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Resume

Denne rapport omhandler udviklingen af et nyt design, af en bgjningsstiver til fleksible rgr
1 olieindustrien. Arbejdet er udfgrt i samarbejde med National Oilwell Varco Denmark
I/S (NOV), som har leveret opgavebeskrivelsen for projektet. Rapporten er udarbejdet,
som en speciale athandling pa kandidatuddannelsen i Design af Mekaniske Systemer pa
Aalborg Universitet.

Formalet med projektet er at udvikle og designe en ny bgjningsstiver, med lavere isola-
tionsevne. Dette skyldes, at det nuvaerende design er arsag til, at overfladen pa de fleksible
rgr nedbrydes, fordi temperaturen er for hgj ved bgjningsstiveren. Rgrets overflade der
er lavet af polyamid @ldes og hydrolyse processen (reaktion med vand) fremskyndes, nar
temperaturen er for hgj. Det nuvaerende design af bgjningsstiveren er lavet af polyure-
tan, som har en relativ hgj isolationsevne. Virksomheden, NOV, gnsker et nyt design
med den samme mekaniske opfgrsel, som den nuvarende bgjningsstiver. Rapporten leg-
ger ud med, at bestemme opfgrslen af den nuverende bgjningsstiver for, at etablere en
reference opfgrsel, der kan benyttes til, at tilpasse opfarslen af det nye design. Deru-
dover analyseres det nuvaerende design ogsa termisk, for at bevise, at temperaturen er et
reelt problem. Dernast undersgges de omgivelser og ydre pavirkninger der kunne have
indflydelse pa designet af bgjningsstiveren. Analysen af den nuvarende bgjningsstiver
efterfglges af en kravspecifikation, der er delt op i1 prima&re og sekundare krav, som de-
signet skal opfylde.

Designfasen tager form efter kravspecifikationen og bygger pa en metode udviklet til in-
dustriel produkt design. Designfasen gar gennem nogle trin, hvorved de bedste intuitive
design forslag kommer videre. Denne del af projektet slutter med et konceptdesign, der
bestar af nasten udelukkende af stal, hvilket har forholdsvis ringe isolationsegenskaber.
Dette design optimeres mod den rette mekaniske reference opfgrsel bestemt tidligere
i projektet. Ved denne optimering opstar nogle problemer i opfgrslen, som er design
betinget. Herefter bliver designet @ndret til en kombination af konceptdesignet og det
nuverende design. Dette design optimeres ved brug af Finite Element Methods og op-
timeringsalgoritmer. Dette ggres for at opna den gnskede opfgrsel. En termisk analyse
udfgres hvor konvektion er inkluderet, for at bevise at temperatur kravet er overholdt i
det nye design. Dette design raffineres i forhold til design detaljer, formalet med disse
detaljer er bl.a. at undga styrkemassige problemer, som fx karvfglsomhed.

Oprindeligt var det ikke en del af projektet, at modellere det fleksible rgr, da en model
af denne skulle vere givet fra projektstart. Denne model udeblev imidlertid og derfor
blev en model udviklet i projektet. Denne model har til formal, at bestemme den akvi-
valente bgjningsstivhed af rgret. Modellen er baseret pa en reekke videnskabelige artikler
omhandlende modellering af rgr. Kapitlet om rgrmodellering beskriver tre &kvivalente
stivheder, baseret pa forskellige bgjningstilfelde af rgret.



Efter at rgret er modelleret, kan styrken af det nye design evalueres. Det viser sig, at det
nye design ikke er sterkt nok og kan ikke dimensioneres til den rette styrke uden at ga
pa kompromis med den mekaniske opfgrsel, hvilket er uhensigtsmessig. En procedure
for udmattelses beregninger var udarbejdet, men da den statiske styrke ikke var overholdt,
var der intet incitament for, at bestemme udmattelses levetiden. Dog er udmattelses pro-
ceduren praesenteret i appendiks for den interesserede laser.

Projektet efterlader et dbent designforslag, med basis for videreudvikling. Med dette pro-
jekt er alt forarbejdet gjort, for at kunne udvikle en ny bgjningsstiver. Alle ngdvendige
data og modeller er udviklet og samlet, hvilket ikke var tilgaengeligt for dette projekt. Iser
bgr det bemarkes at projektet bidrager med en modellering af det fleksible rgr, som kan
anvendes til, at bestemme en &kvivalent stivhed for rgret.



Preface

This master thesis is the outcome of development work carried out between the 1st of
February to the 3rd of June 2015, and is written at the Department of Mechanical and
Manufacturing Engineering (M-tech), Aalborg University.

Reading guide

All the references throughout the report are displayed using the Vancouver reference sys-
tem; hence references are stated with a number in a square bracket. A list of references
can be found in the back of the report. Be aware that figures are modified to fit the layout
of the report, even though these are based on a source. All figures inspired from a source
is added with Vancouver reference system.

Also included is a collection of appendices that complement the report and an Annex-
CD, containing various software routines and other material relevant for the report. The
contents of the Annex-CD are listed on page 121.
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Chapter

Introduction

One of the largest political and industrial issues in the last century, has been the utilization
of the energy resources available on earth. Thus, in the last 100 years there has been
an increased focus on the exploitation of wind power, sun energy and the world’s oil
and gas deposits. This vital need for energy has led to a worldwide energy industry,
which is known for large production facilities, placed all over the world. This chapter will
give an introduction to these facilities and failures which can appear on such facilities.
The consequences due to these failures will also be discussed. All this leads to a final
description of the main purpose of this project.

Contents
1.1 Consequences Due to Failure of Energy Plants . . . ......... 1
1.2 Main Purpose of The Project . . . .. ... .............. 3

1.1 Consequences Due to Failure of Energy Plants

The worldwide energy industry began in the early 1900s with the invention of the com-
bustion engine, and in the following years was oil and gas the primary source of energy
instead of coal, this industry is known for worldwide companies such as Shell and BP.
The utilization of wind energy and the use of solar cells started in the 1970s, especially
because of two oil crises which caused a decrease in the oil production.
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Figure 1.1: Development of typical commercial wind turbine [54].

These alternatives to oil and gas energy grew through the 1990s, mainly caused by the
growing concern about the use of fossil fuels. Over the years, wind turbines and oil



production have been developed to extract more energy, which usually means that the
physical size of these plants have been enlarged. This trend can be seen particularly in the
development of wind turbines, see figure 1.1 [13; 14; 47; 60].

On figure 1.1, the rotor diameter and the turbine size is specified with meters and kilowatt
are specified above each development step, which indicates the growth in size of typical
wind turbines. As energy plants has become larger over time, failure of these plants are
also associated with major consequences, both social and economic. One example would
be the Deepwater horizon accident in 2010, where 4.9 million barrels of oil was released
from the well, and the cleanup costed BP more than 14 billion USD, see figure 1.2.

Figure 1.2: The Deepwater horizon accident [17].

The accident occurred because high pressure methane gas from the well was ignited,
which led to an explosion on the Deepwater horizon oil rig. The accident caused more
than just financial losses, 11 workers on the oil rig was never found, and it is assumed that
they died in the explosion. The following spill of the 4.9 million barrels of oil, or 780,000
m3, directly affected 180,000 km? of ocean [58].

The Deepwater horizon episode was rated to be the largest accidental oil spill, and was a
major and unusual accident, but also small technical errors can cause significant damage
and economic losses. An example can be read in an article from from the Danish magazine
Ingenigren. The article describes the magnitude of economic losses associated with an
interrupted energy production. It reports how a broken valve on a Norwegian oil rig in
2012 forced a stop to the oil production. As the rig daily produced about 11,854 barrels
of oil at a market price of 116 USD per barrel, the daily loss due to missing income was
about 1,38 million USD per day. In the article it is not stated how many days of production
that was lost, but it is clear that the production was stopped in at least seven days, which
means that the losses of income in this period was about 10 million USD [27].



1. Introduction

Another technical problem related to oil production, is the failure of flexible oil pipe. The
magnitude of this problem is described in a report from The Petroleum Safety Authority
Norway (PSA) [55]. The flexible pipes have been used for more than 30 years, and was
developed to be used in both static and dynamic applications. The flexible pipe consists
of several layers of steel and polymers, and is therefore a complex structure compared to a
rigid pipe manufactured of a solid material. According to the report from PSA Norway are
the flexible pipes related to high failure rate, because of the complexity of the structure.
In the period from 1995 to 2013, PSA has reported 85 failures of flexible pipes, and 60 of
these were classified as a major incident, meaning that there was a high risk of injury or
pollution. The failure of the pipes was due to a number of different errors in the different
layers, like fatigue of metal layers and failure of the polymer due to ageing or hydrolysis.
An example of failure of the flexible pipe is shown on figure 1.3.

Figure 1.3: Failure of the outer layer of the flexible pipe [55].

The failure shown on figure 1.3 is cracking of the outer polymer layer of the flexible pipe.
This failure is due to a high temperature on the surface of the flexible pipe under a bend
stiffener, which ensures a proper bending radius of the pipe. As the outer layer serves as
protection of the inner layers, damage or cracking of this layer will cause failure of the
flexible pipe, which might lead to serious accidents.

The issue with a high temperature between a flexible pipe and the bend stiffener is also
the main topic in this project, and the main purpose of the project is outlined in the next
section.

1.2 Main Purpose of The Project

This project is a collaboration with the danish division of the worldwide wellknown oil
company National Oilwell Varco, which is a manufacturer of flexible oil pipes. These
flexible pipes are equipped with a bend stiffener located at the vicinity of the oil rig,
shown on figure 1.4.

The purpose of the bend stiffener is to graduately increase the bending stiffness of the pipe
and transfer the loads between the flexible pipe and the stiff rig construction. The current
bend stiffener design has a high insulating effect, which causes the pipe to suffer from a
hydrolysis process which is accelerated above 70°C. This process leads to decomposition
of the outer fluid barrier of the pipe. The local division of NOV flexibles has requested a
new design of the bend stiffener that lowers the insulating effect and thus the temperature
of the outer wall of the pipe.



W gl i

Current bend stiffener

Figure 1.4: Oil production plant with the location of the oil pipes and the bend stiffeners [42].

This report describes how a new design of a bend stiffener is developed. The project
ended with the design shown on figure 1.5, this design needs further development in order
to be full operational. As there are different sizes of tubes, there are also various sizes of
bend stiffeners, and therefore, the development work must be limited to one type of bend
stiffeners. Therefore is this project based on a current bend stiffener that fits a pipe with

an outer diameter of 308 mm.

Figure 1.5: The new developed design of the bend stiffener

Each chapter in the report describes a step in the development of a new bend stiffener,
and the following text briefly states what is presented to the reader through the report.
Initially, the reader will be introduced to National Oilwell Varco and the structure of the
flexible oil pipes, it will also be revealed how the current bend stiffener is designed, and
which materials are used to manufacture the bend stiffener. This leads to determination
of the extent of the problem, which is conducted by an analysis of current structure and

4



1. Introduction

surroundings. In the analysis the structure of the current bend stiffener is investigated, but
also issues that influence the development of a new design are considered.

Based on this analysis, the full extent of the project is revealed, and the objectives of
the project will be outlined. In order to achieve these goals, a development strategy with
associated methods will be explained. The rest of the report covers the application of the
development methods with the aim of creating a new and useful design of a bend stiffener.

In the next chapter, National Oilwell Varco, their product and the main task of this project
be introduced.






Chapter

Case

The purpose of the project is to design a bend stiffener for flexible pipes, and this task is
stated by the company, National Oilwell Varco. In this chapter the company is presented,
and the extent of the task is described. First, National Oilwell Varco, its products and the
challenges associated with the product are presented, and afterwards the essence of the
task is outlined.

Contents

2.1 National Oilwell Varco . .. ... ... . ¢ttt teeenns 7

2.2 Main Issue and Task Description . . . . ... ............. 11

2.3 Materials, Dimensions and Load Cases of The Current Bend Stiff-
enerandPipe . . . . . . ... .. L e e e e 12
23.1 Materials . . . . .. ... 12
232 Dimensions . . . . . . . ... e 13
233 LoadCases . . .. ... .. .. 15

24 SUMMATY . o ¢ ¢ v v v vt ettt ottt e ot ot oo oo e 16

2.1 National Oilwell Varco

National Oilwell Varco, also known as NOV, is an American multinational company,
which provides solutions, equipment and components for the oil and gas drilling indus-
tries, and its activities are spread out over six continents [59].

This project is conducted in collaboration with the danish division of National Oilwell
Varco. The company has three locations in Denmark, where the Danish headquarter is
placed in Brgndby at Sealand, the production facilities are placed in Kalundborg and a
small research and development office is placed in Aalborg. The task for this project is
stated by the office in Aalborg and all collaboration is done with this office.

The Danish division, National Oilwell Varco Denmark I/S, is also called NOV Flexibles,
and produces flexible pipe systems as a part of a complete floating production system, see
figure 2.1(a) and figure 2.1(b) [28; 41].

The pipes manufactured by NOV Flexibles consist of different layers, and combining
the properties for each individual layer, constitute all the features of the pipe, that are
necessary to operate satisfactorily when submerged into water.



(a) Flexible pipe [41]. (b) Floating production system [41].

Figure 2.1

There are various types of pipes for different applications. The number of layers varies,
depending on the specific pipe model. However, the structure is relatively similar among
the different types of pipes, and there are normally five basic layers in a flexible pipe,
these are shown on figure 2.2 [11].

Carcass

Inner liner

Pressure armour

Tensile armour

Outer sheath

Figure 2.2: The basic layers in the pipes manufactured by NOV Flexibles [41].

The innermost layer is the carcass, which consist of stainless steel flat strips, these are
shaped to have an interlocking profile, see figure 2.3(a). The purpose of the carcass is
to resist the hydrostatic pressure from the sea, and a secondary property is to withstand
corrosion caused by the fluid in the pipes.

Next layer is the inner liner, which is a layer of polymer acting as inner fluid barrier. The
third layer is the pressure armour, and its main function is to resist the circumferential
stress caused by the internal pressure in the pipe.

ANS

(a) Standard design of carcass [11]. (b) The Z shaped pressure armour [11].

Figure 2.3
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This layer is constructed by rolled carbon steel wires, which are formed as Z shaped
profiles, so that the layer has an interlocking property, shown on figure 2.3(b). This layer
also provides protection against external pressure and crushing damage caused by the next
outer lying layer, known as the tensile armour.

The tensile armour consist of two layers that are cross lapped, and the layers are made of
flat rectangular carbon steel wires. These layers are used to resist loads in the axial and
torsional directions, meaning that the layers carry the weight of the flexible pipe when
the pipeline is connected to the surface vessel. Layers of lubricating thermoplastics are
inserted between the metal layers, to avoid wear. These are not shown on figure 2.2.

The outer layer is a polyamide layer, which is a thermoplastic material, and the main
purpose with this layer is to seal and protect the metal layers against sea water, abrasion
damage and corrosion.

The basic concept with the floating production system is to pump oil or gas from the well
to a production ship at the surface through the flexible pipes produced by NOV Flexibles,
shown on figure 2.1(b). At the connection between the ship and the flexible pipe, or other
mechanical transition, a bend stiffener surrounds the pipe to avoid kinks and fatigue, this
is shown on figure 2.4.

Bolt assembly —

Bend stiffener

Flexible pipe

Figure 2.4: The mechanical transition between two flexible pipes, where bend stiffeners are
mounted to avoid damage to the pipes [46].

The bend stiffener can both be placed in seawater and above sea level, which means it
is hanging in the air. Placement of the bend stiffener depends on how it is used, and on
which type of vessel the bend stiffener is mounted.

The bend stiffener can be formed as a hollow truncated cone with a steel mounting flange
placed in one of the ends. By this flange is the bend stiffener assembled to a mechanical
transition by bolts. The hollow truncated cone form and the mounting flange of the bend
stiffeners produced by National Oilwell Varco is displayed on figure 2.5.



Mounting flange

Figure 2.5: A typically bend stiffener produced by National Oilwell Varco [46].

The bend stiffener is assembled with a male connector at the mounting flange, and this is
locked to a female connection in the vessel. Together these parts constitute the mechanical
transition to the vessel, a typical male connector can be seen on figure 2.6.

Bend stiffener

Male connector

Figure 2.6: A typically assembly between the bend stiffener and the male connector [24].

The flexible pipe is guided through the bend stiffener and further through the mechanical
connection to the vessel, and the flexible pipe is not locked in this transition. Therefore the
pipe can slide through the connection and bend stiffener, and thereby is it ensured that the
pipe can be moved depending on various operational requirements and maneuvers. The
bend stiffener is constructed of polyurethane, and the steel mounting flange is molded into
the construction. The flexible pipe is guided by the inner wall of the bend stiffener and
the tolerance between the pipe and bend stiffener allows for a small gap. A conceptional
drawing of the mechanical transition is shown on figure 2.7.

10
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Vessel >

Female connection on vesse] —

Male connector to vessel /?] d:

Mounting flange

Bend stiffener >

Gap between stiffener and pipe \L

Pipe

Figure 2.7: Sectional view of the mechanical transition between sea and vessel. The drawing is
inspired by [33].

This type of bend stiffener design is causing damage to the surface material of the flexible
pipe, which is the reason for making a new design of the bend stiffener. Further descrip-
tion and clarification of this problem is outlined in the next section, where the main task
is stated.

2.2 Main Issue and Task Description

The damage to the flexible pipe occurs at the bend stiffener, and the following text de-
scribes the cause of the damage. The liquid is pumped through the pipeline with a tem-
perature about 100°C to 130°C, and the surface of the pipe is cooled by the sea water.
However, at the bend stiffener the surface temperature of the pipe rises because the bend
stiffener has a thermal insulating effect. The increase in temperature causes the hydrol-
ysis process to accelerate, and the surface of the pipe reacts chemically with the water
between the pipe and bend stiffener, whereby the outer layer of pipe decomposes. As the
surface layer of the pipe decomposes, water is passed on to the underlying layers, which
are mainly constructed of metal, and damage occurs thereby progressively through each
layer [29].

