between box and pin members at their interface, This is
accomplished by elastic deformation developed during
makeup of the coupling.

A.1.83 pup joint: A joint of pipe or tubing shorter than
standard length.

A.1.84 quick
(QCDC).

connect/disconnect connectors:

A.1.85 rated load: A nominal applied loading condition
used during riser design, analysis, and testing based on maxi-
mum anticipated service loading.

A.1.86 response amplitude operator (RAO): For
regular waves, it is the ratio of a vessel’s motion to the wave
amplitude causing that motion and presented over a range of
wave periods.
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A.1.87 riser adapter: Crossover between riser and flex/
ball joint.

A.1.88 riser annulus: The space around pipe (drillpipe.
casing, or tubing) suspended in a riser: its outer boundary is
the internal surface of the riser main pipe,

A.1.89 riser connector (LMRP connector): A
hydraulically operated connector that joins the LMRP to the
top of the BOP stack.

A.1.90 riser disconnect: The operation of unlatching of
the riser connector to separate the riser and LMRP {rom the
BOP stack.

A.1.91 riser hang-off system: A means for supporting
a disconnected riser from the drilling vessel during a storm
without inducing excessive stresses in the riser.

A.1.92 riser joint: A section of riser main tube having
ends fitted with coupling elements and includes choke, kill.
and (optional) auxiliary lines and their support bands.

A.1.93 riser main tube (riser pipe): The scamless or
electric welded pipe which forms the principal conduit of the
riser joint. For example, in reference to a drilling riser, the
riser main tube is the conduit for containing the return fluid
flow from the well and for guiding drill string, logging tools.
casing, etc. into the well,

A.1.94 riser recoil system: A means of limiting the
upward acceleration of the riser when a disconnect is made at
the riser connector.

A.1.95 riser spacer frame: A purpose designed frame to
maintain lateral separation among risers.

A.1.96 riser spider: A device having retractable jaws or
dogs used to suppont the riser string on the uppermost cou-
pling support shoulder during deployment and retrieval of the
riser.

A.1.97 riser string: A deployed assembly of riser joints.

A.1.98 riser support shoulder: A shoulder or projec-
tion on the external surface of a riser coupling or other riser
component for supporting the riser system or well control
equipment during riser deployment and retrieval operations.
Sometimes referred to as Landing Shoulder.

A.1.99 riser tensioner: Means for providing and main-
taining top tension on the deployed riser string to help control
lower flex element angle, to reduce pipe bending stress, and
to prevent pipe buckling.

A.1.100 riser tensioner ring: The structural interface of
the telescopic joint outer barrel and the riser tensioners.

A.1.101 rotary kelly bushing (RKB): Commonly used
vertical reference from the drillfloor.

A.1.102 running tool: Specialized tools used to run
equipment in a well. such as a wireline running tool or vari-
ous types of tubing-type running tools.

A.1.103 service life: The length of time that a compo-
nent will be in service assumed in design.

A.1.104 spar: A spar-buoy shaped FPS hull.

A.1.105 slip joint (telescopic joint): A riser joint hav-
ing an inner barrel and an outer barrel with a sealing means
between. The inner and outer barrels of the telescopic joint
move relative to each other to compensate for the required
change in the length of the riser string as the riser bends and
the vessel experiences surge, sway and heave.

A.1.106 specified minimum yield strength: The ten-
sile stress at 0.5 percemt elongation of the specimen gage
length.

A.1.107 stab: A mating box and pin assembly that pro-
vides pressure-tight engagement of two pipe joints. An
external mechanism is normally used 1o keep the box and
pin engaged. For example, riser joint choke and kill stabs
are retained in the stab mode by the make-up of the riser
coupling.

A.1.108 standard riser joint: A joint of tvpical length
for a particular drilling vessel’s riser storage racks, the derrick
V-door size, riser handling equipment capacity or a particular
riser purchase.

A.1.109 steel catenary riser (SCR): A prolongation of
a subsea pipeline attached to a FPS in a catenary shape.

A.1.110 storm choke: See subsurface safety valve.

A.1.111 storm disconnect: A riser disconnect to avoid
excessive loading from vessel motions amplified by inclem-
ent weather conditions.

A.1.112 strakes: Helically wound appendages attached
to the outside of the riser 10 suppress vortex induced vibra-
tions (also helical strakes).

A.1.113 stress amplification factor (SAF): Equal 1o
the local peak altemating stress in a component (including
welds) divided by the nominal alternating stress in the pipe
wall at the location of the component. This factor is used to
account for the increase in the stresses caused by geometric
stress amplifiers which occur in the riser component.

A.1.114 stress concentration factor (SCF): Equal to
the local peak alternating stress divided by the nominal stress
in the component.

A.1.115 stress joints: A stress or taper joint provides a

means of distributing riser curvature arising from bending at
either end.
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A.1.116 strumming: The in-line or transverse oscillation
of a riser in a current induced by the periodic shedding of vor-
tices,

A.1.117 submerged weight: See apparent weight.

A.1.118 subsea fillup valve: A special valve that allows

# the riser annulus to be opened to the sea. To prevent riser col-
lapse, the valve may be opened by an automatic actuator con-
trolled by a differential-pressure sensor.

A.1.119 subsurface controlled sub-surface safety
valve: (S5C).

A.1.120 subsurface safety valve (SSSV): A device
installed in the tubing string of a producing well that shuts in
the flow should it exceed a preset rate.