If failure to a flexible pipe occurs, then economic losses are mainly due to lost profit and
costs related to installation of material replacements. NOV flexibles estimate that repair
work due to a pipe failure at the bend stiffener would take from one week to two weeks,
and to conduct the repair work, an installation vessel is required as the oil producing
vessel is not able to lift the pipe. According to NOV flexibles, a repair operation is also
depending on the weather conditions, so the economic loss associated with a production
breakdown, could in worst case exceed two weeks. It is NOV Flexibles goal to avoid
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hydrolysis by designing a new type of bend stiffener, which has a lower thermal insulating
effect compared to the existing design. This new design, must have some of the same
properties as the current design, and furthermore have either a cooling capacity or be
manufactured in one or more materials which has a larger thermal conductivity [29]. As
described in chapter 1 Introduction, is the project based on a specific bend stiffener, and
next details about this bend stiffener is outlined.

2.3 Materials, Dimensions and Load Cases of The Current Bend Stiff-
ener and Pipe

This section will give an overview of the materials used and the dimension of the current
bend stiffener design. At the end of this section a presentation of the load cases are given,
from which the current design is constructed.

2.3.1 Materials

The current design of the bend stiffener is made of a combination of a thermoplastic
polyurethane (TPU) and steel. The bend stiffener is moulded in one part were the steel
flange is inserted in the mould and the polymer is injected into the mould and surrounds
the steel. The flexible pipe is made of layers of different materials where some of them are
steel and some are polymers. The most widely used polymer for the pipes is polyamide 11
which is a certain type of nylon that has been developed to have good resistance against
various types of fluids which makes it suitable for flexible pipes that is exposed to sea
water on the outer side and crude oil inside the pipe. The inner carcass of the pipe is
made of AISI 316 steel and the tensile and pressure armours are made of AISI 304 steel.
Anti-wear layers of polymers are inserted between the steel layers and for the analyses
made in this report it is assumed that these layers have the same properties as polyamide
11. The materials used for pipes and bend stiffener are listed in table 2.1.

Table 2.1: Material Properties - Bend Stiffener and Flexible Pipes

Properties Unit | TPU S-60D | Polyamide 11 | AISI 304 | AISI 316
E-Modulus at 23°C Pa 186 - 10° 320-10° | 193-10° | 193-10°
Flex. Modulus at 23°C | Pa 151 - 106 280 - 10° - -
Yield Strength at 23°C | Pa 36 - 10° 27-10° | 215-10°% | 193 -10°
UTS at 23°C Pa 50 - 109 30-10° | 505-10° | 580 -10°
Density % 1250 1050 8000 8000
Thermal Conductivity | - 0.58 | (61-142°C) 0.24 16.2 16.3
Poisson’s Ratio - 0.4 0.4 0.29 0.29
Source [8; 26; 38] [37; 56] [35] [36]
[29; 48] [29]

All strength parameters are given at 23°C, because this is the assumed average temperature for
the test conducted by NOV Flexibles which yields the load data used in this project. UTS is an
abbreviation for ultimate tensile strength.
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2. Case

The bend stiffener is mainly constructed of polyurethane, and according to technical data
sheet on the polyurethane, the material exhibits relatively good wear and tear resistance
and has a relatively high toughness. It also has good heat, oil, fuel, and solvent resistance,
and has a relatively good damping characteristics. These properties indicates the reason
to use polyurethane as the main material in the bend stiffener, which may be exposed to an
environment containing damages corresponding to the above described effects. Given by
information from NOV flexibles, it is known that the hardness of the polyurethane is 60
on the Shore Hardness D scale. The hardness of different plastic products and the Shore
hardness scale is shown in Appendix A Shore hardness scale.

2.3.2 Dimensions

As mentioned in previous sections, the bend stiffener is composed of a steel part and
a polyurethane part. The dimensions of the two parts are presented in this section, the
complete bend stiffener design can be seen on figure 2.8.

Figure 2.8: The current bend stiffener design, drawn with inspiration from [46].

The dimensions of the bend stiffener can be seen on figure 2.9. This figure shows all outer
dimensions of the TPU part.

006

Figure 2.9: Outer dimensions of the TPU part of the bend stiffener, all dimensions are in mm.
Drawn with inspiration from [46].

The design of the steel part can be seen below. This part is composed of a flange and a
ring which is welded onto steel rods which are bolted on to the flange.
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Figure 2.10: Design of the steel flange, drawn with inspiration from [46].

The dimensions of the steel part is given in figure 2.11. It should be noted that, the
dimension of 120mm in section A on the figure, is not the thickness of the steel flange,
but the length of the threaded part in the bolt connection.

850
597.50 ‘ 658
330
125 ‘ ' 120 337.50
M39x4.0 .
110 deep \%
95 thread Weldln
< X )

R15 : .
< Play S
I ) 7X )
R25 R25 (S %
g R25
R25" Ri1s
Section B Section A

Figure 2.11: Dimensions of the steel flange, all dimensions are in mm. Drawn with inspiration
from [46].

The pipe is build of several layers of different material. Layup of layers and their dimen-
sion and materials can be seen on figure 2.13. A complete 3D drawing of a pipe segment
can be seen on figure 2.12.

Figure 2.12: Pipe design, drawn with inspiration from [29].
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2. Case

Outer surface of pipe Layer Material |Thickness [mm)]
Outer Fluid Barrier PA11 8
5 Insulation PA11 31.8
PA11:+ Anti-birdcaging PA11 1
: Tensile Armour AISI 304 5
> Anti-wear PA1l 0.5
Steel £ > Ten.sile Armour AISI 304 5
4 Anti-wear PA11 0.5
> Pressure Armour AISI 304 8
Inner surface of pipe Inner Fluid Barrier PA11 8
Carcass AISI 316 10

Figure 2.13: Dimensions and material of the different layers of the pipe, drawn with inspiration
from [29].

The materials of the anti-wear and anti-birdcaging layers are unknown, but they are as-
sumed to have the same properties as PA11. The same is assumed for the insulation layer.

2.3.3 Load Cases

NOV Flexibles I/S has performed some tests on their bend stiffener, where it has been
exposed to different load cases with a different number of cycles. These test data are used
as load cases for dimensioning the new design in this project. A setup of the test rig is
illustrated on figure 2.14.

Figure 2.14: Test setup for testing the bend stiffener with different load cases [46].
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The load cases are a combination of moment, shear and tension forces. An overview of
load directions on the structure is given in figure 2.15.

M’ _
QX Bend Stiffener Pipe

F, / /
A

F<—§ | |é
T 8150 >

4

Figure 2.15: Direction of the loads exerted to the bend stiffener and pipe assembly in the test on
figure 2.14. The figure is drawn with inspiration from [46].

The test was performed with six different load cases, where the force and moment range
were change as well as the number of load cycles also was changed. The magnitudes of
the loads are listed below in table 2.2.

Table 2.2: Load cases - Bend stiffener and pipe assembly

Load | No.of | Min. | Max. | Tens. | Min. | Max. | Shear | Min. | Max. | Mom.
Case | Cycles | Tens. | Tens. | Range | Shear | Shear | Range | Mom. | Mom. | Range

- kN kN kN kN kN kN kNm | kNm | kNm

1 1065600 | 1100 | 1300 | 200 | -30.7 | 20.65 | 51.35 | -74.4 | 69.01 | 143.41
2 586000 | 1080 | 1320 | 240 | -35.09 | 26.51 | 61.6 | -89.05 | 82.84 | 171.89
3 267000 | 1060 | 1340 | 280 |-39.23 | 325 | 71.73 | -103.7 | 94.83 | 198.53
4 80000 | 1050 | 1350 | 300 | -41.21 | 35.54 | 76.55 | -111.1 | 100.2 | 211.4
5 1000 | 933.1 | 1463 | 5299 | -67.43 | 83.04 | 150.47 | -223.2 | 170.2 | 3934
6 400 893.8 | 1491 | 597.2 | -112 | 160.5 | 272.5 | -405.2 | 288 | 693.2

All tension forces are along the x-axis, shear forces are along the z-axis and all moments are
around the y-axis, see the axes on figure 2.15. All data in this table are from [46].

NOV Flexibles are using a static safety factor of two, and a fatigue safety factor of ten.

2.4 Summary

In this chapter were the company and the main problem of the project presented. The
company, NOV Flexibles, produces flexible pipes for offshore floating oil systems, and
each pipe consists of several layers of polymer and metal. The outer layer is a sealing
layer that is protecting the underlying layers. This layer is made of polyamide, and due
to the insulating effect of the bend stiffener, is the outer layer decomposed by hydrolysis.
NOV Flexibles aims to design a new bend stiffener with less insulating properties.

As the extent of the project has been clarified, the main objectives and the methods are
outlined in the next chapter.
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Chapter

Project Objective and Methodology

Based on Chapter 2 Case, the project objective, a selected solution strategy and the
chosen methodology are specify in this section. After this section it should be clear what
is to be achieved through the project and what methods are used to obtain the objective.

Contents
3.1 ProjectObjective. . . . . v v v v v v v i ittt e e e e e 17
3.2 Project Strategy and Methodology . . . ... ............. 17

3.1 Project Objective

The main objective for this project is stated as:

Design a bend stiffener that ensures a minimum bending radius of 2,2 m and a maximum
surface temperature 70°C of the part of the flexible pipe, which is covered by the bend
stiffener.

3.2 Project Strategy and Methodology

To design a new bend stiffener, a model of the flexible pipe is required, in order to ensure
a correct interaction between these two parts. As stated in the objective are there two
main goals, these are basically to ensure the right bending behaviour and to lower the
temperature of the surface of the flexible pipe. Therefore are two models required, one
model of the mechanical behaviour and one of the thermal behaviour of the flexible pipe.
At the first meeting with NOV Flexibles, the project group asked if the company had any
models of the mechanical model of the flexible pipe. The company could not provide any
model at the time.

It is decided to set up a basic model of the flexible pipe and the current bend stiffener,
in order to examine the main thermal properties and the deflection over the length of
the current bend stiffener. The flexible pipe is therefore modelled as a solid pipe with
the layers shown in figure 2.13, well knowing that the pipe is too stiff. It should be
possible to replicate the behaviour of the current design to a new design, regardless of
the pipe inserted in the model. Later will a model of the flexible pipe be developed, in
order to evaluate the design concepts. Based on this decision, a strategy to achieve the
objectives for the project is setup, and the strategy consists of four main steps to ensure a
proper design, which together constitute the methodology. These steps are; analysis of the
current bend stiffener, a design procedure, structural engineering methods and evaluation,
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which together constitute the methodology. A detailed description of each step is given
below.

Analysis of The Current Bend Stiffener

The purpose is to investigate if thermal insulation is the main problem, but also to deter-
mine the thermal and mechanical behaviour of the current bend stiffener, and furthermore
to examine the operational environment for the bend stiffener. Therefore, a thermal and
static structural analysis are conducted using finite element method, in order to examine
the mechanical behaviour and the level of the bend stiffeners insulating effect. Several
models and analytical expressions will be setup and compared to each other, in order to
evaluate the steps in the modelling procedure and to ensure that the models are properly
setup.

Determine the requirements for a new design of a bend stiffener

The requirements obtained from the analysis of the current bend stiffener, together with
the requirements from the company, will be divided into primary and secondary require-
ments. The requirements which are directly linked to the development of an useful design
will be stated as primary requirements. The rest will be stated as secondary requirements,
meaning that they are desirable, but not mandatory to fulfil. The primary focus is to
develop a new design, and when this objective is obtained, the next aim is to fulfil the
complete set of requirements.

Design Procedure

A design procedure in four steps will be conducted, in order to develop a design concept.
The basic idea with the procedure is to create a simple initial concept, and develop the de-
sign through the process, by adding shapes and details. Each step of the design procedure
will be outlined in chapter 6 Development of a Conceptual Design.

Structural Engineering Methods

Based on the primary requirements and the design concept, a new design is developed
by using different structural engineering methods. The steps of this development and the
methods that will be used are listed below.

Step 1: Optimization
Optimization will be used to refine the initial design concept.

Step 2: Thermal FE Analysis
The design concept is analysed to investigate the thermal behaviour of the new design.

Step 3: Static and FE Analysis

The final design is analysed from a static point of view, meaning that it should be dimen-
sioned to withstand the static load cases. For this analysis a proper model of the flexible
pipe is needed.

Step 4: Fatigue Analysis

The lifetime of the outcome of the static analysis is determined with respect to the load
cycles that the structure is exposed to. The structure will be dimensioned to have the
required lifetime, described in product requirements.
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3. Project Objective and Methodology

Evaluation of the new design

When the final design is developed, it will be evaluated to ensure that the requirements
are fulfilled.

The first step in the project strategy is initiated with analysis of the current bend stiffener,
and this analysis is described in the next chapter.
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Chapter

Analysis of Current Structure and Surroundings

This chapter deals with the behaviour of the structure described in the previous chapter,
referred to as the current structure. The purpose of the analysis is to identify the thermal
and mechanical behaviour of the current structure in order to reveal the designs
advantage and disadvantage. Furthermore, should issues that are important for a new
design be clarified. This chapter ends with a summary of the significant flaws in the
current structure and design issues, which should lead to a specific list of requirements.

Contents
4.1 ScopeofAnalysis. . .. .. ... ...ttt 21
4.2 Environment and Surroundings . ................... 22
43 Standards. . . . . ... .. it e e e e e e 25
4.4 Basis Structural Analysis . . ....... ... . 00000, 26
4.4.1 Thermal Analysis . . . . . . .. ... ..., 26
442 Deflection Analysis . . . . ... ... ... ... ....... 28
443 Results . . ... ... e 41
4.5 SuMmary . . . . v v v vt vt it e e e e e e e e e 45

4.1 Scope of Analysis

The full extent and the limitations for the analysis are outlined in this section. The analy-
sis is to narrow down all issues that are considered to be necessary to establish an initial
design concept, so a requirements specification can be setup. The scope of the analysis
is to assess the structural failures by determining the mechanical performance and tem-
perature characteristics of the bend stiffener. Furthermore, to determine issues that are
important for the new design. The full extent of the analysis are described below.

The first issue to examine is the environment, in which the bend stiffener must be able
to operate in. Based on interview with NOV flexibles, it is known that the bend stiffener
must be able to operate worldwide, and can be subjected to the effects caused by a sea
environment. Therefore the global temperatures and the salinity condition in seawater are
examined. The bend stiffener can also be affected by the surroundings on the vessel, and
therefore, surroundings are also examined. The new design of the bend stiffener must
fulfil the standards for products in offshore industries, and the standards related to bend
stiffeners are studied and briefly outlined.

In order to determine main mechanical and heat properties of the current design of the
bend stiffener, the Finite Element Method is used. Based on the Finite Element Analysis
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it will be possible to assess how the heat flow is through the structure and how the structure
deforms under the load described in section 2.3.3 Load Cases.

The limitations related to the objectives above, are that NOV flexibles has provided the
overall load data, and therefore are the effect of weather conditions as winds and storms
not addressed. The analysis starts with an examination of the effects from the environment
and the surroundings.

4.2 Environment and Surroundings

In this section the operational environment temperatures, salinity conditions and sur-
roundings are considered, as these issues might affect the properties of the bend stiffener.
First the operational environment temperatures are studied, and since the bend stiffener
must be able to act worldwide, a temperature interval must be determined. There are two
sets of intervals studied, the first set describes the world temperature extremes, while the
last set describes the global mean temperature for a year.

To assess the extreme temperatures a list describing continental weather extremes is con-
sidered. This list is published by Arizona State University (Based on work done by World
Meteorological Organization), and according to this the maximum temperature was mea-
sured in North America to 56.7°C, while the lowest was measured in Antarctica to -
89.2°C. As it is unlikely that the bend stiffener will be used in Antarctica, the next lowest
is sought on the list, and it was measured in Russia to -67.8°C As the extreme temper-
atures are determined, the worldwide mean air and sea temperature will be considered.
These considerations are based on annual measurements for the period between January
and December 2014, and the air temperature (temperature measured in 2 m height), is
shown on figure 4.1(a), while the sea surface temperature is shown on figure 4.1(b).

. S N i ———
-50 -25 0 25 50C° 0 7.5 15 22.5 30C°
(a) Temperature at 2m height [51]. (b) Sea surface temperature [51].

Figure 4.1: Overview of the world average air and sea temperature measured in Celsius of
January-December 2014 [51].

From figure 4.1(a) it can be seen that the air temperature in most parts of the world is
between -25°C and 25°C, while the lower or higher temperatures are occurring at loca-
tions where the project specific type of oil production not is suitable or likely possible, for
example in the middle of Greenland.
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4. Analysis of Current Structure and Surroundings

The Contour plot on figure 4.1(b) shows that large parts of the world are covered by
seawater with temperatures that are contained in the entire scale, meaning that the bend
stiffener must be able to operate in sea water temperature between 0°C and 30°C.

One could argue against the use of an average temperature consideration, as the bend
stiffener is used at different global locations with different weather conditions, which
likely will affect the mechanical properties, so it behaves differently depending on the
location. As the aim is to design a new type of bend stiffener, the focus is on all the general
conditions that must be fulfilled, then later could an extensive temperature analysis be
conducted. Based on these considerations, and by assuming that the bend stiffener will
be used in average air and sea temperatures, it is chosen to continue with the following
temperature intervals:

Air temperature interval
» -25°Cto 25°C.

Sea water temperature interval
* 0°Cto 30°C.

The extreme temperatures will be considered, if the new design is made in a significant
temperature sensitive material. This could be an issue if the bend stiffener and the pipe for
example is stored onshore, and hereby exposed to extreme temperatures for a long period
before it is transported to the production vessel on sea.

The level of salinity must be considered briefly, since the sea is a saline environment and
can thereby cause accelerated corrosion for some materials. The salinity conditions are
measured in practical salinity unit (PSU), which is salinity in water measured in parts
per thousand. The world’s sea salinity conditions measured in the PSU are shown on
figure 4.2.

I:_l

32 33 34 35 36 37 38 39PSU

Figure 4.2: The worldwide seawater salinity conditions [61].

By considering figure 4.2 is it concluded that the bend stiffener must be designed to op-
erate in a seawater environment with a PSU between 0.034 to 0.036 corresponding to
0.034kg - 0.036kg salt in one liter of water. Next are the surroundings which the bend
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stiffener is a part of considered. When the bend stiffener is mounted to a vessel or floating
oil rig, it is assumed that the surroundings will not have any effect on the bend stiffener,
as there are normally relatively large space around the stiffener, an example is shown on
figure 4.3.

(a) Closeup of a collection of bend stiffeners  (b) A bend stiffener relative to the surroundings
[53]. [53].

Figure 4.3

From figure 4.3(a) and figure 4.3(b) it is seen that surroundings from the vessel or rig
does not normally constitute an obstacle to the bend stiffener, as long as the dimensions
of the bend stiffener are kept within some limitations. These limitations given by NOV
flexibles, and the dimensions of a new design shall be within a cylinder of 1 meter in
diameter and 6 meters in length. These restraints are set due to the transport procedure.
Before transportation, the bend stiffener is mounted on the flexible pipe, and pipe with
bend stiffener is rolled on a cable drum. The cable drum is afterwards transported and
mounted on the production vessel. The cable drum with pipe and the bend stiffener is
seen on figure 4.4(a), and on figure 4.4(b) the transportation of a NOV flexible cable drum
is shown.

(a) Cable drum with pipe and bend stiffener (b) Transportation of the cable drum [9].
[43].

Figure 4.4

The bend stiffener must not be too long, because it will protrude out over the edge of the
cable drum, which is not preferable during transport. Neither must the diameter of the
bend stiffener be too large, because it has to fit into a installation tool, and this tool is able
to handle bend stiffener with a diameter up to 1 meter [29].
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4. Analysis of Current Structure and Surroundings

During transport or installation the surroundings could damage the bend stiffener, how-
ever, it is assumed theses operations do not constitute any risk to the current design, as the
polyurethane has a hardness of 60 on the Shore Hardness D scale, which is considered to
withstand the wear associated with transportation and installation. A new design should
include a material which has the same or better hardness to avoid damage or wear from
such operations. All the surroundings have been investigated and a brief description of the
standards, regarding the design of a bend stiffener, will be presented in the next section.

4.3 Standards

A set of standards has been written, in order to control the quality and safety aspects
related to the products developed for the offshore industries. The purpose of the standards
are to ensure that the products does not affect environment, safety etc. In this project
the standards will be used more as guidelines than actual rules and requirements. The
standards used in this project are API (American Petroleum Institute) standards, as it is
requested from NOV flexibles to use these standards. It is especially the API 17L1 [2] and
API 17L2 [3] which are used. The first is a set of specifications for flexible pipe ancillary
equipment, the latter is recommended practice, related to the products described in 17L1.
Only the most vital parts of the standard will be included in this section. There are four
overall requirements to the ancillary equipment for flexible pipes. The following are
citations taken directly from the standard [2].

"The ancillary equipment shall be capable of withstanding all design loads defined
in the design requirements section applicable to the ancillary equipment in ques-
tion."

* "The ancillary equipment shall perform its function for the specified service life."

* "The ancillary equipment materials shall be compatible with the environment to
which the material is exposed."

* "Ancillary equipment metallic materials shall conform as a minimum to the cor-
rosion requirements specified in 4.3.11 and in the corrosion requirements section
applicable to the ancillary equipment in question."

Where section 4.3.11 in the standard describes corrosion requirements for materials and
especially for fasteners. The most vital requirements are

* The bend stiffener shall maintain the operating minimum bending radius of the pipe
at all time during the service life.

* The bend stiffener shall transfer the loads from the flexible pipe to the supporting
structure.

The standards provides a relatively large design freedom, as they are not directly speci-
fications, but more serves as general guidelines to design of the bend stiffener. The next
section deals with a basic structural analysis of the current design of the bend stiffener.
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4.4 Basis Structural Analysis

A basic structural analysis is conducted, in order to investigate the behaviour of the current
design. This analysis will include a thermal analysis, with the purpose of determining the
steady state temperature through the bend stiffener under average operational conditions.
Furthermore, an analysis of the behaviour due to static loads will be conducted, in order
to investigate the deflection behaviour and determine a workspace for the bend stiffener.

4.4.1 Thermal Analysis

The purpose of the analysis is to predict the temperature distribution through the flexible
pipe and the current bend stiffener. As mentioned earlier, the current design is too insu-
lating, as the temperature rises above 70°C and thereby accelerates the hydrolysis process
significantly. The analysis in this section will give an estimate of the temperature through
the assembly of pipe and bend stiffener. This is simply to prove that temperature is really
an issue, before conducting a design phase based on this assertion.

The analysis is set up as a steady-state analysis where the following material properties
are used.

Table 4.1: Parameters used for steady-state thermal analysis

Material Abbreviation | Thermal Conductivity | Density | Source
W ke
m-K m3
TPU Elastollan® S-60D TPU 0.58 1250 [8; 48]
Polyamide 11 PA11 0.24 1050 | [37; 56]
Steel AISI 304 & AISI 316 | Steel 16.2 8000 | [35;36]

AISI 304 & AISI 316 has the same thermal conductivity and is therefore summarized to the ab-
breviation, steel, in this analysis. TPU is an abbreviation for thermoplastic polyurethane.

The analysis is set up as a 2D analysis with the geometry shown on figure 4.5. It can
be seen that the bend stiffener is made of a cone formed polyurethane part where a steel
flange is moulded into it.

TPU - Air Temperature: 25.3°C
Steel—»

130°C—»

Figure 4.5: The geometry used in the heat transfer analysis.

The air temperature is set to 25.3°C as an average value, since this is the average temper-
ature in a year in Brazil [63]. Brazil is one of the hottest places that the company delivers
the bend stiffener to [29]. The temperature at the surface of the bend stiffener is set to
be the same as the air temperature, even though that is a bit optimistic, since the surface
temperature will probably get higher than the air temperature due to heat transfer from
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4. Analysis of Current Structure and Surroundings

the pipe and heating from the sun. The fluid inside the pipe is set to a temperature of
130°C [29]. The dimensions of pipe and bend stiffener used for this analysis can be seen
in Annex D.3 Annex-CD. The material layup for the pipe can be seen on figure 4.6.

Air, Sea Water or Bend Stiffener

Outer Fluid Barrier: PA11

Insulating Layer: PA11

Anti-birdcaging Layer: PA11

Tensile Armour: Steel

Antiwear Layer: PA11

Tensile Armour: Steel

Antiwear Layer: PA11

Pressure Armour: Steel

Inner Fluid Barrier: PA11

Carcass: Steel

Fluid or Gas

Figure 4.6: The material layup for the flexible pipe used in the heat transfer analysis.

Results

An analysis is conducted in Ansys APDL with the materials and set up described previ-
ously. The analysis gives a temperature distribution as follows from figure 4.7.

L ] I | . 1
2530 36.93 48.57 60.20 71.83 83.47 95.10 106.7 118.4 130.0 [°C]

Figure 4.7: Temperature distribution through the bend stiffener and pipe assembly.

It is seen that the steel flange acts as a cooling body, this is due to the poor insulating
properties of steel compared to polymers. The interesting area in this project are the
temperatures at the surface of the flexible pipe, since it is this area that suffers from
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hydrolysis failure. This area is examined more thoroughly by plotting the temperatures at
the surface of the pipe along the length of the bend stiffener, see figure 4.8.

100 Surface Temperature of The Pipe

80| T

4F .

Temperature [°C]

O 1 1 1 1 1
0 500 1000 1500 2000 2500

Distance along bend stiffener [mm]

Figure 4.8: Temperature at the surface of the pipe under the bend stiffener. Black line: Surface
temperature of the pipe. Blue line: Maximum allowable temperature at the surface of the pipe.

As it is seen on the figure, the temperature of the surface of the pipe beneath the bend
stiffener gets much higher than the allowable temperature of 70°C. This proves that tem-
perature really is an issue, even though a very optimistic case is chosen for the heat trans-
fer analysis. This means that a new design has to be found in order to decrease the surface
temperature of the flexible pipe.

4.4.2 Deflection Analysis

Next a static analysis is conducted with the purpose to determine the deflection of the
bend stiffener, when this is affected by the loads described in section 2.3.3 Load Cases.
This analysis is used to determine the mechanical behaviour of the current design, which
leads to knowledge about the advantages and disadvantages for the current design. Such
information may be useful in a design procedure of a new bend stiffener, as distinctive ad-
vantages or weaknesses would be known. In the section, the setup of a model in ANSYS
APDL and the approach of modelling are first explained, this is followed by a descrip-
tion of how the model is evaluated in order to ensure a proper model, the steps in this
evaluation procedure will be explained in section 4.4.2 Evaluation of the model. Last the
results obtained from the model are outlined and compared with a model setup in ANSYS
workbench.

Model Setup and Considerations

All considerations regarding the setup of a model of the current design, and the approach
of modelling are outlined in this subsection. The dimensions and geometry of the model
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4. Analysis of Current Structure and Surroundings

is based on a technical drawing provided by NOV flexibles [29]. The model is based
on a preliminary model, that was rejected, since the model was relatively complex, and
therefore required a higher computing power compared to the used model. The setup of
the preliminary model is described in Appendix B Preliminary Finite Element Model.

To simulate the load situation, described in section 2.3.3 Load Cases, the model is setup so
it consist of both the current bend stiffener and a piece of the pipe, as the pipe constitute a
structural part inside the bend stiffener, and the forces are transferred to the bend stiffener
through the pipe.

Initially, it must be considered, if a 2D or a 3D analysis should be used, and as the steel
structure inside the bend stiffener is too complex to be modelled in 2D, it is chosen to setup
a 3D model. The final model of the bend stiffener with the pipe is shown on figure 4.9.

Bend stiffener

Axial
direction

Symmetry plane

Figure 4.9: The final model of the bend stiffener with the flexible pipe. Blue marking: The bend
stiffener. Green marking: The flexible pipe. Violet marking: The used symmetry plane.

The next step is to consider how to model the bend stiffener. As the bend stiffener and
the pipe are symmetric around the axial direction, symmetry planes can be used to setup a
model consisting of only one half or one quarter of the entire bend stiffener with pipe. One
half of a model is chosen, as the bend stiffener is affected by both shear forces, tension
and moment at the same time, and a moment can only be simulated with one symmetry
plane.

The location of the symmetry plane with respect to the axial direction is shown on figure 4.9.
To create the model, the cross sectional area of the bend stiffener and the pipe is drawn,
then rotated around the axial direction by 180° to generate the volumes, this procedure is
shown on figure 4.10.
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Axial
direction

Figure 4.10: Rotation of the cross sectional area. Blue marking: Cross sectional area.

After the volumes are created, the steel structure inside the bend stiffener is applied with
steel rods, so the entire steel structure is complete. The steel structure is displayed on
figure 4.11.

G =

Figure 4.11: The steel sturcture inside the bend stiffener. Blue marking: The steel sturcture
inside the bend stiffener. Violet marking: The steel rods.

Steel rods

It is chosen to use the 3D element SOLID186 in the model, which is a 20 node quadratic
element. The element is suitable for 3D solid models and among other things suitable
for analysis for structures exposed to large deflection. Each node has three degrees of
freedom, which is translations in the x, y, and z nodal directions. The element can be
formed as tetrahedral shaped element with 10 nodes, which is used in free mesh, while
the quadratic shape is used in sweep mesh or mapped mesh. The different shapes are
shown on figure 4.12 [4].

2518 B
P o

(a) 20 node quadratic shaped element.[4] (b) 10 node tetrahedral shaped element.[4]

Figure 4.12
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4. Analysis of Current Structure and Surroundings

Therefore the discretization of the model can be conducted with both quadratic and tetra-
hedral shaped elements. Quadratic shaped elements are used to create a mapped or sweep
mesh on square or rectangular volumes, but mapped mesh can not be used to mesh very
curved or round structures, while sweep mesh can be used on semi curved objects or an
irregular volumes. The tetrahedral elements are used in free mesh on curved volumes.
However to fit the tetrahedral elements to the structure, it is often seen that the element
size 1s reduced to avoid distortion of the elements, which also means that more elements
are required. The model is deliberate setup to be as simple as possible, and as it consists
mostly of curved volumes is the model meshed with tetrahedral shaped elements.

It is now considered how the loads should be applied to the model. From NOV flexibles
it is informed that the safety factor for static load analysis should be set to two, and as
the model is modelled with symmetry, the applied load is set to half the magnitude, as the
symmetry will ensure a simulation of the deflection caused by the entire load. The values
from the load case is therefore used directly on the model. The load case of the test rig is
seen on figure 4.13.

M’ .
QX Bend Stiffener Pipe

F, / /
A

F<—§ | |é
My 550 > 8150 >

Figure 4.13: Direction of the loads exerted to the bend stiffener and pipe assembly in the test on
figure 2.14. The figure is drawn with inspiration from [46].

As it is seen from figure 4.13, the load test is conducted with a pipe with a length of
285048150 mm, and to avoid a large model that require high computational power, the
length of the pipe in the model is reduced. So the FE model is setup with a pipe with
a length of 2850+500 mm in order to reduce the number of elements in the model, see
figure 4.14, and the model is applied with recalculated loads and boundary conditions,
which are equivalent to the loads and boundary conditions on the test rig. Therefore
model is affected in the same manner as the load test.

Bend Stiffener Flexible pipe

Steel
flange

2850 >4 500 —>|
mm mm

Figure 4.14: Boundary conditions and loads situation on the FE model.
Blue marking: Polyurethane surrounding the steel sturcture. Green marking: The flexible pipe.
Violet marking: Steel sturcture.
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Because SOLID186 only has translational degrees of freedom, a bending moment cannot
be applied directly. Therefore must a bending moment be expressed as force pairs.

Calculation of Moment - Force Pairs

The moment is transformed into force pairs, in order to apply it to the FE model. This is
due to the fact that a moment cannot be applied to the SOLID186 element in ANSYS®
APDL. A moment can be described as a set of force pairs, and for the end of the pipe this
is done by dividing the cross section into small strips, where each strip is assigned with a
force as a part of a force pair, see figure 4.15.

=== [
M . — -0
=< -F
=< I
Figure 4.15: Moment transformed into force pairs.
The strip forces are found from the following two relationships

M=3"Fz “.1)

j=1

2.
F = %Fn 4.2)

Where M is the applied moment, F} is the j strip force and z; is the distance from
the center line to the strip force. h is the height of the cross sectional area, and F), is the
outer most strip force, and thereby also the largest strip force. F}, can be determined by
combining equation (4.1) and (4.2).

4.3)

All the strip forces can now be determined, by inserting the right hand side of equa-
tion (4.3) in equation (4.2). A number of nodes is placed within each strip, and the sum of
node forces should equal the total strip force. Therefore are the number of nodes in each
strip determined and the strip force are distributed equally between all nodes in the strip.

Evaluation of the model

To assess if the model is properly setup, the model must be evaluated. As it is considered
to be difficult to evaluate the entire model with other tools than Finite Element Analy-
sis, the evaluation procedure is conducted in two steps, where two basic FE models are
established and compared with analytical expressions.

The comparison is based on a determination of the deflection of the different models.
The first step is to model only the truncated cone, and compare it with an analytical
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4. Analysis of Current Structure and Surroundings

expression, and afterwards, the entire bend stiffener without pipe is evaluated in the same
manner as the cone. All models are considered as a cantilever beam affected by a point
load at the free end of the beam. The load is selected to be 100,000 N, this magnitude
is chosen because it is in the same range as the loads on the test rig, and hereby will the
models provide an initial prediction of the behaviour of the bend stiffener. The material
for all models are thermoplastic polyurethane (TPU) and steel for the grid inside the bend
stiffener. The first step in the evaluation procedure is to compare results from a FE model
of the cone setup in ANSYS® with an analytical calculation.

Evaluation of the Cone

The cone is modelled with symmetry, and the cone has the geometry shown on figure 4.16.
To setup the model, the cross sectional area of the cone is drawn, then rotated around
central axis or the axial direction by 180 ° to generate one volume, afterwards the model
is meshed with tetrahedral shaped elements.

<+— 2000 mm ——M

Figure 4.16: The FE model of the cone.

The analytical and FE model responds differently to a point load, the FE model will
simulate both the local and global deformation, while the analytical model only calculates
the global deflection. Since it is expected that the point load will cause a large local
deformation, the analysis is conducted with two different load cases, to examine the effect
of the point load. Load case one is a point force on the end of the cone, while at the second
load case the load is distributed on the inside areas that covers the first 200 mm of the cone.
These load cases are shown on figure 4.17(a) and figure 4.17(b).

200 mm

(a) Load on the end of the cone. (b) Load inside the cone.

Figure 4.17

In order to compare the deflection of the cone with a well known behaviour, the deflec-
tion of a pipe with a corresponding cross sectional area to the cone is calculated. The
calculation is setup as shown on figure 4.18.
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Cross sectional area
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Figure 4.18: The setup used to calculate the deflection of a pipe with a corresponding cross
sectional area to the cone. The different radii are shown on the cross sectional area.

The calculation is done with the data described in section 2.3 Materials, Dimensions and
Load Cases of The Current Bend Stiffener and Pipe, and the used expressions of the de-
flection of a beam with a point load and the moment of inertia are given by equation (4.4)
and equation (4.5)[25].