A.1.121 support brackets: Brackets positioned at inter-
vals along a riser joint that provide intermediate radial and
lateral support from the riser pipe to choke, kill. and auxiliary
lines.

A.1.122 surge: Vessel motion along the fore/aft axis.

A.1.123 sway: Vessel motion along the port/starboard
axis.

A.1.124 syntactic foam: Typically a composite material
of hollow spherical fillers in a matrix or binder.

A.1.125 telescopic joint (slip joint): Sce slip joint.

A.1.126 telescopic joint packer: The means of sealing
the annular space between the inner and outer barrels of the
telescopic joint.
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A.1.127 tension leg platform (TLP): A column stabi-
lized platform that has vertical prone motions restrained by
tendons.

A.1.128 terminal fitting: The connection between a rigid
choke, kill or auxiliary line on a telescopic joint and its drape
hose, effecting a nominal 180 degree turn in flow direction.

A.1.129 thrust collar: A device for transmitting the
buoyant force of a buoyancy module to the riser joint.

A.1.130 type certification testing: Testing by a manu-
facturer of a representative specimen (or prototype) of a prod-
uct to qualify the design and to validate the integrity of other
products of the same design. materials, and manufacture.

A.1.131 upper/lower riser connector package:
(UPRC/LRPC).

A.1.132 vortex induced vibration (VIV): The in-line
and transverse oscillation of a riser in a current induced by the
periodic shedding of vortices.

A.1.133 wave frequency motion: Motion of the FPS at
the frequencies of incident waves.

A.1.134 wellhead connector (stack connector): A
hydraulically operated connector that joins equipment to the
subsea wellhead (e.g., BOP stack “stack connector,” subsea
production or injection tree or “tree connector,” production or
injection risers or “riser connectors™),

A.1.135 wet weight: See apparent weight.

A.1.136 working stress design: Design based on not
exceeding allowable stresses as distinguished from a load-
and-resistance factor design.

Mot for Fmasln



Copyrght Amencan Petoleun inabiily
Peovicsed by *HE under Ioenne wiin ASY
. o HE ot o Fienste




ANNEX B—(INFORMATIVE)

Detailed Functional Considerations by Riser Type

The functional considerations for each of the principal
types of risers (production, injection service, export/sales,
drilling, and workowver) are listed below:

B.1

B.1.1 Are required to transfer the produced (oil, gas, water,
or a combination of these) fluids from the subsea wellhead
and Christmas tree or manifold, to the floating production
vessel.

B.1.2  Transfer well completion, workover, or kill fluids
and other remedial fluids from the floating production system
to the subsea production equipment,

Production Risers

B.1.3 Provide and maintain the necessary control of the
wells and produced fluids at all times and under all operating
and emergency conditions.

B.1.4  Provide a smooth, unobstructed passage for mechan-
ical tools and pigs to and from the subsea production equip-
ment. The design of the production riser should facilitate in-
line service and maintenance functions. such as conventional
pigging.

B.1.5 Minimize the number of flow restrictions and the
pressure drop between the subsea equipment and the floating
production system.

B.1.6  Are able to withstand the maximum operating pres-
sure of the subsea equipment and process equipment on the
floating production system.

B.1.7 Facilitate installation, maintenance. and abandon-
ment operations.

B.1.8 Provide means for integrity monitoring and visual
inspection while installed and in service.

B.1.9 Meet the required design operating life.

B.1.10  Withstand the design loads under normal operating,
emergency. and survival conditions.

B.1.11  Minimize the maintenance requirements in terms of
frequency, involvement, complexity or costs,

B.2 Injection Service Risers

B.2.1  Are required to transfer high pressure water or gas
from the floating production system to the sub-sea wellheads
for reservoir pressure maintenance and other production man-
agement purposes.

B.2.2 Provide and ensure that the necessary control of the
injection wells and other production service functions are
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maintained at all times and under all operating and emer-
gency conditions.

B.2.3 Provide a smooth, unobstructed passage for inspec-
tion tools to and from the subsea equipment. The design of
the injection riser should facilitate in-line service and mainte-
nance functions,

B.2.4 Minimize the number of flow restrictions and the
pressure drop between the floating production system and the
subsea equipment.

B.2.5 Withstand the full working pressure of the booster
pumps or compressors on the floating production system and
the subsea completion.

B.2.6 Facilitate the installation, maintenance, and aban-
donment operations.

B.2.7 Provide means for integrity monitoring and visual
inspection while installed and in service.

B.2.8 Meet the required design operating life.

B.2.9 Withstand the design loads under normal operating,
emergency and survival conditions.

B.2.10 Minimize the maintenance requirements in terms of
frequency, involvement, complexity, or costs,

B.3 Export Risers

B.3.1 Transfer the processed (oil, gas, water. or combina-
tion of these) fluids from the floating production system to
another facility, which may include a fixed drilling/produc-
tion platform, a floating, processing, and/or storage vessel, or
a shuttle tanker.

B.3.2 Provide a smooth, unobstructed passage for inspec-
tion tools and pigs between the floating production system
and the processed fluid receiving facility. The design of the
export riser should also facilitate in-line service and service
functions. such as conventional pigging.

B.3.3 Minimize the number of flow restrictions and the

pressure drop between the floating production system and the
processed fluid receiving facility.

B.3.4 Prevent excessive formation of paraffin deposits on
the internal wall surfaces.

B.3.5 Prevent the formation of hydrates in the line.

B.3.6 Withstand the full working pressure of the transfer
pumps andf/or compressors and the process equipment on the
receiving facility,

B.3.7 Faciliume the installation, maintenance, and aban-
donment operations.
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B.3.8 Provide means for integrity monitoring and visual
inspection while installed and in service.

B.3.9 Meet the required design operating life of the field.

B.3.10 Withstand the design loads under normal operating,
emergency, and survival conditions,

B.3.11 Minimize the maintenance requirements in terms of’

frequency involvement. complexity, or costs.

B.4  Drilling Risers

B.4.1 Provide a continuation of the drilling wellbore from
the subsea BOP stack to the floating drilling vessel.

B.4.2 Provide a continuation of the wellbore from the
marine housing to the BOP stack on the floating vessel.

B.4.3 Provide a conduit to contain drilling fluids and allow
their circulation to and from the wellbore.

B.4.4 Act as a guide for drilling tools being run into or
pulled out of the wellbore,

B.4.5 Provide a containment of the drilling string while it
is being rotated under normal drilling.

B.4.6 Allow controlled circulation of drilling fluids
through the choke and kill lines during well-control opera-
tions.

B.4.7 Provide a means of connecting the subsea BOP stack
to the pressure control manifold on the floating vessel by
means of choke and kill lines.

B.4.8 Provide containment for uncontrolled flow of shal-
low gas and allow safe diverting of the uncontrolled flow
away from personnel and the drilling vessel.

B.4.9 Support external conduits such as choke and kill
lines,

B.4.10 Support external BOP control lines for guideline-
less drilling operations.

B.4.11 Provide a means for circulating drilling fluid
through the drilling riser to increase riser annular fluid veloc-
ity while drilling.

B.4.12 Serve as a running and retrieving string for the BOP
and LMRP.

B.4.13  Allow means of connecting riser joints together in
safe and convenient manner on the drill floor.

B.4.14 Allow a means of attaching hoists or slings to the
drilling riser for safe handling on the drilling vessel,

B.4.15 Allow a means of storing the drilling riser on the
drilling vessel without damage to external lines.

B.4.16 Provide for the attachment of buoyancy modules to
assist in supporting the riser and reduce operating tension
requirements.

B.4.17 Provide for the attachment of spoilers or strakes to
reduce the drag and vibration in the drilling riser by high cur-
rents.

B.5 Workover and Completion Risers

B.5.1 Provide a continuation of the wellbore from the sub-
sea tree to the floating workover vessel.

B.5.2 Provide a conduit from the individual bores of a sub-
sea tree 1o the surface workover vessel,

B.5.3 Allow unobstructed access to single or multiple tub-
ing bores and the wellbore annulus from the workover vessel.

B.5.4 Provide a conduit to contain completion of workover
fluids and allow their circulation to and from the wellbore.

B.5.5 Act as a guide for workover tols being run into or
pulled out of the wellbore.

B.5.6 Allow means of connecting workover riser joints
together in a safe and convenient manner on the drill floor.

B.5.7  Allow means of adjusting the relative lengths of dual
tubing strings.

B.5.8 Serve as a running string for the subsea tree.
B.5.9 Serves as a running string for the tubing hanger.

B.5.10 Allow for running the completion riser through the
drilling riser and well head system.

B.5.11  Act as a guide for the passage of tools and plugs to
and from the wellbore by wireline.

B.5.12 Provide a means for attaching external or connect-
ing internal control lines to the subsea tree or running tools.

B.5.13  Allow for the injection of chemicals at or below the
subsea tree if required.
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ANNEX C—(INFORMATIVE)

C.1

C.1.1 The following is an example problem that demon-
strates how 1o use the design criteria provided in Section 5 for
rigid risers. The example is a simple cylindrical pipe with a
uniform internal diameter and a step increase in outside diam-
eter. The pipe is loaded with intemal pressure and external
force. All pertinent stresses were calculated using a finite ele-
ment model, since this is currently the most commonly used
method of stress analysis. Although it is not necessary 1o use
a finite element model to calculate stresses, this method is
recommended for all but very simple geometries and loads
where hand calculations are accurate. Note that the bending
referred to in this Annex is the local bending across a cross
section and not the global bending computed by global riser
analysis.

Design Criteria Example Problem

used. Notice that the grid was not fine enough at the transition
to vield accurate peak stresses. This is acceptable, since a
fatigue analysis is not being performed in this example.

C.1.6 Figure C-4 shows the Von Mises effective stress con-
tours in the vicinity of the thickness where the stresses will be

a maximum.
C.1.7 The following allowable stresses are given in 5.2.3:

Cy = design case factor (see 4.4).

L]

Ca = 25 for steel.

Cy = 1.0 for maximum operating design case.

for primary membrane:

C.1.2 Figure C-1 shows the geometry and dimensions of o, < CyCroy,
the example problem. The nomenclature for the dimensions
is: o, < 40,000 psi

R, = outside radius.

for primary membrane plus bending:

R, = 2.5 inches.
o, + o< 1.5 C,Cro,
R; = inside radius. " =
Ry = 1.0 inches. oy + op < 60,000 psi
Ry = intermediate radius. for primary plus secondary:
Ry = L35inches, (op+ap+0y): <300,
C.1.3 The loads are shown Figure C-2. The values and

nomenclature for the loads are:

o, + o < 120,000 psi

P = ioaeroalpressucs. C.1.8 Section 5.2.1 requires that the principal stresses at all
P = 10000 psi. critical sections be calculated and classified as either primary