Fa?
w(x) = —@(SL — ) 4.4)
1=7(5-r) 4.5)
w(2000 mm) = —218 mm (4.6)

E is Young’s modulus, / is the moment of inertia of a pipe, F' is point force and w is
deflection. In the expression of the moment of inertia 75 is the outer radius of the pipe
and 7 is the inner radius, these are displayed on figure 4.18. The maximum deflection of
the pipe is calculated and the result is stated in equation (4.6). The FE model is compared
with an analytical expression for the deflection of the cone, and setup of the analytical
model is based on figure 4.19.

z

]

«— 2000 mm ——

X

Figure 4.19: The setup for the analytical model.

The calculation of the deflection, is based on the differential equation for a beam, equa-
tion (4.7), and the expression for the second moment of area of a pipe, equation (4.5).

£ 1 M
oy i M;»w:E//dedx 4.7)

dr?

E'is Young’s modulus, [ is the second moment of area of a pipe, M is moment and w is
deflection. An expression for the moment of inertia varying throughout the length must be
stated, as the cone is a non prismatic beam. From figure 4.19 it is seen that the inner radius
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4. Analysis of Current Structure and Surroundings

is constant throughout the length, while the outer radius is varying. The increase between
the smallest and largest outer radius is calculated, and used to express the moment of
inertia as shown in equation (4.8). Notice that the calculation direction goes from the load
end to the fixed end on figure 4.19. This is chosen, because the expression for the moment
of inertia must be formulated positive, as the integration of the differential equation for a
beam result in a function containing the natural logarithm, and the natural logarithm of a
negative number, results in a complex number. Therefore is the expression for the moment
of inertia increasing in x direction, instead of decreasing if the calculation direction was
opposite, which will cause a negative number in the expression. It can be shown that the
moment affecting the cone is calculated by equation (4.9), and the deflection of the cone
is stated by equation (4.10).

4
I(z) = % ((%x +165 mm> — 154 mm4> (4.8)
M(z) = Fa 4.9)
4 Fx
w(z) = —// dxdzx (4.10)
Em ((45—070x + 165 mm)4 — 154 mm4>

Using the boundary condition, the integration constants are determined, and the deflection
is calculated using the software Maple. So four models are setup, an analytical expression
of the deflection of a equivalent pipe and the cone, and two FE models with different

load cases, and the deflection curves from the different expressions/models are shown in
figure 4.20.

Deflection of The Cone
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Figure 4.20: Results from the different analytical expressions/models. The primary axis is the
length, the secondary axis is the deflection of the cone. Black line: The analytical expression for
the cone. Red line: FE model with load inside the cone. Blue line: FE model with load on the
end of the cone. Green line: The analytical expression for the equivalent pipe.

35



From figure 4.20 it can be seen that the FE model with the point load results in a larger
deflection compared to the other models. This is due to the simulation of the locally
deformation of the end, this is seen on figure 4.21.

[mm]
274
244
213
-183
-152
122
91.4

-60.9

—30.4.
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Figure 4.21: Deformation of the end of the cone.

From the graphs on figure 4.21, it is seen that FE models and the expression for the cone
have a similar behaviour, except at the free end. The FE model with the distributed load,
shows that the larger deflection at the free end, is caused by the locally deformation as
expected. It can also be seen that the deflection of the models of the cone is overall lesser
than the deflection of a pipe with an equivalent cross sectional area, which shows the
advantage of the cone shaped structure compared to a pipe shaped structure.

Evaluation of the Bend Stiffener

A FE model and an analytical model of the bend stiffener is compared. The FE model
of the bend stiffener is setup without the pipe, but the bend stiffener is modelled in the
same manner as described in section 4.4.2 Model Setup and Considerations. The load
is placed on the free end of the bend stiffener. The boundary condition is applied by
fixing all degrees of freedom at the mounting interface of the steel structure, the boundary
condition and load are shown on figure 4.22.

Figure 4.22: The FE model of the bend stiffener with load and boundary conditions.
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4. Analysis of Current Structure and Surroundings

Again, an expression for the deflection of a pipe with an equivalent cross sectional area is
setup, and the calculation is conducted with equation (4.4) and equation (4.5).

The entire pipe is modelled with the Young’s modulus for polyurethane (TPU), and the
setup is shown on figure 4.23 [25].

F .
Z M Cross sectional area

N, f T 1,7330.395 mm

---------------------------- @

—~1,=154 mm

Figure 4.23: The setup for the deflection of a pipe with an equivalent cross sectional area.

The analytical model of the bend stiffener is modelled with polyurethane as materiel, and
is a piecewise function, setup by four functions. Each function covers at part of the bend
stiffener, where the part has a constant moment of inertia.

The cone is considered to have a constant moment of inertia, as the change is con-
stant throughout the length of the cone. The four parts are displayed with numbers on
figure 4.24, which shows the setup for the analytical model.

It is seen from figure 4.24, that there are three cylindrical parts (number 1,3 and 4) and
the cone (number 2).

V4 4
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—
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« 2725 mm

2850 mm
« X
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Figure 4.24: The setup for the analytical model.

To setup the piecewise function, an expression for the deflection of each part is setup by
using the differential equation for a beam, equation (4.4), and moment of inertia of a pipe,
equation (4.5).
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The deflection for each part is expressed by equation (4.11) to equation (4.14).

4 Fzx
wile) = g2 // (165 mm? — 154 mam™) 04 1D
F
wy(z) = // x dxdzx (4.12)
Bx ( 45070 + =02 273 mm) — 154 mm4>
4 Fz
= — 4.1
ws(a) Ern // (450 mm* — 154 mmﬂdxdm (4.13)
4 Fzx
_ = 4.14
wale) = o / / (459 mm — 154 mmt) " (+14)

Then, the boundary conditions for each function is used to determine the eight integration
constants. The calculations are conducted in four steps, where one function and the related

integration constants are determined.

These calculations are conducted from the fixed end and forward to the free end, so the
function and integration constants for part number four is the first function to be deter-
mined, and the function for part one is the last. The order of these calculation steps, the
range for each function and the boundary conditions for each step are outlined in table 4.2.

Table 4.2: Calculations Steps.

Step | Function Range of Boundary condition Boundary condition
the function [mm] for deflection

1 4 2750 <z < 2850 w4(2850) = 0 w)(2850) =

2 3 2200 < x < 2725 | w3(2750) = w4(2750) | w4 (2750) = w/)(2750)

3 2 200 < 2 <2200 | wy(2200) = w3(2200) | w)(2200) = w}(2200)

4 1 0<x<200 w1 (200) = ws(200) w;(200) = w4(200)

After the integration constants are determined, the models are compared and the deflection

curves are displayed on figure 4.25.
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Deflection of Bend Stiffener
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Figure 4.25: The deflection curve from the different models. The primary axis is the length, the
secondary axis is the deflection of the bend stiffener. Black line: The analytical model of the bend
stiffener. Blue line: The FE model. Green line: The analytical model of the equivalent pipe.

From 4.25, it is seen that the FE model have an overall stiffer behaviour compared to
the analytical calculation of the deflection of the bend stiffener and the pipe, which is
considered to be due to the steel structure inside the bend stiffener which is only included
in the FE model. However the deflection curves from the FE model and the analytical
model of the bend stiffener are in the same range and has a overall similar curvature, and
the model is therefore considered to be properly setup, as the steel structure only covers
the first part of the bend stiffener and has therefore a minor effect on the shape of the
entire deflection curve. The large deflection on the free end of the bend stiffener for the
FE model is again due to a simulation of the locally deformation, the true scale of the
deflection is shown on figure 4.26.

Figure 4.26: Deflection of the bend stiffener.

It can also be concluded that the effect of the steel grid and the shape of the bend stiff-
ener has a significant effect on the stiffness compared to a pipe shaped structure without
internal support.

Ansys Workbench Model

To evaluate the full model setup in ANSYS® APDL, is a corresponding model setup
in ANSYS Workbench®. The Workbench model is created by drawing, generating and
assemble all volumes in SolidWorks, and import the model into Workbench afterwards.
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The main difference between the APDL model and Workbench model, is that all vol-
umes in APDL model are glued, meaning that the volumes shares areas, also the pipe
and bend stiffener shares areas. This results in a model where the element shares nodes
across the volume boundaries. While the ANSYS® Workbench model is made with con-
tact elements between all volumes. Examples of contact between volumes are shown on
figure 4.27(a) and figure 4.27(b). The contact between the volumes are modelled without
friction and are calculated with a nonlinear solver, while the deformation of the volumes
is solved with a linear solver. The theory of a contact problem in FEA, is outlined in
appendix C The Theory of FE Contact Formulations.

= <2

(a) The contact between the polyurethane struc-  (b) The contact between the polyurethane struc-
ture and the outer layer of the flexible pipe. ture and the steel grid.

Figure 4.27

The boundary conditions are applied by fixing all degrees of freedom on the areas cover-
ing the widest end of the bend stiffener, see figure 4.28(a), while loads are applied on the
areas covering the opposite end of the flexible pipe, shown on figure 4.28(b).

& <

(a) Ansys® Workbench model. Blue marking:  (b) Ansys® Workbench model. Green mark-
Areas with applied boundary condition. ing: Areas with applied forces.

Figure 4.28

The APDL and Workbench model represent two extremes compared to the right solution,
and the right solution probably lies in between these models. The APDL model simulates
the situation where the flexible pipe and bend stiffener are bonded, while the Workbench
model simulates the opposite situation; the flexible pipe is not bonded inside the bend
stiffener, not even by friction, but the contact elements prevent penetration of the different
bodies. Friction is not applied to the model, since the value is unknown. The right solution
is considered to permit movement of the flexible pipe, but it is likely that the pipe and the
bend stiffener has a tolerance, which results in a friction between them. For example in
the Workbench model, is it possible for the flexible pipe to be exposed to a pure traction
without it has any effect on the bend stiffener, while this will have resulted in deformation
of the bend stiffener in the APDL model. As two different models are setup, the results
from these will be compared in the following section.
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4. Analysis of Current Structure and Surroundings

4.4.3 Results

The results of the two FE Analyses described in the previous sections are presented here.
The main purpose of these results is to show the behaviour of the current bend stiffener
design, and the workspace in which a new design is allowed to operate. As the workspace
for the new design is based on the static deflection of the current design, including safety
factor.

Only the three most extreme load cases are shown as they will be governing in determining
the workspace. For each load case will the contour plots of the lateral deflection for the
models be shown first. A comparison of the lateral deflection of the neutral axis will be
shown afterwards.

Load Cases used for The Results

As mentioned previously, the models are setup with load cases equivalent to the ones
described in section 2.3.3 Load Cases. The three load cases which are used, has been
selected from load case no. 6 in table 2.2. The model are setup as shown on the following
figure.

oy

My
}’ FAX
<+>»
2850 500

Figure 4.29: Setup for evaluating the load cases given in table 2.2.

\ 4

The loads given in table 2.2 are actually the reaction forces that should be achieved at the
fixed end of the bend stiffener on figure 4.29. The forces at point A on the figure, are the
equivalent forces needed to achieve these reaction forces. Table 4.3 shows the magnitudes
of the forces needed in point A.

Table 4.3: Equivalent Load cases - Bend stiffener and pipe assembly

Load Original | Original | Original | Equivalent | Equivalent | Equivalent
Case FX Fz My FAX FAz MA
- kN kN kNm kN kN kNm
Lower limit -893.8 -112 -405.2 893.8 112 30
Upper limit -1491 160.5 288 1491 -160.5 249.675
Extreme Values | -1491 160.5 -405.2 1491 -160.5 942.875

All loads in this table has been given their sign according to the positive and negative directions
defined by the coordinate system given in figure 4.29. The original loads are taken from load case
no. 6 in table 2.2 and the equivalent forces are calculated based on the setup in figure 4.29.
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All loads in table 4.3 are applied to the FE models with a safety factor of two, as this is
the safety factor given by NOV Flexibles [46]. The reason for choosing these three load
cases is to investigate the behaviour with in the extreme range of loads, presented in load
case 6 in table 2.2. The third load case is a extreme set of values where all the largest
values in the particular range are selected.

This load case is most unlike to happen, but as long as it does not violate any other require-
ments regarding the bend stiffener and pipe, it is still useful for determining a workspace
for the bend stiffener, and it will also bring the bend stiffener on the conservative side
when evaluating the load cases that are more likely to happen.

Load Case: Lower Limit

This load case are the lower limits of the range of loads in load case no. 6 in table 2.2.
Figure 4.30 and 4.31 shows the contour plots of the lateral deflection for the solid model
made in ANSYS® APDL and the contact model made in ANSYS® Workbench, respec-

tively.
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Figure 4.30: Deflection in the lateral direction of the bend stiffener. This is the result of the solid
model in ANSYS® APDL.

As it can be seen on the figure above, the model gives a maximum lateral deflection of
approximately 93 mm at the end of the bend stiffener. It should also be noticed that the
way the loads are applied gives a small local deformation of the end of the pipe, but this
is neglected, as the purpose of this model is to predict the behaviour of the bend stiffener.
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Figure 4.31: Deflection in the lateral direction of the bend stiffener. This is the result of the

contact model in ANSYS® Workbench.

The contact model gives a slightly smaller deflection at the end of the bend stiffener which
is also clear from figure 4.32, which compares the deflection of the neutral line throughout

the length for both models.

Deflection of Bend Stiffener and Pipe
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Figure 4.32: Deflection in the lateral direction of the neutral line of the bend stiffener. Blue line:
Solid model in ANSYS® APDL. Black line: Contact model in ANSYS® Workbench.

It is clear that the solid model gives a larger deflection than the contact model. The
difference of these models are acceptable, as the behaviour looks similar and a difference
was also expected, since the models are not equally setup (e.i. solid versus contact).
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Load Case: Upper Limit

The following deals with the results obtained from the upper limits of the loads from
table 4.3. Similar to the previous section are the contour plots of the lateral deflection for

both the solid and contact model shown in figure 4.33 and 4.34, respectively.
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Figure 4.33: Deflection in the lateral direction of the bend stiffener. This is the result of the solid

model in ANSYS® APDL.
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contact model in ANSYS® Workbench.

By observing the two plots in figure 4.33 and 4.34, it is seen that this load case does not
lead to very large deflections, as the moment and shear force are cancelling each other
out. In the same way as the previous load case, it can be seen that the moment leads to

44

Figure 4.34: Deflection in the lateral direction of the bend stiffener. This is the result of the



4. Analysis of Current Structure and Surroundings

a local deformation of the end of the pipe, which is most clear on the solid model. A
comparison of the deflection of the neutral line can be seen on figure 4.35.
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Figure 4.35: Deflection in the lateral direction of the neutral line of the bend stiffener. Blue line:
Solid model in ANSYS® APDL. Black line: Contact model in ANSYS® Workbench.

The two models are very close to each other in their behaviour. The deflection is relatively
small for this load case, which means that this load case will not contribute significantly
to the determination of the workspace for the bend stiffener.

The workspace are determined by the deflection of the solid model in APDL for the lower
load case, presented in figure 4.32. Now that the workspace have been determined, a brief
summary of the analysis will be presented.

4.5 Summary

Through this chapter, the world wide air and water temperatures affecting the bend stiff-
ener as well as the salinity of the sea water has been determined. The surroundings effect
on the bend stiffener has also been investigated, and the maximum dimensions of the bend
stiffener has been specified. Different Finite element analysis has been conducted, and it
has been proven that the insulating effect of the bend stiffener is the base of the problem,
and the deformation due to loads and the structural behaviour of the bend stiffener has
been examined. Also has the requirements stated by the standards been outlined, and the
following chapter contains all requirements for a new design of a bend stiffener.
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Chapter

Requirements for The New Design

A list of requirements will be established for the new design of the bend stiffener. The
requirements mainly consist of two parts, requirements from the analysis of the current
structure and surroundings, and requirements stated by NOV Flexibles. As mentioned in
chapter 3.2 Project Strategy and Methodology, are all requirements divided into two
groups, primary and secondary requirements.

Contents
5.1 Primary Requirements . ..............0. 0000, 47
5.1.1 Requirements based on Analysis of Current Structure . . . . . . 47
5.1.2 Requirements to The Bend Stiffener from NOV Flexibles . . . . 47
5.2 Secondary Requirements . ... ...........c.0.000... 48

5.1 Primary Requirements
5.1.1 Requirements based on Analysis of Current Structure

Primary requirements from the analysis are outlined below.

Operational Environment:
The bend stiffener must be able to operate in an environment with the following temper-
ature and salinity conditions.

* Air temperature interval: -25°C to 25°C.

* Sea water temperature interval: 0° to C 30°C.

* Salinity level: 0.034 to 0.036 PSU
Manufacturing:

The bend stiffener must be designed in a material with a hardness corresponding to or
higher than 60 on the Shore D Hardness scale.

5.1.2 Requirements to The Bend Stiffener from NOV Flexibles

Primary requirements from NOV Flexibles are described in this section [29].

Operational Environment:
The bend stiffener must be designed in such a way that the part of the flexible pipe, which
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is covered by the bend stiffener, has a surface temperature below 70°C. Furthermore must
the bend stiffener be designed to operate in air.

Dimensions and Weight:

The exterior dimensions shall be within a cylinder of 1 meter in diameter with a length of
6 meters, and the inner diameter must be 308 mm, (Pipe diameter), including a tolerance
of +3/-0 mm. The total weight of the bend stiffener must not exceed 1000 kg.

Mechanical Properties:

The bend stiffener must not cause the bending radius of the pipe to exceed 2.2 m, in
addition to this, is a safety factor of 1.5 required by the company and thereby increases
the actual minimum bending radius to 3.3 m.

Manufacturing and Environmental issues:
The bend stiffener nor the manufacturing process may not contain mercury.

Requirements for installation:
The bend stiffener must be mounted to the vessel with bolts, in the same way as the old
design.

5.2 Secondary Requirements

The secondary requirements are listed below, and these are all stated by the company.
Each requirement is stated, and an explanation of why it is categorized as a secondary
requirement is given afterwards.