: . . membrane, primary bending or secondary. Figure C-5 shows
U = axial tension. the two critical sections in the example. Section AA is criti-
F = 100000 |bs. cal, because it is the minimum section away from any discon-

C.1.4 Itis assumed that these are the loads during the max-
imum operating load design case. and the material yield
strength is:

a, = 60,000 psi

C.1.5 Figure C-3 shows the element grid, loads, and
boundary conditions for the finite element model of the wbe.
As the figure shows, the model was axisymmetric and
applied the axial forces as a uniform pressure on the ends of
the tube, The nodes on the small end were axially fixed 1o
prevent rigid body movements that might be caused by com-
puter round-off of the two pressure end loads. The ANSYS
finite element program and the PLANE42 element type were

tinuities. This is the critical section from the standpoint of
primary stresses. Section BB is critical. because it is the sec-
tion at the discontinuity where primary plus secondary
stresses will be largest. This is verified by the stress plot
shown in Figure C-4.

C.1.9 Figures C-6 and C-7 show the calculated values of
hoop, axial and radial stress components across sections AA
and BB. These stresses were taken directly from the finite
element output. Notice that since there is no transverse shear
force or torsional moment on the sections, these stress com-
ponents are also the principal stresses.

C.1.10 The primary and secondary stresses thal are com-
pared with the allowables are the von Mises equivalent
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stresses calculated from the stress components afier they are
linearized across sections. Figures C-8 and C-9 show the lin-
earized stresses in the hoop, axial and radial directions across
sections AA and BB. The ANSYS linearizing commands
were used to generate these curves, Most finite element pro-
grams have lincarizing routines that will adequately perform
the linearizing function. However, if a finite element program
does not have this capability or stresses were calculated using
some other technique, linearizing can be adequately per-
formed using hand calculations or curve fitting programs.

C.1.11  The stresses are then separated into membrane and
bending components, For linear stresses across a section, the
membrane and bending components are calculated using the
following equations:

o,y = membrane stress a4 = hending stress
Oy = (G + ;)2 G4=(0,—0;)/2
where

stress at outside surface.

00
o; = stress at inside surface.
C.1.12  First consider section AA:
in the hoop direction:
o= 24,750 psi
G = 15.230 psi

Tt T
Gy - R
it 3
iy = 19,990 psi

- Oin— Tup
2

L

o, = 14,760 psi
in the axial direction:

g = 25,420 psi

Opq = 25,510 psi

= Siet T
ke A T

Tpug = 25465 psi

Comight American Peiroksem inviue
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— Gl Ty

O~ 2
T =45 pSi
in the radial direction:

o =—9882 psi

Gy = 30 psi
o . UIJ' + alll
e

Ty = —4926 psi

og= ol ; Gor

Gy = —4956 psi

C.1.13 The membrane stresses, o, are primary membrane
stresses, and the bending stresses, 6,4 are primary bending
stresses. Also, all of the membrane and bending stresses cal-
culated in the preceding page are principal stresses. Hence,
the three principal primary membrane stresses at section AA
are:

0| = Oy ay =25465 psi
03 = Oy o5 = 19,990 psi
T3 =0y a3 =-4926 psi

and the von Mises membrane stress is:

. J(GI_GZ}: +(51_U!J: + (g, —‘Til)1

L2

Tme

Oe = 28,057 psi The allowable for this stress is

40,000 psi, thus it is acceptable.

The three principal primary membrane plus bending
stresses at the inside surface are:

01 =Cmat+ Bda o) = 25420 psi
02 =G+ Oy a5 = 24,750 psi
O3 = Oy T O oy =-9882 psi

and the von Mises membrane plus bending stress is:

Ope = 34972 psi The allowable for this stress is

60,000 psi, thus it is acceptable.

Not for Revas
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C.1.14 The three principal primary membrane plus bend-
ing stresses at the inside surface are:

O = Gy — Oy ) =25.510 psi
Gy = Ty — Oy s = 15,230 psi
G3 = Oy~ Odr o3 =30 psi

and the Von Mises memhbrane plus bending stress is:

Gpe =22.203 psi The allowable for this stress is

60,000 psi, thus it is acceptable.

C.1.15 Next consider section BB. This section is next to
the transition and will include primary and secondary
stresses. The following are the linearized stresses taken from
Figure C-9,
in the hoop direction:

o, = 26,820 psi

@iy = 20,550 psi

G+ Top
Oy = 2 - i

Ty = 23.685 psi

Dip = Con
O = —5—
o, = 3135 psi

in the axial direction:

Gp = 16330 psi

Tug = 33.460 psi

Uru + Uh’d

[+3 L ——
e 2

G = 24895 psi

G~ Fou

Ty ™= 3

T gy = —8365 psi
in the radial direction:

Gy = -9521 psi

T = —841 psi
Gy = —3181 psi
Oy = 4340 psi

and the Von Mises membrane plus local bending stress is:

The allowable for this stress is
120,000 psi, thus it is acceptable.

Gpe = 30,007 psi

C.1.16 The membrane stresses. @, are primary membrane
stresses, and the bending stresses, oy are primary bending
stresses. Notice that the geometry and dimensions are identi-
cal for sections AA and BB. The only difference is that sec-
tion BB is near a discontinuity which causes sccondary
stresses. Thus, the primary bending stresses in section BB are
the same values as those in section AA which have already
been shown acceptable. Also, all of the membrane and bend-
ing stresses lated in the proceeding page are principal
stresses. Hence, the three principal primary membrane
stresses at section BB are:

01 =Opna oy = 24,895 psi
G2 = O o> = 23.685 psi
O3 = Oy a3 =-5181 psi

and the Von Mises membrane stress is:

The allowable for this stress is
40,000 psi, thus it is acceptable.

T e = 29,490 psi

C.A.17  The three principal primary membrane plus bend-
ing stresses at the inside surface are:

01 = Oma— Tda oy = 26,820 psi
02 = Omh— Odh G = 16,330 psi
T3 = Oyyr — Oty o3 =-9521 psi

and the Von Mises membrane plus bending stress is:

The allowable for this stress is
120,000 psi. thus it is acceptable.

Ope = 32,396 psi
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C.1.18 The three principal primary membrane plus bend- and the von Mises membrane plus bending stress is:
ing stresses at the inside surface are:
05, = 30,007 psi  The allowable for this stress is

O = Oy — Ty o =33.460 psi 120.000 psi, thus it is acceptable.
O2= O — O o = 20,550 psi
O3 = Gy — Oy o3 =841 psi
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ANNEX D—(INFORMATIVE)

Composite Riser Design

D.1 General

J High performance composite materials have been used in
the aerospace industry for many years for applications where
high strength and low weight are required. Their application
to deepwater risers has been a topic of research since the early
1980s. Such research has intensified in recent years,

D.2  Definition

The term “High Performance Composites” is used here for
those long continuous fibrous composites used in the con-

struction of heavily loaded structural components. Failure of

these structural components is often governed by the failure
of the high performance composites in the fiber direction.

D.3  Composite Riser Joint Components

A riser joint of high performance composites will generally
include the following four components:

a. A high performance composite tbe body made of multi-
ple layers of continuous fibers embedded in a resin matrix.
The fibers in each layer may be of various types, such as high
strength carbon fiber, high modulus carbon fiber, aramid
fiber, S-glass, and E-glass fibers. More than one type of fiber
may be used in each layer. Fibers in different layers may ori-
ent at different angles to the composite tube axis. The resin
matrix can be of either thermoset or thermoplastic.

b. Tube metal end pieces. with connectors 1o allow easy
make up of riser joints.

¢. An internal liner.

d. Anexternal liner.

D.J.1 TUBE BODY ANALYSIS

The global stiffness of the high performance composite
tube and the stresses induced in different layers within the
tube body due to either applied loads and/or thermal effects
should be calculated based on thick-walled anisotropic com-
posite cylinder analysis. Finite element methods which can
account for thick-walled effect can also be used.

D32 STRESS LIMITS FOR FIBERS

The allowable design stress of the fibers used in the con-
struction of the high performance composite tube will need to
be clearly specified. In establishing the allowable fiber design
stress, care should be taken to account for the effect of the
aperating environment. temperature. loading history. service
life requirements, etc.
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D.3.3  STRESS LIMITS FOR THE MATRIX

D.3.3.1 The high performance composite tube can be
designed to allow micro-cracking of the resin matrix 1o occur
during its service life. In this case, the wall of the composite
tube will no longer be water-tight. Pressure barriers such as
internal and external liners will need to be used. It should be
pointed out that micro-cracking of the resin matrix will not
cause structural failure of the high performance composite
tube, The structural integrity of the high performance com-
posite wbe is governed by the integrity of the long continuous
fibers.

D.3.3.2 If the high performance composite tube is required
1o maintain water-tightness during its entire service life. the
allowable design stress limits of the matrix dominated stress
components will need to be established. They can be deter-
mined either through long term testing of the high perfor-
mance composite tube or through validated analytical
methods utilizing well characterized material properties and
appropriate anisotropic failure criteria.

D34  END PIECE DESIGN

The tube end piece will normally be made from metal to
allow for easy coupling to other riser joints. Stresses in the
end piece should be analyzed using the finite element
method.

D35 TUBE/END PIECE CONNECTION

The interface between the high performance composite
tube and the metal end piece is critical to the structural integ-
rity of the composite riser. Structural connection can be
achieved by various means such as pinning, bonding, etc.
Care should be taken to avoid localized high stresses at the
tube to metal end piece interface which could jeopardize the
integrity and service life of the composite riser.

D.3.6 INTERNAL LINER

The internal liner can be used to provide a pressure barrier
for the high performance composite tube. The intemal liner
must be compatible with the fluids and gases that will be
encountered during the entire service life of the composite
riser. The liner can be installed before or after the fabrication
of the high performance composite tube. If the liner is
installed before the fabrication of the composite tube, it must
be capable of withstanding all mechanical and thermal loads
during all phases of the fabrication process. Depending on the
service environment. the liner might need to be bonded to the
composite tube hody. Note that the internal liner considered
here does not include any resin rich liner that is fabricated in-
situ with the composite tube, The resin rich liner is consid-
ered as part of the composite tube.
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D.3.7 EXTERNAL LINER

The external liner can be used to provide a pressure barrier
for the high performance composite tube. The external liner
must be compatible with the surrounding {luid and be able to
provide some protection against accidental damage due to
handling the high performance composite tube.

D.3.8 LINER/END PIECE JUNCTIONS

The junctions between the liners and the tube end pieces
are critical items requiring special attention. They must be
designed to remain pressure tight during the entire life of the
tube. The junctions should be designed to avoid excessive
large local strains in the liner at the transition between the
composite tube body and the metal end piece.