Operational Environment:

If possible should the bend stiffener be designed to operate in both air and in seawater.
This requirement will be fulfilled, when a design for operation in air is ensured, as this is
the main goal for NOV Flexibles.

Service time:

The bend stiffener must be designed for a lifetime of 30 years, but as the full extent of the
load situations for the bend stiffener is unclear, as the loads in this project are described
by the load situations from the test rig, can a lifetime of 30 years not be guaranteed.
However, fatigue calculations will be used to develop a new design.

Manufacturing price:
The manufacturing cost of the bend stiffener must be maximum 1 million DKK. A maxi-
mum manufacturing cost cannot be guaranteed, but an estimated price will be stated.

Requirements from legislation/standards:

The bend stiffener must be designed to fulfil the standards stated by The American Petroleum
Institute (API). The standards from the API serves more as guidelines rather than directly
requirements, and will therefore be followed in the extent it is possible.

In the following chapter, a conceptual design procedure is initiated.
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Chapter

Development of a Conceptual Design

The development of a new design of the bend stiffener is described in this chapter. The
chapter starts with a description of the design procedure, which is followed by the
selection of the main material for a new design. Afterwards, the design procedure is
conducted, and the outcome of each step in the process is presented. Last, the initial
design concept is introduced, and this design will be evaluated and further refined in
order to fulfil the requirements, this will be conducted in the next chapters.

Contents
6.1 Description of The Design Procedure . ................ 49
6.2 Material Selection . . ... ... ... ... 50
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6.1 Description of The Design Procedure

The chosen design procedure is based on a method described in "Systematisk udformning
af industriprodukter" [57]. In this method, the development of a design is conducted
in steps. The purpose of each step is to gradually increase the complexity of the design,
which ends up in a useful design. At each step, different designs are created and evaluated,
and a design is selected based on the evaluation.

The selected design is the basis for the next design step, where complexity and details are
added, and a new evaluation of the changed design is conducted. To avoid an initial design
with a high level of complexity, which could be difficult to manufacture or be related to a
relatively high manufacturing cost, a design with a simple shape is sought throughout the
design procedure.

Thus, a design is developed from a basic concept to a complete and useful design through
steps. The design procedure consists of four steps, which are; Principal structure, quan-
titative structure, total form and detailed design. The content of each step is described
below.
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Step 1: Principal structure

The purpose with this step is to develop a simple structure where the main functions of the
product are obtained, while dimensions, details and spatial distribution of components are
left out. This means that the outcome of this step, is a basic and dimensionless concept
which only sketches the main function of the design.

Step 2: Quantitative structure
In this step, the principal design is improved, by determining the number and the spatial
distribution of the subparts of the design, but the design is still dimensionless.

Step 3: Total form
This level deals with relative dimensions of the design and the sub parts, thereby the
overall conceptual form of the design is determined.

Step 4: Detailed design

After the Total form stage, the detailed design can take place. This step is about detailed
functional design, for example the shape and initial dimensions of connections, links, etc.
This is the final stage of the conceptual design.

The next section describes the selection of a main material for the new design of a bend
stiffener.

6.2 Material Selection

The material selection is based on the stainless steel and the polyurethane used in the
current design, since the materials have properties suitable for a bend stiffener. For exam-
ple, polyurethane is relatively good to withstand oil and fuel as described in section 2.3
Materials, Dimensions and Load Cases of The Current Bend Stiffener and Pipe. These
materials have also been tested for a number of years, and it is assumed that experience
due to live tests, would have clarified most of the issues related to the use of these ma-
terials in a bend stiffener. If new materials should be used, it is considered to require
assessment of a number of issues and properties, for example chemical reactions and re-
sistance to fuel and oil, which require a comprehensive study and is out of the scope for
this project.

Stainless steel 304 AISI is chosen as main material for a new design, the arguments and
the considerations behind this choice is described in this following. From the thermal
analysis, it is known that the current design combined with the polyurethane is causing an
insulating effect. However, the areas of the flexible pipe that are partly covered by steel,
is not exposed to the same level of insulation as with the polyurethane, due to the thermal
conductivity of the steel.

Compared to polyurethane, steel has several advantages. Steel has a worldwide standard-
ized quality, while the quality of the polyurethane is more uncertain, as there is no specific
standardized quality.

The price difference between the two materials is not an issue, as the average price of
steel is 2.08 EUR per kg steel [40], while the average price for one kg of polyurethane is
estimated to be 1,98 EUR [21].
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6. Development of a Conceptual Design

It is known from the data described in table 2.1 that steel has a higher stiffness and higher
density compared to polyurethane, but it is unknown if the relationship between stiffness
and density for polyurethane is corresponding to the relationship for steel. If the stiff-
ness/density relation for steel is lower than for polyurethane, it might result in a design
with an unacceptable high mass. Therefore is a stiffness/density chart used to compare
the two materials, see figure 6.1.
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Figure 6.1: Material chart for the relation between stiffness and density [6].

To compare the two materials, their properties are plotted on the chart, where the black
dots denoted with point one and two respectively outlines the properties of polyurethane
and stainless steel. The guidelines on the chart, £, E'2 and %/3 outlines a rod pulled in
tension, a beam in bending and a plate in bending, respectively. To indicate the difference
between the materials, the guideline for a beam in bending is selected, %/2, as bending
of a beam is assumed to represent the load on most parts in a new design. The guideline
is drawn with a starting point in the properties of polyurethane. The guideline is shown
as a dashed arrow on the chart, and all materials above the guideline, performs better
compared to the materials below the line. It is clear that steel has a higher stiffness/density
relation compared to polyurethane. Another issue is the materials ability to resist the
damage caused by the environment. The overall ability to resist four vital environmental
factors, are listed in table 6.1, for the two materials. The letter, A, indicates a high level
of resistance, while C indicates a lower level of resistance.
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Table 6.1: Environmental resistance [10].

Material Fresh water | Salt water | Sunligth (UV) | Wear resistance
Stainless Steel A A A B
Polyurethane A A B C

Overall, stainless steel has a higher level of resistance compared to polyurethane. It is
also considered to be easier to find production facilities which can produce a steel design
compared to polyurethane, as manufacturing processes in steel is widely used. This could
be an advantage, if repair parts should be manufactured in a hurry, where the transport
of a molded polyurethane bend stiffener could cost production time. Furthermore, the
tools used to analyse the ability of a steel design to withstand static load and fatigue are
well known, compared to a design in polyurethane. It is also required that the new bend
stiffener are bolted to the production vessel, which altogether leads the selection of steel
as the main material for the new design. However, polyurethane has a wide variety of
suitable properties, which might be useful in an overall steel design, for example, the
polyurethane can be used as a protection layer between the steel and the pipe. As the
main material is determined, the design procedure is initiated.

6.3 Implementation of The Design Procedure

The steps in the design procedure are outlined in the following subsections.

6.3.1 Principal Structure

The first step in the design procedure, principal structure, is initiated by considering the
design of the current bend stiffener, see figure 6.2(a). This design in steel will have a
relatively high weight. Thus, the material must be removed, in order to lower the mass, as
shown on figure 6.2(b). This will also have a positive effect on the insulating properties
of the design.

Removed materiale

(= (E==

(a) The current design. (b) Design with removed material.

Figure 6.2

This idea is the basis for the development of a principal structure. The functions of the
current bend stiffener are considered first. This is done by dividing the current design
into three parts, two flanges and a bending part, which is the cross sectional area, see
figure 6.3(a). The cross sectional area provides the right stiffness in order to avoid a
violation of the minimum bending radius of the pipe, while the flanges guides the pipe
and works as a connection to the vessel. A number of basic principal structures are setup,
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6. Development of a Conceptual Design

based on the aforementioned main functions, three of these are shown on figure 6.3(b),
figure 6.4(a) and figure 6.4(b).

Mechanical
bending part

Cross sectional area  Flexible
pipe

(e N DG COCECEcA
(] | G , G R

R LA

Flange Flange

(a) Functions of the current design. (b) Mechanical design.

Figure 6.3

The first design proposal is to make a mechanical bending part, see figure 6.3(b). This
design functions with moveable rods or plates connected to springs, so the wall of the
bend stiffener can guide the flexible pipe in the transverse direction.

The next solution is to construct the bend stiffener as a spine, where the bend stiffener is
build up of small parts which are linked together, but can move independently, this design
is shown on figure 6.4(a).

A third concept is to use the current design, and to remove material as well as to lower the
temperature, the design of the bend stiffener is manufactured with hollow channels. With
the channels, air or water can be directed to the surface of the flexible pipe, and apply
a cooling effect. Another opportunity is to fill the channels with a thermal conducting
material to transfer heat from the surface of the pipe to the surrounding environment.
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(a) Spine design. (b) Channel design.

Figure 6.4

These designs are rejected as they are considered to be too complex to manufacture com-
pared to a simpler design. The designs does not guarantee a solution to the temperature
problem, consider for example figure 6.4(a), it is doubtful if the design has the ability to
lower the temperature of the surface of the flexible pipe.

Another principle structure is proposed, based on these considerations, this is shown on
figure 6.5
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Figure 6.5: The developed principal structure.

The principal structure consist of two steel flanges, with the same function as the current
design, and these are separated by rods or plates of steel, which provides the right bending
behaviour of the structure. The rods/plates are distributed equally around the central axis
and with enough space to ensure air or water to have direct contact with the surface of the
pipe. Thus, the principal structure consists of two flanges and a number of separated rods
or plates, and the structure is made of Stainless steel.

6.3.2 Quantitative Structure

The quantitative structure is setup next, and first, the shape of the rods/plates is determined
by considering the cross sectional area of the current bend stiffener, see figure 6.2(a). The
current bend stiffeners cross sectional area is both cylindrical and cone shaped, which
gives the structure the right bending behaviour, however, is it selected to use a cone shaped
rods, since this is a simple structure and has the same moment of inertia in all transverse
directions, which is not the case with a plate.

The next step is to determine the number of rods and the spatial distribution of these, and
therefore is the steel flange of the current design considered, see figure 6.6. There are
12 bolt holes in the flange of the current design, which are used to connect the current
bend stiffener to the male connection to the vessel. It is required that the new design
must be connected to the vessel in the same manner as the current design. Therefore, it is
chosen to use the spatial distribution of the bolt holes in the current design as a basis for
determination of the number of rods.

Figure 6.6: Design of the steel flange, drawn with inspiration from [46].

The spatial distribution of the bolt holes in the current design is shown on figure 6.7(a),
and it is chosen to distribute an even number of rods symmetrically around the central axis
of the bend stiffener. In order to place the rods symmetrically and to ensure a relatively
similar moment of inertia in all directions, it is chosen to work with a number of rods
from 4 to 12 rods. Only two rods will result in an relatively uneven distribution of the
moment of inertia, and it is questionable if the diameter of one rod can be placed on the
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6. Development of a Conceptual Design

area of the flange. However to many rods will cause rods with a relatively small diameter,
which could lead to a buckling problem. The spatial distribution of the different number
of rods are shown on figure 6.7(b) to figure 6.7(e), the dashed circles and the solid circles
represent respectively the location of the rods and the bolt holes in the flange of the current
design.

(a) The current design. (b) Design with 4 rods. (c) Design with 6 rods.

(d) Design with 8 rods. (e) Design with 12 rods.

Figure 6.7

It is chosen to use the design with six rods, because the design with four rods will re-
sult in rods with a relatively large diameter compared to the other designs. The spatial
distribution of the selected number of rods is shown on figure 6.7(c).

The design with eight rods is rejected, since the rods will be placed close to the bolt holes
in the flange, and if the rods should be guided by the holes in the flange, the relative small
material thickness between the holes could cause a weakness, see figure 6.7(d).

In the design with 12 rods, it is assumed that the rods can only be placed on the outside
or the inside of the bolt holes, so the rods are in both cases placed close to the edge of
the flange, where perhaps there is not enough material to absorb the bending of the rods.
Therefore does the final quantitative structure consist of six cone shaped rods and two
flanges as shown on figure 6.8.

Cone shaped rods
C————
((]]fh4
(
-
Flange

Figure 6.8: The quantitative structure.
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6.3.3 Total Form

Dimensions are applied to the quantitative structure, to obtain the total form. It is selected
to have a total form, which is almost set to the maximum limit of the design space, since
optimization is used in the dimensioning of the new design. It is likely, that the total
form has a too large mass and stiffness in relation to the stated requirements, however is it
likely that the optimization procedure, will results in smaller dimensions and lesser mass.
The total form is seen on figure 6.9.

171 mm 125 mm 125 mm 80 mm
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Figure 6.9: The total form.

To ensure a conservative initial design, it is chosen to have a total form with the same
length as the current bend stiffener, while the outer diameter of the flanges is set to 1 m,
this means that the initial outer diameter is set to have the maximum allowed dimensions
stated in the requirements. The dimensions of the rods is selected, by stating that the sum
of the six rods maximum diameter must be equal to half of the circumference of the circle
which constitutes the bolt holes, which is equal to 171 mm, see figure 6.10.

Figure 6.10: Diameter at the thick end of the rod.

By intuition are the small end of the rods selected to be 80 mm, and the width of the
flanges is set to 125 mm. Later will this initial design be changed, for example by an
optimization process, such that the design fulfils the requirements, and likely will the
dimensions be smaller.

6.3.4 Detailed Design

The last step in the procedure is to design the details of links and connections. The de-
tailed design is drawn in SolidWorks and shown on figure 6.11. The steel rods are placed
inside each flange and mounted with bolts, see point 1 and 2 on figure 6.11. The bending
moment is thereby transferred from each rod into the flange. It is also possible to assem-
ble or disassemble the rods from the flanges, and it is hereby possible to replace a single
part, if the bend stiffener should be damaged. These simple parts are also considered to
be an advantage in the manufacturing process, as the steel rods can be manufactured by
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6. Development of a Conceptual Design

a turning process, while the flanges can be produced by a milling/turning process, which
are worldwide well known machining methods.

@ @

Figure 6.11: Cut through view of the detailed design.

The inner cylindrical area of the flanges are coated with polyurethane, in order to avoid
damages and decrease wear of the outer polyamide sheath of the pipe, this is shown at
point 3 on figure 6.11. The flanges are also expanded with collars, so the pipe does not
bend around a sharp edge, which could cause damage of the outer layer, see point 4.

6.4 Presentation of The Initial Design Concept

The developed initial design is displayed on figure 6.12. The design allows air or water
ventilation around the flexible pipe, which will solve the problem with the hydrolysis on
the outer layer of the pipe. However, the design is still considered to be a concept, since
the shape and dimensions must be refined and changed in order fulfil all the requirements.

171 mm

Figure 6.12: The initial design concept.

57



6.5 Summary

A initial design has been setup by conducting the design process, which consist of four
steps, where a basic design concept has been developed to the first design proposal. It is
chosen to use stainless steel 304 AISI for the structure of the design, while polyurethane
is used as a protection layer between the steel flanges and the flexible pipe. The initial
design is evaluated and further developed in the next chapter.
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Chapter

Initial Design Evaluation And Development

A design concept has been developed in the previous chapter, which is a series of
intuitive ideas. This chapter describes how this initial design concept is evaluated and
improved based on an optimisation process and simple static evaluations. This leads to a
new developed and improved design concept which can be further optimized.

Contents
7.1 Optimisation of DeflectionCurve . . . . . ... ............ 59
7.2 Design Changes due to Behaviour Issues. . . . ... ......... 60

7.1 Optimisation of Deflection Curve

The new conceptual design is optimized, in order to get the same mechanical behaviour
as the current bend stiffener design. In order to do so, some dimensions are made variable
and some are taken to be the same as the original dimensions. The flanges on the new
design has been given the same dimensions as the current flange in the old design, where
the radius in both ends of the conical rods are made variable, as it is the dimension of
these rods which mainly governs the magnitude of the deflection. A very simple optimi-
sation is made, where the geometry is modelled in Ansys APDL and the radii of the rods
are used as design variables. The model is optimized towards the maximum deflection
of the current bend stiffener, this deflection can be seen on figure 4.32. The objective
function used for this simple optimisation is a least square function, where the residual
of the deflection between the old and new design is calculated in each iteration. A more
thorough description of the optimisation methods will be given later on. In this case, the
initial dimensions used for the optimisation can be seen figure 6.9. The dimensions of the
rods, shown on figure 6.9, are of course to large to give the desired deflection, and the
optimisation then yields the following radii for the rods.

Trods = 12.074 mm (7.1)

R,oqs = 20.13 mm (7.2)

Where R,,qs 1s the large radius nearest the vessel and r,.,45 1s the one at the opposite end
of the bend stiffener. These dimensions yields a deflection profile as shown on figure 7.1.

59



[mm]
-0.002

14.1
28.1
42.2
56.3

70.3

84.4

98.5

113 I
127

Figure 7.1: Deflection profile of the optimized initial design concept.

Figure 7.1 shows that the pipe and the bend stiffener does not follow each other very well
in their deflection profile, as the new design allow some deflection of the pipe away from
the neutral line of the bend stiffener. This is due to the two steel flanges which only
supports the pipe in two small areas, one in each end. This allows for some rotation of the
pipe inside the bend stiffener. Another issue can be seen from the shape of the deflected
rods, which has a kind of s-shape. This is again due to the flanges which are to rigid,
when applying a moment to the structure. One last issue which has a major influence
on the behaviour of the structure is the surface pressure between the pipe and the flanges
of the bend stiffener. It will cause a very high surface load, since these areas are the
only ones supporting the pipe. These surface loads can cause wear and damage to the
outer sheath of the pipe, and it can also prevent the pipe from travelling in its lengthwise
direction through the bend stiffener. The design need some changes in order to deal with
the aforementioned issues. These changes will be described in the next section.

7.2 Design Changes due to Behaviour Issues

It was seen from the previous section that the initial design proposal have some problems
in its mechanical behaviour. The design is changed, in order to get rid of this unwanted
behaviour. To do so, the current design from section 2.3 Materials, Dimensions and Load
Cases of The Current Bend Stiffener and Pipe and the initial design concept are compared
and the best intuitive concepts from both are merged into one design. The following list
describes the concepts from each design which are taken on to a new design.
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7. Initial Design Evaluation And Development

Current Design

* Polyurethane as a load transfer

The polyurethane worked as a good load transfer between the pipe and bend
stiffener, as it ensured a support of the pipe through the whole length of the bend
stiffener. This distributes the surface loads to a large area and gives a soft connection
to the pipe compared with steel.

» Steel ring preventing separation of steel and polyurethane

The flange on the current design has a steel grid, where the purpose is to grip
in to the polyurethane and prevent a separation of the flange and the polyurethane.
Especially the steel ring at the end of the grid is useful as it prevents the lengthwise
tension force from separating the parts.

* Polyurethane covering the flange to prevent environmental exposure

When the polyurethane is covering the steel flange it protects the flange from
the environment, and thereby corrosion, wear or other damages.

Initial Design Concept

» Conical steel rods for supplying stiffness

The conical steel rods are a good alternative to the polyurethane for supplying
the varying stiffness of the structure. This means that a less amount of polyurethane
has to be used, and thereby decreases the insulating effect of the bend stiffener. The
steel rods does also function as large cooling elements through the length of the
bend stiffener.

A new conceptual design is developed with these four main concepts in mind. The new
conceptual design seeks to keep the amount of polyurethane as low as possible, but still
enough to function as the connection between the steel rods and the pipe. It is also sought
to make a design where the flange, which is not connected to the vessel, is removed. The
new conceptual design can be seen on figure 7.2.

Figure 7.2: New conceptual design, this design consist of the best concepts from the current
design and the initial design concept.
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On the section cut shown in figure 7.3 can it be seen that the conical rods are surrounded
by polyurethane and has no contact with the outer surface of the pipe, nor the environment.

—

Figure 7.3: A section cut of the new conceptual design, where the conical steel rods are shown,
surrounded by the polyurethane structure.

A ring is attached to the ends of the rods instead of the steel flange in the previous design
proposal. This ring serves two purposes; preventing the tension force from separating the
steel and polyurethane, and maintaining the distance between the rods so their deflection
curves are identical on both side of the pipe. One issue with the ring, might be the rel-
atively high pressure between the polyurethane and the steel ring, which might lead to
damage of the polyurethane. The complete steel structure can be seen on figure 7.4.

Figure 7.4: The new steel structure with flange, conical rods and a ring connecting the rods. This
steel structure is moulded into the polyurethane part.

The idea is to place the steel part in a mould and mold the polyurethane around it. This
design should prevent the behaviour issues seen from the previous design proposal, and
in the same time lower the insulating effect compared to the design which is in use today.
This new conceptual design will be optimized and evaluated in the next chapter.
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Chapter

Final Design Optimisation and Development

The new design obtained in the previous chapter needs to be optimized towards the
wanted behaviour, meaning that the first thing to do, is to ensure the same deflection
profile, which is done by optimisation. This chapter will describe the theory used and
how it is applied to the problem. Furthermore is the design checked for its insulating
effect to ensure that the temperature requirement is fulfilled. The chapter ends with a
refinement of the design, in order to avoid notches compromising the fatigue strength.
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8.4 SummaryandDiscussion . ... ...... ... 0000 e 71

8.1 Optimisation

The new design is optimized in the same way as the design in the previous chapter. The
optimisation is done in Matlab® in a combination with ANSYS® APDL. The design was
optimized by using two design variables, which are the radii on the conical rods as seen
on figure 8.1. The theory described in this section is based on the book called Numerical
Optimization [44] and Introduction to Optimum Design [5].

Figure 8.1: Design variables used in the optimisation marked with red. The dimensions which are
indirectly affected by the design variables are marked with black.

The deflection profile is mainly governed by the radii of the rods, and these are directly
changed through the optimisation, but also other dimensions are affected indirectly by the
change of the radii of the rods, see figure 8.1. The circle on which the rods are placed
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is changed as the rods are changed, and the outer diameter of the polyurethane part is
changed indirectly together with the thickness of polyurethane between the rods and the
pipe surface. The optimisation is done by comparing the deflection curves in each itera-
tion, where 200 discretized points from the deflection of the old bend stiffener is compared
to 200 points from the new design. This is illustrated on figure 8.2.
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Figure 8.2: Optimisation of deflection curve with point residuals.

The blue line is the optimum, i.e. the deflection of the old bend stiffener design. A
residual is calculated in each iteration for all 200 points, r; as shown on the figure. These
residuals are used to establish an objective function which should be minimized. This
objective function is formulated as a least square expression, given as

200
1 2

fori =D 57 8.1)

=1

The optimisation is gradient based, and therefore is the gradient calculated in the begin-
ning of each iteration to determine the design sensitivity, and to determine the appropriate
descent direction of the objective function. The gradient is calculated by forward dif-
ference approximation, where a small perturbation of the design variables is introduced
in each direction. The optimisation algorithm is based on the sgp (Sequential Quadratic
Programming) method. This method takes a general nonlinear problem and transform it
into a QP subproblem. The general problem can be defined as the Langrangian

Z(x.\) = f(z)+ Z Xigi () (8.2)

Where f is the objective function and g; is the 7*" inequality constraint equation and );
is the i"" Langrangian multiplier. This way of stating the Langrangian assumes that all
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8. Final Design Optimisation and Development

constraints are inequalities. The idea of introducing the Langrangian is to convert the
constraint problem to a unconstrained problem. The quadratic subproblem is obtained as

.1
min §dTde +Vf(xe)'d (8.3)
subject to

Where V denotes the gradient of the associated function, x; and H} are the design
variable vector and the Hessian matrix at the k'" iteration of the subproblem, respectively.
d is a unit vector describing the feasible descent direction, and the solution for x;, is used
to determine the next set of design variables.

Tpy1 = Tp + apdy, (8.5)

Where o, is the step size in the descent direction, which is determined by an appropriate
line search method (e.g. golden section search). In each iteration is the Hessian matrix
approximated and updated by a quasi-Newton based method. In the case of this optimisa-
tion, the BFGS (Broyden-Fletcher-Goldfarb-Shanno) method is used. A local minimum is
reached when the KKT (Karush-Kuhn-Tucker) necessary conditions are fulfilled. These
conditions for the Langrangian, stated in equation (8.2), are given as

€
0L .
J
<L
%:zswzo j=1,..m (8.8)
J

Where s is the slack variable vector containing all the slack variables used to convert
all inequalities to equalities. n is the number of design variables and m is the number
of inequality constraints. All this is evaluated in the software Matlab® and the algorithm
needs an initial guess of the design variables, in order to start the iteration. The initial
guess for this optimisation was given as

R,0qs = 15.8 mm (8.9)

Trods = 10.8 mm (8.10)

This guess was based on a brief study of the feasible region of the design space, as the
design space seemed to have the global minimum in the vicinity of these values. If the
optimisation reaches a local or a global minimum is very dependent on the initial guess,
because a wrong initial guess can cause the optimisation to go towards a local minimum
and get trapped in this minimum. After just four iterations from this guess, a minimum
was found. This minimum came up with the following values for the design variables.

R, oqs = 18.065 mm =~ 18 mm (8.11)
Trods = 0.6839 mm ~ 6.5 mm (8.12)
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These values results in a deflection curve as shown on figure 8.3.

Deflection of Bend Stiffener and Pipe
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Figure 8.3: The optimized deflection curve. Blue: Deflection curve of the old bend stiffener
design. Black: New bend stiffener design.

The behaviour of the two designs are very close on this figure, and the behaviour is as-
sumed to be acceptable. These dimensions will be used in the design in further studies.
The primary function to fulfill was the deflection, and the next which will be checked is
the insulating effect. The temperature analysis is presented in the next section.

8.2 Thermal Analysis of The Final Design

This section describes how the thermal behaviour of the final design is evaluated using
ANSYS Workbench®. Two steady state thermal analyses are conducted, both analyses
are applied with natural convection, as convection has a cooling effect to the surface of the
bend stiffener. The two models are similar set up, and the only difference is the different
values for the natural convection. One analysis is conducted with convection to stagnant
air, while the second analysis is completed with convection to water. Convection is the
transfer of heat from the surface of the bend stiffener to the fluids surrounding the part.
The fluids are in this case air or water. The expression for convective heat transfer is stated
by equation (8.13).

¢ = hA(AT) (8.13)

Equation (8.13) is known as Newton’s law of cooling. Here ¢ is heat transferred per
unit time, Watt, and A is area of the surface of the heat transferring part, m?. AT is the
temperature difference between the surface and the fluid.

In equation (8.13), h is the convective heat transfer coefficient, %K . This coefficient
depends on numerous factors, and some of those are flow velocity and viscosity of the
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8. Final Design Optimisation and Development

surrounding fluid [7; 18]. The values for the used convective heat transfer coefficients are
listed in equation (8.14) and equation (8.15).

B = 5E2K (8.14)
m
A ater = 1200%1{ (8.15)
m

These values are default in ANSYS Workbench®, and are similar to the values normally
used for these types of convective heat transfer [19]. The models are setup with symmetry
planes, such that % of the bends stiffener with pipe is represented, see figure 8.4.

Two types of symmetry is used, cyclic symmetry planes and symmetry planes, shown on
figure 8.4. Cyclic symmetry is used to simulate the entire bend stiffener with the pipe.
The symmetry planes are used to simulate or 'mirror’ the flexible pipe and the flange in
the axial direction.

This is done to simulate the thermal conduction throughout the length of the pipe, and
also the conduction between the vessel and the steel flange. It is assumed that the steel
flange is suitable to constitute the connection to the vessel.

Front view

/////// Cyclic symmetry plane /'

Symmeltry plane

A

Figure 8.4: The cyclic symmetry planes and symmetry planes on the models. Blue marking:
Symmetry planes.Violet marking: Cyclic symmetry planes.

The boundary conditions are shown on figure 8.5. The temperature of the inside area of
the pipe is set to 130 °C, while the initial temperature is set to 25.3 °C. The initial temper-
ature is chosen to have this value, as it represents a value in the high end of the temperature
interval for both air and water stated in section 4.2 Environment and Surroundings. It is
also the air temperature used in section 4.4.1 Thermal Analysis. Convection is applied to
the surface of the bend stiffener and the pipe (The entire yellow part on figure 8.5).
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Convection

Figure 8.5: The boundary conditions on the model. Red marking: The temperature inside the
pipe.

The results from the analysis with the convection of stagnant air is shown figure 8.6.

33.7 44 4 55.1 65.8 76.5 872 97.7 109 119 130

- | LN

Figure 8.6: Results from the analysis with a convection of 5%K .

From the results, it can be seen that the steel provides a relatively high cooling effect
compared to the polyurethane. It is worth to notice the polyurethane has a temperature on
the surface, that are 10 to 15 °C higher than the steel, even though the smallest thickness
of the polyurethane between the rods is only 11 mm. To examine the temperature of the
outer polyamide layer on the pipe, a path is defined on the outer circumference of the
pipe, see figure 8.7.

28

Figure 8.7: Path on the outer circumference of the pipe.
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8. Final Design Optimisation and Development

From the path on the outer circumference of the pipe, the maximum temperature is deter-

mined. Based on the location of this temperature, a new path throughout the length of the
bend stiffener is defined. This path are displayed on figure 8.8.

[
D

2 2

Figure 8.8: Path throughout the length of the bend stiffener.

The temperatures of the outer polyamide layer along the path is displayed on figure 8.9.
The blue line defines the maximum allowed temperature.
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Figure 8.9: Temperature of the outer polyamide layer throughout the length of the bend stiffener.
Blue marking: Maximum allowed temperature. Black marking: Temperatur of the outer layer

Next are the results with the convection of water displayed, see figure 8.10. As water has

a higher convective heat transfer coefficient, the temperature affecting the surface of the
pipe is lower.
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Figure 8.10: Results from the analysis with a convection of 1200%1{.

A path throughout the length of the bend stiffener is defined in a similar approach as
described previously. The temperature of the outer layer of the pipe along the path is
shown on figure 8.11.
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Figure 8.11: Temperature of the outer layer throughout the length of the bend stiffener. Blue
marking: Maximum allowed temperature.Black marking: Temperatur of the outer layer.

Figure 8.10 and figure 8.11 shows clearly, the benefit of placing the bend stiffener in water
from a thermal point of view. Based on the results, it can be concluded, that the design
fulfils the requirement for the surface temperature of the flexible pipe as the temperature
both in air and water is below 70 °C.

In the next section, it is briefly explained how the new design is further improved.

8.3 Refinement of The Design

As the rods has been adjusted through the optimisation described earlier, the final details
can be added to the design. The aim with this process is to change the design of the steel
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structure, so the design has smooth contours and soft transitions, instead of sharp edges
and notches. Notches and sharp edges can be fatal for the fatigue life. The changes are
based on experience and intuition, the refined design is shown on figure 8.12.

Figure 8.12: Refinements on the steel sturcture.

As illustrated on figure 8.12, edges are made with round contours, and the rods are de-
signed with a notch radius to avoid relatively high stress concentrations. The notch radius
is selected to be 20 mm. The rods are mounted to the flange with M42 bolts.

8.4 Summary and Discussion

This chapter describes how the design was optimized towards the desired behaviour and
afterwards was the insulation effect of the optimized design evaluated. The two analyses
showed that the design fulfilled both the behaviour and temperature requirement. In the
end of this chapter was the design prepared for fatigue loads in the critical area of the
conical rods in the vicinity of the flange. Until this point has now strength analysis been
conducted, due to the fact that no equivalent model for the flexible pipe has been available.
A pipe model was originally not a part of the scope for this project as the development
of bend stiffener was supposed to have the main focus. However, since a pipe model is
needed to evaluate static strength and fatigue life, a model for the pipe is developed in the
next chapter.
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Chapter

Analytical Modelling of the Bending Stiffness of a
Flexible Pipe

It has been proven highly necessary to have a model describing the flexural behaviour of
the flexible pipe, in order to evaluate the strength of the bend stiffener. This chapter will
describe the derivation of an expression for an equivalent bending stiffness of the pipe.

Contents
9.1 PipeStructure . . . . . . . . i it ittt ittt 73
9.2 Contribution from Polymer Layers . ................. 74
9.3 Contribution from Helical Steel Layers . ............... 75
9.3.1 Bending Stiffnessin No SlipCases . . ... .......... 75
9.3.2  Progression of Interlayer Sliding . . . . .. ... ... ..... 78

9.3.3 Equivalent Stiffness including Bending and Torsional Effects
of the Individual Helical Strips . . . . . . . ... ... ..... 80

9.1 Pipe Structure

The pipe is build of several layers of different materials, geometries and properties. As
described in previous chapters, the pipe consist of polymer layers acting as fluid barri-
ers and anti-wear layers. Steel layers are applied to give the desired strength in different
directions. Some steel layers are maintaining the tensional strength and others are func-
tioning as pressure armours. A brief review of the pipe, modelled in this report, is given
below on figure 9.1.

Figure 9.1: A cut through of the flexible pipe showing the different layers in the pipe structure.
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The yellow and white layers are insulating, anti-wear and fluid barriers made of polyamide
11 (also called nylon 11). The grey layers are tensile and pressure armours made of
steel. Material data and thickness of each layer can be seen in section 2.3 Materials,
Dimensions and Load Cases of The Current Bend Stiffener and Pipe. The 3D drawing
was originally drawn to establish a finite element model for the pipe properties, but due
to time consuming complexity, this have to be a scope for future work. A drawing of the
cross section of the helical steel layers is given below on figure 9.2, as they are used in
the derivations through this section.

Carcass Pressure Armour Tensile Armour

2xR25 1

S

130°
40.5 '

Figure 9.2: Cross section of the carcass, pressure armour and tensile armour in the flexible pipe.
All dimensions are in mm.

The cross section of the pressure armour is assumed to be a rectangular with side lengths
of 10 x 8 mm. Also the lay angle for these helical layers are important for the flexural
stiffness of the pipe. These angles are listed in table 9.1.

Table 9.1: Lay angle for helical steel layers.

Layer Lay Angle
Q;
Carcass 87.2°
Pressure Armour 85.5°
Inner Tensile Armour 35°
Outer Tensile Armour 35°

The lay angle is measured from the lengthwise axis of the pipe.

The most vital parts of the pipe, with respect to the bending stiffness, has been described
and the stiffness derivation can begin.

9.2 Contribution from Polymer Layers

The modelling of the bending stiffness can be divided into to groups of contribution, those
from the polymer layers and those from the helical steel layers. The contribution from the
polymer layers is very simple to determine as they are considered as solid cylindrical
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9. Analytical Modelling of the Bending Stiffness of a Flexible Pipe

beams. The contribution can simply be taken from the moment-curvature relationship,
given as
My, = Epoly]poly/{ (91)

Where M, is the bending moment, £, and [,,, are Young’s Modulus and the area
moment of inertia of the cross sectional area of the polymer cylinders, respectively. « is
the curvature of the neutral axis, due to bending. The flexural stiffness is just the product
of Epoy and I,

9.3 Contribution from Helical Steel Layers

The stiffness contribution from the steel armours are much more complex as these are
dependent on a wide range of parameters such as, internal and external pressure, friction,
lay angle etc. The derivation of the stiffness contribution from these layers are divided
into three parts; the first is the no slip case where there is no sliding between the layers,
the second case is the intermediate zone between no slip and full slip, and the third part
is the contribution due to local torsional effects while the pipe is bend. The full slip case
is not considered as the contribution to the bending stiffness in this case is considered to
be negligible. The derivations presented in this section is based on three papers on the
modelling of flexural behaviour of flexible pipes. The first, written by J. A. Witz and Z.
Tan in 1992, [62], is describing the bending moment before slip and discussing the case
after slip and do also look into cases with extreme helical angles of the steel layers. The
second paper is written by 1. Kraincanic and E. Kebadze in 2001 [32], and deals with the
slip initiation and progression, and seeks to describe the stiffness in these cases. A Ph.D.
Thesis is supporting this paper and is also made by the one of the authors from the paper,
E. Kebadze in 2000 [31]. The third, written by L. Dong, et al. in 2013 [16], is looking at
the torsional effects of the helical layers occuring while bending the pipe.