D.4 Loads and Constraints—Some Particular
Points

D41 EXTERNAL PRESSURE

The design must consider the possibility of a sudden loss
of internal pressure in the riser during work-over or other
operations, when the internal pressure may fall to atmo-
spheric pressure. Either the composite tube must be designed
1o resist the resulting differential external pressure, or equip-
ment such as a fill-up valve must be incorporated into the
riser system to ensure that external differential pressure can
never exceed a specified value, which the riser must be
designed 1o resist.

D.4.2 AXIAL STRAIN

Composite production risers may be used with production
tubings made from other materials, such as steel, with very
different elastic characteristics. It is important to ensure that
the axial strain of the composite riser does not lead to the over
stressing of the production tubings. It may be necessary to
equip the latter with expansion joints. This is particularly
likely to be the case if the composite risers are designed to be
connected to the platform without tensioners.
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D.4.3 PLATFORM/RISER CONNECTION

For TLPs in deep water, composite risers can be designed
o operate without compensating tensioners. If this option is
adopted it is important for the designer to verify the effects of
changes of internal pressure or temperature. These can lead to
axial stretch of the riser and hence to a reduction in effective
tension. The designer has three options. He can incorporate a
tension adjustment system at the top end of each riser; he can
verify that the riser stretch and associated reduction in effec-
tive tension are acceptable; he can exploit the special features
of composites and design the tube to have small {or even neg-
ative) axial stretch under the effect of internal pressure and
temperature,

D44 FATIGUE/AGING/CORROSION

The effects of fatigue, aging, and corrosion on composites
are important and complicated subjects requiring further
research. The effects are very different according to the types
of composites used and to the operational environment.

D.4.5 INSPECTION AND NON-DESTRUCTIVE
TESTING

The recommendations given in 5.7.3 of the main body of
this document should form the basis for inspection and non-
destructive testing of the composite riser.

D.4.6 DEVELOPMENTS FOR SPECIFIC
APPLICATIONS

Composite risers will continue to remain as a research sub-
jeet. However, serious considerations should be given to eval-
uate this technology for specific applications. Development
of advanced design concepts and reliability analysis tech-
niques are essential to the advancement of composite riser
technology. For composite risers to be a reality for deep water
applications, work must begin to qualify composite risers for
specific applications.
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ANNEX F—(INFORMATIVE)

F.I Design Considerations for Hybrid Risers

This annex outlines the most important design consider-
ations for hybrid risers.

Fl1.1 BUOYANCY

F.1.1.1  The buoyancy used to support the riser may come
from three sources:

a. Syntactic foam buoyancy modules.
b. Air filled structural member.
¢. Near surface air tanks.

F.A1.1.2  All forms of buoyancy have reduced effectiveness
at increased depth as shown below. It may therefore appear
preferable to mount the buovancy near the top of the riser.
This approach results in larger tensile loads being applied
over much of the riser than if the buoyancy is distributed
along the entire length. A further consideration is that while
syntactic foam is the most expensive of the three buoyancy
types, it is arguably the simplest form of buoyancy to imple-
ment offshore and can reduce the cost of offshore operations.
However, the limitations of installation handling equipment
are such that neither excessive weight nor buoyancy can be
experienced at any stage of installation. The optimum system
is therefore likely to consist of a combination of all three
forms of buoyancy, with the distribution of each varying
according to the application and installation method. Some of
the factors influencing selection are now discussed.

F.1.1.3 Buoyancy from the near surface air tanks or the
central structural member may be provided by air at ambient
pressure or a pressurized air-up type system, fed from the
base of the can. Air at ambient pressure offers the simplest
solution. However, at increased water depths the increase in
external pressure loads require increased can wall thickness
which gives reduced upthrust. The pressurized system offers
the advantage of enabling the cans to be designed for rela-
tively small hydrostatic pressures throughout the water col-
umn. though with increased design complexity. As a result,
air tanks mounted at the top of the riser are likely to provide
the least expensive form of upthrust.

F1.1.4 A small diameter structural member is well suited
to use of air at ambient pressure. This is the most simple form
of air-can, and offers the benefit of providing the facility for
internal inspection. At larger depths, where external pressure
starts determining the wall thickness, it may be beneficial to
flood the lower portion of the can. Where a larger diameter
structural member is warranted, an air up type system with
many bulkheads along the riser length, possibly every joint,
may be more appropriate. Application of this type of system
at larger depths or harsher environments may not be feasible
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Table F-1—Relative Density of Different Types
of Buoyancy
Drepth Syntactic *Air at Hydrostanc
(feet) Foam Pressure
1500 0.40 0.06
3000 (.45 011
4500 0.50 016

Note.
*Excludes weight of can,

as the process of pressurizing the buoyancy system as the
riser is lowered through the water column may limit the speed
of installation.

F.1.1.5  Syntactic foam buoyancy is the most expensive of
the three types of buoyancy but serves a number of functions
apart from providing upthrust to the riser. These include,
guidance for the peripheral lines during installation, thermal
insulation and protection of the peripheral lines from directly
applied hydrodynamic loads, and local vortex shedding
effects. For installation either by tow-out or running from the
production vessel, syntactic foam buoyancy can simplify
installation procedures. The buoyancy modules also provide a
convenient surface for mounting vortex induced vibration
suppression devices. As with other forms of buoyancy. the
effectiveness of the syntactic foam buoyancy is reduced at
increased water depth. However, when considering the com-
parative densities in Table F-1. the relative reduction in effec-
tiveness at increased depth is less than that of a pressurized
air can type system. Al greater depths, when the weight of air
cans are taken into consideration, similar effectiveness may
be produced from syntactic foam and air-can buoyancy sys-
tems.