9.3.1 Bending Stiffness in No Slip Cases

The no slip case, is the case where no relative interlayer movement occurs, meaning that
the friction force between to adjacent layers is greater than the normal force trying to
move the layer in the axial direction. This part is mainly based on [62] and [31]. Only a
quarter turn of the helical strips are considered to ease the derivations. This can be done
because of symmetric and antisymmetric conditions. The idea is to describe a point on a
helical strip, and be able to describe it before and after bending by using the assumption
that plane cross sections remains plane after deformation. First of all is a helical trip
considered in a local Cartesian coordinate system, see figure 9.3.
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Figure 9.3: A helical strip with a local Cartesian coordinate system. Points lying on the centreline
of the strip can be described by the radius and two angles. This figure is drawn with inspiration
from [62]

As it is seen on the figure, the local coordinate system is placed in the centre of one turn of
the helical strip. Any arbitrary point on the centreline can be described by the following
expressions

x = Rcos¢ Yy = 1 0] z = Rsin¢ NS [O,g} 9.2)

 tana

Where R is the radius of the helical layer, « is the lay angle and ¢ is the angle between
the xy-plane and the vector describing the point P. Since the derivation is performed on a
no slip case, it is assumed that the strip remains bonded (read no sliding) to the adjacent
layers under deformation. If the helical strip is subjected to a bending moment in the
yz-plane, it is assumed that plane cross sections remains plane due to the absent of slip. It
is sought to describe point P after deformation, denoted P*, and the x-coordinate remains
the same since it is a pure deformation in the yz-plane. See figure 9.4 for the deformed
profile of the helical layer.

Figure 9.4: Deformed helical strip, the point P becomes P* after deformation. This figure is drawn
with inspiration from [62].
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The point P* can be expressed as following

x* = Rcos ¢ (9.3)
y* = sin ( i gb/{) 1 R sin ¢ sin (igbff) 9.4)
tan o K tan o
z* = (1 — Cos ( i ¢H)> 1 + Rsin¢ (iqbn) 9.5)
tan o K tan o

Where « is the bending curvature of the neutral axis of the layer. The axial strain in
the deformed helical tendon is given, based on the expressions for P and P*. The strain
expressed as a function of ¢ is given as

ds* dz? + dy? + dz+?
= 1= —1 9.6
e (9) ds \/ daz? + dy2 + dz? ©-6)

By inserting and simplifying is the following expression obtained

e(p) = \/1 — 2R cos? asin ¢k + R2 cos? asin? k2 — 1 9.7)

This is highly nonlinear and can be simplified to a linear expression, by assuming small
deflections, which yields
e (¢) = Rcos® asin ¢k (9.8)

This expression is used to find the strain energy for one helical strip. The strain energy
can be calculated from the expression for a rod undergoing axial tension, which is given
by

1 S
U=-= / EAc?ds (9.9)
2 Jo

Where E is Young’s Modulus and A is the cross sectional area and S is the length of the
strip. The strip length can be expressed by using the lay angle and the length of the pipe,

L.
L

COS &

S:

(9.10)

Since the strain is expressed as a function of ¢ in equation (9.8), a conversion of the
integral is needed. The infinitesimal term ds is given by the following

R
ds = ——do (9.11)
sin o
The strain energy is then expressed as
21 ) s R tana L
U=4 —EA (R cos? d 9.12
n/o 5 ( cos O{Sln¢li> p— 10} 513 ( )

The expression is multiplied with four since the integral only describes the energy in a
quarter of a turn of one strip, and n is the number of strips in the layer. The term in
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the end, ta;T‘;%L , is the number of revolutions of the strip in the entire length of the pipe.

Evaluating the integral in equation (9.12) yields

1
U= ZEAR20053Q k*nL (9.13)

This expression inspires to make use of the principle of energy conversion, expressed as

dU dW

= _ 9.14
dk dk ( )
W = MkgL (9.15)

Where the latter expression describes the work done by the bending moment causing the
same curvature. The use of these expressions yields the bending moment

1
M = 5EAR2 cos® a nk (9.16)

From which the equivalent stiffness in the no slip case can be obtained, based on M =
Elk.

1
El,, = 5nEAR2 cos® o 9.17)

This stiffness is representative for small curvatures where no interlayer sliding occurs.
The sliding will start to progress as the curvature increases. A prediction of this phenom-
ena will be presented in the next section.

9.3.2 Progression of Interlayer Sliding

The interlayer sliding occurs as the curvature increases, and the limit between no sliding
and initiation of sliding is denoted as a critical curvature k... Studies of this value have
been going on for several decades and this section will present a method to predict this
value and, more importantly, the stiffness progression in this intermediate zone between
no slip and full slip of the layers in the flexible pipe. The methods in this section is based
on [32], [31] and [16]. One of the distinctive characteristics of this intermediate zone is
that after the sliding is initiated, only a part of the length of a helical strip will slide, while
the rest is still in the no slip state. As the curvature increases, the length of the sliding
part gradually increases until the entire tendon slips, and the layer is in the full slip state,
at that point. This limit between the partial sliding and full slip, can be determined as
5 Ker- The minimum critical curvature, at which the sliding occurs, can be determined by
considering the equilibrium configuration of a infinitesimal element of a helical tendon.
By doing this the following expression can be obtained

min __ /’LZ-PZ + NoPo

K“CT

~ Etsina cos?a ©-18)

1; and p, are the inner and outer friction coefficients for a helical layer to adjacent
layers, respectively. In the same way are F; and P, the inner and outer contact pressure,
respectively. ¢ is the thickness of the tendon in the radial direction of the pipe. From
the consideration of this infinitesimal element, it can be shown that the minimum critical
curvature is located at the tendons placed at the neutral axis, i.e. ¢ = 0,7, 27, etc. A
relation between the global bending curvature and the critical angle at which the tendon
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slides, can also be determined by considering this infinitesimal element, by equating the
friction force and the force increment over the element.

K = KM Der (9.19)

“8in ¢

The above expression does not allow for an explicit determination of the critical angle,
however it can be approximated within a reasonable accuracy. This can be done by substi-

tuting the term —2<— with —. =, where ¢ can be determined from the boundary condition
sin ¢cr CoS ¢
that sﬁﬁ = 7, when ¢ = 7. This yields { = 1.7836, and the expression for the critical

angle becomes
min

bor = € ATCCOS T (9.20)
K

This solution is off by approximately 0.7% compared to correct solution of ¢... An
important parameter, which will be used later on in the derivation, is the axial stress in the
no slip part of the strip. This can be found from the expressions in the derivation of the
no slip stiffness, and yields

Ons = ERK cos® asin ¢ 9.21)

Another important parameter which is not derived, but taken directly from [16], is the
axial stress in the sliding part of a strip.

(1 P; + poP,) R

tsin o

of = (9.22)

The friction force is the only force balancing the axial stress after sliding occurs. From
this point on and the rest of the derivation of the interlayer sliding stiffness progression,
will the helical steel layers be considered as shells with same thickness as the tendons.
However, their individual properties will still be taken into account. The bending moment,
according to the stresses presented for the no slip and the slip region in equation (9.21)
and (9.22), can be determined by

Ger
M = 4f., ( / af+> cos’a Rsin ¢ tRd¢ (9.23)
0

fe 1s a fill factor to ensure the same cross sectional area for the equivalent shell compared
to the layer of tendons. This fill factor is equal to the sum of arc lengths in between the
tendons in the layer, and can be calculated as

nb

- 2R cos a

fe (9.24)

Where b is the width of one strip in the layer. This can now be substituted into the
moment expression, together with equation (9.21) and (9.22), and subsequently evaluating
the integrals.

M

2 ARQ sz oPo
- o cme (“ T Ho%0 (Gin o — r c08 o)

T tsin o

+iE cos> a k (7 — 2¢e, + sin (ngcr))) (9.25)
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This can be simplified to

4 1
M = —FEl ke (SIN ¢or — Per COS o) + —El sk (T — 200 + sin (2¢¢r) ) (9.26)
T T

The stiffness for the intermediate zone of no slip and full slip is found by differentiating
equation (9.26).

El,s = FEl,s — % 20 — sin (2¢) — 4€sin dor (gbcr cos (%) — sin gbcr)

tan (%)
(9.27)

This stiffness is valid for the partial slip zone and is characterized by the curvature interval
K € }FLCT, 5her [ Until now the pipe stiffness has been treated in the no slip case and the
partial slip case. However, these cases only includes the stiffness based on axial strains,
which is acceptable when assuming small deformations and small lay angles for the heli-
cal layers. The next section describes a stiffness based on local curvature considerations
of the helical tendons, which also include the effect of local torsion.

9.3.3 Equivalent Stiffness including Bending and Torsional Effects of the Individ-
ual Helical Strips

The geometry of helical layers are sensitive to bending, and the helical geometry changes
during deformation of the pipe. These changes introduces local torsion and bending of the
tendon, which is different from the effects determined by axial stiffness considerations.
The deflection of a tendon is assumed to follow a loxodromic curve, which is stated by
Svein S@vik in his Ph.D. thesis in 1992 [52]. S@vik proposed a description of the local
curvatures of the tendon, based on this loxodromic curve and related the expressions to
the global curvature of the pipe. The local curvatures are specified in three principal
orthogonal directions, to which the global curvature is projected, by using trigonometric
considerations of the loxodromic curve. The three directions can be seen on figure 9.5,
where the three curvatures are drawn on a cross section of an undeformed helical tendon,
in order to simplify the figure, as the understanding of the three directions does not change
during deformation.

_-—‘—-_ —‘-' - —=—a

________________________

Figure 9.5: The global bending curvature is projected to three orthogonal local directions. This
figure is drawn with inspiration from [62]
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The changes in the three curvatures during bending are according to S@vik, [52], given
by

Ak, = —K (1 + sin? a) COS (/ COS ¢ (9.28)
Aky = kcos® asin ¢ (9.29)
Ak, = ksin o cos® asin ¢ (9.30)

Where k,,, kK, and k, are the curvatures in the normal, binormal and torsional directions of
the cross section of a helical strip, respectively. The rest of the derivations in this section
are based on the paper by Dong et al., [16]. The idea behind the derivations in this section
is the same as in the no slip case, where the stiffness was based on the determination of
the strain energy. The strain energy in this case is given as

S
1 1 1
U= / (§Elnmi - §E[bA/<;§ - §GItA/<;tQ) ds (9.31)
0

Where [,,, I, and [, are the area moment of inertia corresponding to the three principal
curvature directions presented on figure 9.5. G is the shear modulus of the tendon mate-
rial. In the same manner as in the no slip case, can the strain energy be rewritten to the
following expression.

2nL
T COS (v

U:

2 /1 1 1
/ <§E]nAme + §EIbA/f§ + §GItAmf> de 9.32)
0

By using the energy conservation principle again, can the corresponding moment be ob-
tained

1
My, = §n (Efn (1 + sin? a)2 cosa + EI,cos” a + GI, sin® a cos® &) K (9.33)
The stiffness is then given by
1
ElL, = §n (Efn (1 + sin? a)2 cos o+ ET, cos” o + G, sin® o cos® a) (9.34)

This stiffness takes into account the local effects of bending and torsion of the individ-
ual helical strips, while the pipe is undergoing a global bending moment. This stiffness
expression, together with the one for polymer layers given in equation (9.1), has been
used to determine an equivalent stiffness for the pipe described in section 2.3 Materials,
Dimensions and Load Cases of The Current Bend Stiffener and Pipe and with the cross
sections for the strips in the helical layers as shown on figure 9.2. By using these data the
equivalent stiffness becomes

Ely ~ 117521 Nm? (9.35)

To model the pipe, an equivalent pipe is chosen as a solid rod with an radius of 154 mm,
which yields an equivalent E-modulus of 266 MPa.
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Chapter

Static Strength Analysis

This chapter is describing how the static analysis is carried out. The analysis is
conducted in ANSYS® Workbench, as an nonlinear FE analysis.

Contents
10.1 AnalysisSetup . . . . . o v v i i i i e e e e e e e 83
10.2 Results and Discussion of the Analysis . . . ... ........... 84

10.1 Analysis Setup

After pipe has been modelled, it has become very compliant, and therefore is it not possi-
ble to reach a converged result with a linear FE analysis, due to large deflections. There-
fore is a geometrically nonlinear analysis conducted, with the use of quadratic elements.
The model with loads are sketched on figure 10.1

a 112 kN o
B — ; 893.8 kN
= N 30 kNm
2.85m ' .
3350 m '

Figure 10.1: The load case used for the strength analysis.

Three different structural elements are used. For volumes which can be meshed using
hexahedral elements is the SOLID186 used. This is a 20-node 3D element with three user
accessible degrees of freedom, namely the three translational degrees of freedom, UX,
UY and UZ as they are called in ANSYS®. The second element used in the model is
called SOLID187, which is a 10-nodes 3D tetrahedral element, this is used for complex
geometry regions where only free mesh with tetrahedrals is possible. The properties of
this element are the same as the properties of SOLID186. The last element which is
used in the model is SURF154 which is a 8-node surface element used on areas where
loads are applied. The loads are distributed to this element as surface loads, by using
the shape functions of the element to distribute the loads evenly over the surface. So this
surface element works as a transition of loads between the external loads applied and the
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structural 3D elements. Examples of areas where the different elements are applied can
be seen on figure 10.2

SOLID186 SOLID187 SURF154

Figure 10.2: The different areas meshed with different elements.

The model is also modelled with symmetry conditions, which cuts the model in half. This
decreases the computation time and the memory allocation during solving. Since this
is a nonlinear analysis, a nonlinear solver is obviously required. ANSYS® has different
types of nonlinear solvers, depending of the application. The one used in this analysis is
a Newton-Raphson based iterative solver.

10.2 Results and Discussion of the Analysis

The model described in the previous section is solved, and the stresses and deflections are
evaluated. Only the stresses in the bend stiffener are evaluated, as the pipe in the model
is an equivalent pipe, with the only purpose of modelling the stiffness of the pipe. The
deflection profile for the entire structure can be seen on figure 10.3
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10. Static Strength Analysis
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Figure 10.3: The deflection profile.

As it can be seen the deflection is very large, due to the very compliant pipe. The stresses
of the critical area of the bend stiffener can be seen on figure 10.4.
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Figure 10.4: Stresses of the steel flange.

It is obvious that the stresses are enormously high in the steel structure, and that the
structure will experience a lot of plastic deformation, and properly break before reaching
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this high deformation state. It can be concluded with a high level of certainty that the
design as it is right now cannot be dimensioned in a way so it gets the right strength,
without compromising the deflection behaviour, which is undesirable. The reason that
this was not discovered on an earlier stage is due to the missing pipe model, which was
obtained in the very end of the project period.
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Chapter

Conclusion and Discussion

A number of different models have been presented and a design procedure have been
conducted. This chapter will conclude on the models and the outcome of the design
procedure. Also the progress of the project will be discussed.
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11.1 Modelling of the Current Bend Stiffener

The current bend stiffener used today, by National Oilwell Varco (NOV), have been mod-
elled and analysed in order to determine the behaviour and highlight the flaws of this
design. The structural behaviour, i.e. the deflection profile was determined by a finite
element analysis and compared to an analytical beam model. The modelling of this was
conducted with some success, as the models converged towards a common behaviour.
The idea was to model the deflection without a pipe model, as this was not provided by
the company, and it was originally not the scope of the project to model the pipe. It should
be possible to obtain the same behaviour for the old and new design of the bend stiffener
regardless of the type of pipe that was inserted to the model. Based on this idea a pipe
modelled of solid layers was inserted, well knowing that this pipe was too stiff. This re-
sulted in a deflection profile which could be used for optimizing the deflection of a new
design later on. Another analysis conducted on the current bend stiffener was a thermal
heat transfer analysis. The purpose of this analysis was to prove that the temperature at
the surface of the pipe covered by the bend stiffener was actually a problem. It can be
concluded that it indeed was a problem, even for a very optimistic case as described in
section 4.4.1 Thermal Analysis.

11.2 Design Procedure

A new conceptual design based on the experience and requirements obtained through the
first phase of the project. This design was a result of a extensive number of drawings
and intuitive concepts. The design development followed a procedure developed by a me-
chanical engineer called Eskild Tjalve. He is, by some people in the industry and at the
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universities, considered as one of the fathers of product design development. His proce-
dure consist of a number of specific steps to be conducted. These steps were followed and
a initial design concept was presented. The general behaviour of this design was evalu-
ated and it was concluded that the design had some significant behaviour issues. Based
on these experiences was a new design developed. This design was a combination of the
old bend stiffener design from NOV and the previous developed conceptual design. The
behaviour of the new combined design was acceptable and was further optimized.

11.3 Optimisation of New Design and Strength Analysis

The new design obtained in chapter 7 Initial Design Evaluation And Development was
optimized towards a desired behaviour. This was done by using the same pipe model as
in the analysis of the current bend stiffener. The optimisation was carried out in Matlab®
and ANSYS®, by using a sqp (sequential quadratic programming) procedure. The optimi-
sation succeeded and the behaviour of the new design was similar to the current design.
The design was analysed using convection in a thermal analysis. This showed that the
design fulfilled the temperature constraint. After almost a full project period without an
equivalent pipe stiffness, it was decided to model the pipe and obtain a stiffness in that
way (the discussion of this model is presented in the next section). The pipe model was
used to evaluate the stresses in the bend stiffener, which was too high compared to the
strength of the material. It was concluded that the design could not be dimensioned to
carry so high loads without compromising the flexural behaviour, which is undesirable.
Furthermore was a fatigue procedure setup and ready for evaluation of the fatigue life, but
since the static stresses was too high there was no reason for doing any fatigue calculation.
However, the fatigue procedure is presented in appendix D Fatigue Evaluation.