F.1.2 INSTALLATION

F.1.2.1  Hybrid risers may be installed by running from the
production vessel in the same manner as a drilling riser or by
tow-out and upending as used for flowline bundles and TLP
tethers. The selected method has a significant impact on the
design of the riser. Whichever method is adopted the design
process must produce a low effective riser weight at all stages
of installation, needed for safe handling while ensuring that
satisfactory hydrodynamic response is maintained.

F.1.2.2  The differences between the two processes consist
of the stages involved in getting the assembled riser string
vertically orientated below the production vessel. For instal-
lation by wow-out this consists of launch, by lifting the riser
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from the beach or pulling off a runway, trimming, involving
ballasting of peripheral lines and attachment of drag chains or
floats so the riser is at the correct depth for towing, tow-out,
and upending. For installation by running the process consists
of the joint make-up procedure which involves connecting
the structural member flange, coupling peripheral lines (if not
installed later), fitting vortex vibration suppression strakes
where needed and flooding the central member (if peripheral
lines not installed) to control weight and upthrust. The joint
make-up procedure and ballasting operations required for
running result in a longer offshore operations than tow-out.

F.1.2.3 Installation by tow-out probably offers the lowest
weight design solution which in wm offers lowest buoyancy
cost. Other potential benefits may also be realized but these
must be weighed against the associated disadvantages which
are not found in installation by running. These include the
following:

a. All-welded construction and greater reliability of flowline
connections versus possible need to use lower grade steel pip-
ing and inability to replace individual lines.

b. Smaller installation weather windows versus accumula-
tion of fatigue damage during tow-out.

F.1.2.4 The advanages and disadvantages of each method
vary from application to application. In harsh environments
with short installation weather windows, installation by tow-
out may be the most favorable. In mild environments, or
where the riser has a small number of lines. running may be
more appropriate.

F.1.2.5 The final stages of installation are similar with both
tow-out and running. The FPS is prepared by attachment of
the flexible hoses to the pontoons with free ends tied back in
the moonpool area. The riser is positioned vertically such that
the top assembly is at a convenient point for attachment of
flexible hoses to the goosenecks. When all flexible lines are
in place the riser is lowered and latched to the riser base.

F1.3 VESSEL INTERFACE

F.1.3.1  The interfaces between a hybrid riser and the vessel
consist of the flowline connections to the hull and a tension-
ing or tethering arrangement to maintain  compatibility
between the lateral movements of the vessel and the riser. The
one existing hybrid riser is used with a semisubmersible ves-
sel, but the required interfaces can also be provided by a
tanker type FPSO.

F.1.3.2 Hybrid risers are generally considered most suitable
for use with semisubmersible vessels. The main difference
between semisubmersible and FPSO interfaces is the differ-
ence in offtake circumference provided at the vessel, which is
smaller for an FPSO. The dimensions of the semisubmersible
pontoons provide greater spacing between jumper hoses than
offered by the turret of an FPSO, which can make satisfactory

configuration of the jumper hoses more difficult. particularly
if severe surface currents must be accommodated. In harsh
environments, with both severe wave and surface current
loading. an offset riser may be needed to produce a satisfac-
tory Nexible jumper hose arrangement.

F.1.3.3 Tethering or tensioning of the riser from a semisub-
mersible can be conveniently achieved with the drilling riser
tensioner or guidewire tensioners, if the production vessel is a
drilling rig conversion. Medification of these devices may be
needed or alternative methods of tethering may be more suit-
able, depending on design requirements. These include long-
term tether load, capacity to lift the EDP. stroke, the need for
tether release if simultaneous drilling or workover is o be
conducted, space limitations in the turret of an FPSO, and
low load variation with stroke to minimize stress fluctuations
and fatigue damage in the riser.

F.1.4 SIMULTANEOUS OPERATIONS AND RISER
POSITION

F.1.4.1 The opportunity for conducting workovers or drill-
ing on a well while producing from adjacent wells can be a
driving factor for the selection of a hybrid riser system and
have a significant impact on design of the vessel and seabed
interfaces. At the seabed, the riser may be connected to the
well template, as opposed to a stand-alone base. This may
simplify flowline connections and enable cost reduction
through use of a multifunction base structure. The require-
ment for simultaneous operations can also be a factor in
determining the level of tensioning or tethering provided by
the vessel and the position of the vessel relative to the riser.
Three basic approaches can be followed:

a. Centrally located below the vessel moonpool and tethered,
b. Offset from vessel moonpool, but tethered beneath the
vessel,

¢. Offset from vessel and freestanding.

F.1.4.2 In the first option, the riser must be able o free-
stand in mild environmental conditions. This enables the
tether 1o be disconnected and the vessel winched to a suitable
position for operating on the template wells. The second
option is similar to the first with the advantage that the riser
need not be untethered and offers extended scope for con-
ducting workover operations. The second option has the dis-
advantage that the jumper hose layout is more restricted if the
moonpool area is to kept clear. The third option may offer
further improvement in scope for conducting well operations
while producing. However, the large offsets that are experi-
enced by FPSs can result in long jumper hoses being needed.
This adds to weight, increases the buoyancy requirement and
adds to cost which must be traded off with the additional
opportunities for well operations that may be achieved by
adopting the offset design.
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F.1.5 PERIPHERAL LINES

F.1.6.1 The peripheral flowlines are conventionally located
on the outside of the structural member in guide tubes run-
ning through the syntactic foam buoyancy. The lines contrib-
ute to the bending stiffness and combined effective tension of
the riser as a whole by way of the lateral restraining forces
provided by the guides. To accommodate differences in tem-
perature and end cap pressure extension between different
line types and the structural member the lines are free to
move axially within the guides. Lines may be supported at
either the top or base of the riser. If top supported, the struc-
tural member must be designed for the compressive load
applied by the lines. Axial mo 1S are ace dated at
the base of the riser and the design of the upper flowline ter-
minations is simplified as no axial movement need be accom-
modated. When bottom supported, the peripheral lines must
be designed for self-weight compression and buckling resis-
tance at the base. The base piping interface is simplified as no
thermal movements must be accommodated and the jumper
hose interface is more complex due to the axial movements
that must be accommodated. In very deep water applications.
the support loads may be considerable and the thermal move-
ments and end cap pressure extension may be difficult 10
accommodate at one end of the riser. In such situations sup-
ports and expansion loops may be needed at a number of
points along the riser length in order to rationalize the design
of the structural member and lateral restraining loads for
which the guide tubes must be designed.

F1.5.2 As an alternative to locating the flowlines on the
outside of the structural member, a design has been proposed
whereby the flowlines are contained within the structural
member in the same way as a flowline bundle.® This
approach may require different methods of accommodating

relative extension between different line types and supporting
the peripheral lines.

F.1.6 RISER BASE

The riser is attached 1o the base foundation by way of a
stress joint or flex-joint and hydraulic connector. Titanium
has been used for the base stress joint, as this provides greater
flexibility than steel, thus reducing the required stress joint
size and base loading.! Loading on the base can also be
reduced with an all steel design by reducing the diameter of
the structural member just above the stress joint, allowing
smaller radii of curvature o be accommodated along the
siress joint and giving reduction in base loading. Much
greater reduction to bending loads applied 1o the connector
and foundation can be achieved if a flex-joint is implemented
instead of a stress joint. However, the concentration of rota-
tion at a single point creates greater difficulty in design of the
transition from the vertical peripheral lines to the riser base
piping.
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ANNEX G—(INFORMATIVE)

(.1 Differences From Other Codes

G.1.1 The methods of design by analysis specified in the
ASME Pressure Vessel Code, Section VIII, Division 2 are
utilized in this document with four important differences:

a. Component stresses are combined using the von Mises
failure theory instead of the maximum shear stress.

b. The basic allowable stress is /3 the minimum yield
strength and is independent of the ultimate strength whereas
the ASME Code limits it to the lesser of /3 of yield or /5 of
the ultimate,

¢. The allowable stress is modified by a design case factor.

d, The criterion for local primary membrane stress has been
eliminated.

G.1.2  The reasons for making these changes to the methods
in the ASME code are as follows.

G.1.3 The von Mises failure theory was adopted instead of
the maximum shear stress theory because experimental data
shows it more accurately predicts the onset of yield for duc-
tile materials. The ASME code uses the maximum shear
stress theory even though it is slightly less accurate, because
it is easier to use and is always conservative compared to von
Mises.

G.1.4 This recommended practice does not consider the
ultimate strength in setting the basic allowable stress. Instead,
rupture is prevented by not allowing the use of brittle materi-
als that might be susceptible to rupture.

G1.5 The ASME code, on the other hand, specifies the
basic allowable stress as the lessor of 2/5 the yield or /3 the
ultimate. The !/5 ultimate limit prevents rupture.

G.1.6  The design case factor was introduced to modify the
allowable stress based on the probability of occurrence of a
design case and the consequences of a failure for the condi-
tions of the design case. This type of factor is common in
design codes. For example, APl RP 2A-WSD permits a !/
increase in allowable stresses (from 0.6:5). o 0.8g,) for
stresses due in part to design environmental conditions.

G.1.7 The ASME Pressure Vessel Code does not use a fac-
tor like this, hecause the predominate loads are operational
and not environmental. Thus, the loads on pressure vessels
are not as random as those on some other systems like FPS
risers,

G.1.8 The ASME criterion for local primary membrane
stresses was eliminated, because these stresses do not nor-
mally occur in risers, and they will not cause failure.

G.1.9  For several reasons, the allowable stresses in this RP
differ from those in APl RP 16Q, which is for marine drilling
risers used on floating drilling vessels. The typical marine
drilling riser is used in many water depths and different envi-
ronments during its life. This makes it very difficult for an
analyst 1o predict lifetime loads and thus to estimate the
riser’s fatigue life. Moreover, drilling risers are retrieved fre-
quently and can be inspected on deck for fatigue cracks. They
are also usually retrieved, or at least disconnected from the
well, for the worst storms. On the other hand, FPS risers oper-
ate for a long time at one location. In addition, most FPS ris-
ers remain in place through all storms and are retrieved
infrequently if at all before final removal.
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ERRATA

Page 53, Section 5.2.3.1, Equation 4, replace the equation with the following:

(o,+0,+0,), <300, (seeRef 1andAnnexC) (4)

Page 54, Section 5.2,4.3, Equation 9, replace the first line and Equation (9) with the
folfowing:

5.2.4.3 Substituting Equations 6, 7, and 8 into Equation 5 gives, following a little algebra,

) {Js‘m ~P,)D,D,

)
: + 0
] 2D, +D)x

—1) ’ . 2
E j| S(C8,) (9)

Page 145, Section C.1.7, equation for “primary plus secondary’, replace the first
equation with the following:

(6,+0,+0,), < 3.00,
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