11.4 Stiffness Modelling of the Pipe

A pipe model was obtained in chapter 9 Analytical Modelling of the Bending Stiffness of
a Flexible Pipe, based on a set of scientifical papers. This chapter describes three ways of
obtaining the stiffness of the pipe, depending on the amount of curvature. The first case
modelled, was a no slip case where it was assumed that no interlayer sliding occurred,
i.e. the axial strain did not exceed the friction resistance. The stiffness obtained in the
no slip case is accurate for small curvatures of the pipe. As the curvature increases, slip
starts to occur, which is called the partial slip case. The characteristics of this case is
that only a part of a helical strip is sliding, while the rest is still in the no slip zone. The
stifftness 1in this case is gradually decreasing as the curvature is increasing, due to the
progression of the slip length of a tendon. When the tendons reach their full slip state,
the stiffness is zero or so small that it can be neglected. The partial slip together with the
no slip stiffness is good at predicting the stiffness as the curvature increases, but since the
stiffness does only rely on axial effects, it does not take the local torsion and bending of
the helical strips into account. The latter phenomena was modelled by assuming that the
helical layers follows a loxodromic curve and that the local curvatures of the tendon can
be obtained by projecting the global bending curvature to the local directions, by using the
geometry considerations of a loxodromic curve. The stiffness was obtained by expressing
the strain energy in means of the local curvatures, and convert it to a bending moment
by the use of energy conversion and differentiation. This stiffness is considered to be
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11. Conclusion and Discussion

the most accurate, and therefore is this used as the stiffness approximation of the helical
layers in the pipe, together with the stiffness contribution from the layers of polymer.

11.5 Overall Outcome of the Project

The project leaves an open design proposal for further development, as the design pro-
posal does not fulfill the strength requirements. The new design is good from a thermal
point of view, as it actually lowered the temperature below the boundary. The further
development can be carried on based on the experiences and models given in this report.
All data which was not collected and accessible before this project are presented, i.e. all
data needed for further development should be available in this report. This report does
also provide an equivalent model of the flexible pipe, which makes it possible to evaluate
a future design properly. The report does also provide a fatigue procedure for evaluating
the fatigue life on a possible future steel design, but it should be noted that the procedure
requires that there are no weldings in fatigue critical areas of the design.
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Chapter

Future Work

This project forms a basis for future tasks to be conducted. The purpose of this chapter is
to highlight some of the future tasks, which is considered to be important for the
completeness of developing a new design of the bend stiffener.

Contents
12.1 NewDesignProposals . . . . .. ... ... 91
12.2 Load Scenarios and Experiments . . . . . . ... ... .00 .. 91

12.1 New Design Proposals

The design proposal in this report have some flaws, which needs a redesign in order to get
rid of these flaws. There are several areas within the design which could be considered.
One could consider changing the material, as there are great potentials in composites, for
example. Another idea could be a pure steel design by taking advantage of a flexible
geometry. Other geometries for a design with a combination of steel and polyurethane
could also be proposed. Inspiration to new designs could be found in similar structures in
the industry, e.g. bend restrictors which is used along the pipe at deeper levels of water.

12.2 Load Scenarios and Experiments

A set of load scenarios have been given in this report. It can be discussed if this set of
loads represents the total number of cycles that the structure is exposed to, during its
lifetime. A new set of loads could be obtained by a literature study, as there are a lot of
papers and theses containing statistics of waves and weather conditions causing the loads
on these structures. Also several experiments could be established, in order to determine
if the models in this report are correct. If a new design is developed, it could be tested if
this design fulfills its purpose.
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Appendix

Shore hardness scale

In this appendix, the Shore hardness scale is described. It is common to use two levels on
the Shore hardness scale, A and D. Where A covers hardness interval for soft materials
like rubber, while D covers harder materials [39].

To illustrate the difference between the Shore A and D scale, plastic products with differ-
ent hardness are set up, and the hardness values are compared, see figure A.1.

Shore hardness scale
|Soft Medium soft Medium hard Hard Extra hard |

[Shore AJT0__20 30 40 50 60 7 100 | |
[Shore D] 0_10 20 30 40 50 60 70 80 90 100]
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shoe heel

Figure A.1: Overall Shore hardness scala for plastic products [49; 50]

From figure A.1 it is seen that the polyurethane used in the bend stiffener is relatively
hard.
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Appendix

Preliminary Finite Element Model

This appendix describes the setup of a preliminary finite element model, see figure B.1.
The model is not used because as it required greater computing power, but the knowledge
gained from the modelling procedure is used to setup the used model described in section
4.4.2 Deflection Analysis. The main idea with the model, is to divide the model into
mostly square or rectangular volumes, so partly quadratic shaped elements could be used.
The remaining curved volumes could then be meshed with tetrahedral shaped elements.
As the used model, is the preliminary model also setup with symmetry condition, the
symmetry plane is shown on figure B.1.

f

Bend stiffener

¥

Pipe

Axial
direction

Symmetry plane

Figure B.1: The preliminary model of the bend stiffener with the flexible pipe. Blue marking:
The bend stiffener. Green marking: The flexible pipe. Violet marking: The used symmetry
plane.

To setup the preliminary model, the cross sectional area of both the bend stiffener and the
pipe is drawn, and compared to the used model, consist the cross sectional area of the pre-
liminary model of smaller areas, and these were partly square or rectangular shaped. The
curved areas are highlighted on figure B.2, the rest of the areas are square or rectangular
shaped.
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Figure B.2: Cross sectional area of the preliminary model. Green marking: Curved areas

The model is created by rotating the cross sectional area around the axial direction by 15 °
to generate one volume. Then 11 extra volumes is generated so all the volumes constitute
180 degrees of the bend stiffener and the pipe, this procedure for only the bend stiffener
is shown on figure B.3(a) and figure B.3(b).

lsﬁ%
Axial

direction

(a) Generating one volume (b) Generating 11 volumes

Figure B.3: Volume generating procedure for the bend stiffener. Blue marking: One volume

Hereafter is the steel structure modelled and applied inside the bend stiffener. The steel
structure also consisted of individual volumes. The discretization of the model are con-
ducted with partly mapped or sweep mesh. Examples of meshed curved, square and
rectangular areas are shown on figure B.4. This also shows the use of the quadratic and
tetrahedral shaped elements.
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B. Preliminary Finite Element Model

Mapped mesh Sweep mesh Free mesh

Figure B.4: Example of curved, square and rectangular areas, and volumes which are meshed with
different shaped elements. The mapped and sweep mesh are conducted with quadratic shaped
element, while tetrahedral shaped element are used in the free mesh. Blue marking: Mapped
mesh. Green marking: Free mesh. Violet marking: Sweep mesh

The model consisted of over 200 small volumes, which made the model complex to setup,
change and refine, but it also required high computing power. Therefore is this model
rejected and it is chosen to setup a simpler model, that consist of few volumes.
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Appendix

The Theory of FE Contact Formulations

A contact problem is a nonlinear problem, because the stiffness is a function of the con-
tact between the bodies. This nonlinear problem is typical solved by the Newton Raphson
algorithm, where the load is applied in steps. To explain the contact problem stated in
FEA figure C.1(a), figure C.1(b) and figure C.1(c) are considered. The two bodies in a
contact are called the contactor and the target, see figure C.1(a). The idea is to simulate
the contact between the contactor and the target by interface elements that works on the
surface of each body. The interface elements are activated when the gap between the con-
tactor and the target is within a certain tolerance, the contact is shown on figure C.1(b).
The interface elements are applied on the surface of the contactor and the target, and the
elements works as a constraint, ensuring that the bodies do not penetrate each other as
shown on figure C.1(c). This also means that the interface elements ensures that displace-
ments of the contactor and the target follows each other [34].

Contactor

F
ac NSME|
[T T [

Target Target Target
(a) Before contact [30]. (b) After contact. (c) Penetration [30].
Figure C.1

So considering a contact problem, two conditions must be fulfilled. The first condition is
that the bodies, which are in contact, must not penetrate each other, in other words there
must be compatibility between the bodies. The second condition is momentum conser-
vation, meaning that the totally momentum before contact is equally to the momentum
after contact. There are two typical methods to formulate a contact problem, the Penalty
method and the Lagrange multiplier method, but the normally used FE formulation is a
combination of these methods, called the augmented Lagrangian method. The augmented
Lagrangian method is an iterative procedure using the Penalty method, and in this pro-
cedure are the pressure and frictional stresses augmented with the Lagrangian method,
which ensures no penetration [34].

The Penalty method adds a constraint in terms of a artificial stiffness in order to formulate
a function that prevent penetration of the bodies. So when the bodies are within a certain
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tolerance, the artificial stiffness will be applied, and the contact between the bodies can
be simulated. To explain the Penalty method, two situations are considered, the situa-
tion before contact and the situation after contact, these are shown on figure C.2(a) and
figure C.2(b) [34].

i oy

v D ke
A ENEARNRANNRANARNN AR NN RNNANRNRNNNNNNNNY
(a) Before contact [12]. (b) After contact [12].
Figure C.2

On figure C.1(a), a L-shaped block is connected to a spring with the stiffness, £. The
subsurface and the L-shaped block are separated by a gap,g, and the block is affected by
a Force, F', which leads to a displacement,D. As long as the displacement is smaller than
the gab, the systems force equilibrium is stated by F' = kD. If the displacement becomes
larger than the gap, due to the load, the system is applied with a artificial stiffness (k,),
this is shown on figure C.1(b). So the force before contact is expressed by equation (C.1),
while the force after contact is stated by equation (C.2) [34; 12].

F=FkDforD <g (C.1)

F=(k+ky)DforD>g (C.2)

The artificial stiffness works, so it is zero, when the displacement is smaller than the gap,
and it has a magnitude when the displacement crosses the gap, this behaviour is shown on
figure C.3, and the non linear behaviour of the problem is thereby seen.

Opening «— > Closing

Figure C.3: Force/displacement curve [12].

The setting of the artificial stiffness is associated with some difficulties, if the stiffness
do not have a proper magnitude, compatibility between the bodies will not be ensured,
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C. The Theory of FE Contact Formulations

however will the method ensures conservation of momentum. The stiffness has normally a
large magnitude in order to enforce the constrain that ensures no penetration of the bodies.
With the Lagrange multiplier method is the contact formulated with a force constraint in
order prevent the penetration. The Lagrange multiplier method is formulated as

F=kDforD <g (C.3)
k 1| (D F
IR AT
And this leads too
D=y (C.5
F=kED+ XN AX=F—kD (C.6)

The Lagrange multiplier method ensures compatibility, but conservation of momentum is
not necessary fulfilled. The following text describes a Penalty based 2D interface element,
this element is alike the one used by ANSYS. To described the element a contact problem
between two structures is considered, see figure C.4(a). On figure C.4(a) are the structures
A and B divided by a gap, the purpose is to formulated a interface element that describes
the contact between node j and i on structure A and B. As it is a 2D contact problem,
the element between node j and i must represent the two parallel surfaces that can be in
contact, which is a pair in the normal direction, denoted as n, and another in the tangential
direction, t. The element has the orientation 6, and the element can be considered as two
springs acting in normal direction and tangential direction, see figure C.4(b) [34].

n

Structure A

Normal direction Tangential direction

L> X Structure B

(a) The normal and tangential direction of the (b) The two springs in normal direction and tan-
nodes on the two surfaces [34]. gential direction [34].

Figure C.4

With the springs is it possible to formulate the contact between structure A and B, in
both normal direction as well as the tangential direction. As contact in two directions are
include in the element, must the force in each direction be described. When the normal
force is positive (tension), the gap will be larger, and no contact will be established. If
the normal force is negative (compressive), contact will be established, and the normal
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displacements and forces will be related by the spring stiffness, k,. If &, is very large
compared to the force, will the displacement of node j be equal to node i. The infinitesimal
displacements in normal direction, defined for the local coordinate system, are for node
j and i are denoted as vy; and vy,;, and the change in the displacements in the normal
direction, Awv, is given by

Av = Vrj — VLi + Gab (C7)

since the expression above contains the gap between the structures, will the gaps influ-
ence be considered. If the are no gap, will the compressive force immediately cause a
displacement in the normal direction, shown by C.5(a). However if there are a opening
or a gap, will the gab in equation (C.7) be larger than zero, meaning that the gap must
be closed before the spring effect is activated, which is illustrated on figure C.5(b). If the
gab in equation (C.7) is negative, it means that the contact is applied with a preload, so
the spring is stretched and the compressive force must overcome the preload in order to
close the gap, this is shown on figure C.5(c).

F, F, F,
A A A
Gap Gap
-Av >AV -Av : »Av -Av : »Av
K|/ 9
Ky, |;
(a) No gap situation [34]. (b) Gap situation [34]. (c) Preload situation [34].

Figure C.5: Force/displacement curve for the normal direction.

Next will the force in the tangential direction be considered. The tangential force is only
defined when the normal force is compressive, and is expressed by Coulomb friction,
which is given by the friction coefficient, ;1. As long as the tangential force is smaller
than the normal force multiplied with y, no sliding of the surfaces occurs equation (C.8),
while the sliding situation is given by equation (C.9). The relative displacement in the
tangential direction (Au) is stated by equation (C.10). In this expression are ur; and
ur; the infinitesimal displacements in tangential direction, and Ugq. 1s the accumulated
amount of sliding.

|Fy| < w|F,| (No sliding) (C.8)
|Fy| > w|F,| (Sliding occures) (C.9
Au = Urj; — ULi — Ustide (C.10)

The relation between the normal force, the tangential force and U ;4. is shown on figure C.6.
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C. The Theory of FE Contact Formulations

|
>

H|Fn| """"

"""" M|Fn|

Figure C.6: Force/displacement curve for the tangential direction [34].

Since the forces in the local coordinate system is determined, the local stiffness matrix
can be setup by considering the local element equilibrium, see equation (C.11). In equa-
tion (C.11), the element force vector, F, and the element displacement vector, Ay are
expressed by the forces and displacements in the normal and tangential direction for each
node as shown in equation (C.12) and equation (C.13). Thereby can the element stiffness
matrix be setup as shown in equation (C.14).

(F) = [K.] {An) €11
{FL} ={Fa Fu F; Fy}' (C.12)
{AL} ={un v g ULj}T (C.13)

kt 0 - k’t 0

0 k, 0 =k,
—k: O ks 0

0 —k, 0 Kk,

To formulate the equations in the global coordinate system, the 2D transformation ma-
trix,[T], is used and this stated by equation (C.15).

(K1) = (C.14)

cos(0)  sin(0) 0 0
| —sin(0) cos(0) 0 0
7] = 0 0 cos(0)  sin(0) (C.15)
0 0 —sin(f) cos(0)

cos(f) and sin(f) are determined by the used of the elements shape functions. The
global element force and displacement vectors can now be expressed as shown by equa-
tion (C.16) and equation (C.17). It can be shown that the global element stiffness can be
written as shown in equation (C.18)

(FL} ={F. Fu F; F,Y =17 {F) (C.16)
{8} = {un vei wy vy} = [T {AL} (C.17)
[Ke] = [T)[KL[T] (C.18)
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The user must define the following parameters

1. Nodesiand j

2. Normal stiffness

3. Tangential stiffness

4. Friction coefficient

5. Initial value of the gap

6. Convergence measures

To setup a proper contact problem, can be associated with some difficulties, as the above
quantities might be unknown.
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Appendix

Fatigue Evaluation

The aim of this appendix is to describe how fatigue of the steel structure inside the bend
stiffener is calculated. The evaluation of the designs resistance to fatigue is based on
stress-life (S-N) methods for proportional multiaxial stresses and the Palmgren-Miner
linear damage hypothesis. The following section describes how a corrected S-N curve
is determined, and represented by Basquin’s equation. Afterwards, the considerations
behind the selected approach are outlined. At the end of the chapter, the approach for the
fatigue calculations is introduced.

D.1 The Setup of a Corrected S-N Curve

In the approach for the fatigue calculations, a corrected S-N curve is used. This curve is
expressed by Basquin’s equation, equation (D.1).

Sny = A(Np)? (D.1)

In equation (D.1), Sy is the fatigue strength, N is the fatigue life, and the letter A is
a coefficient presenting the value of Sy at one cycle. B is the slope of S-N curve on a
log-log graph. To setup Basquin’s equation representing a corrected S-N curve, the uncor-
rected endurance limit for the stainless steel, S/, is calculated as shown in equation (D.2)
and equation (D.3). In equation (D.2), S,; is the ultimate tensile strength.

Sy = 0.5+ Sy (D.2)

Ser = 0.5-505M Pa = 252.5MPa (D.3)

The calculated uncorrected endurance limit, S/, is corrected by the factors for the axial
load in table D.1, as all the multiplied corrected factors, for axial load has a lower value
than the multiplied corrected factors for a bending load.

Table D.1: The used correction factors.

Loads C’Load CSize

CSurf ‘ CVTemp ‘ CReliab ‘ Total

Bending 1 09| 095 1| 0.868 | 0.742
Axial 0.7 1| 095 1| 0.868 | 0.577
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The values for correction factors for C,,y and C,;,. are simply based on the type of
loading and the size of the machine part. The machine part is the rod at the critical region,
displayed with blue on figure D.3.

Csury 1s set to 0.95, corresponding to a surface finish of 125 p1in, which is a widely used
value for a turning manufacturing process [20]. Crenm,p is set to 1, as the temperature is
below 450°C, while the value of Creq, chosen to represent a reliability of 95 %. This
value is selected as it is common to use a reliability for welded offshore steel structures
of 97.7% [1; 15; 45].

The corrected endurance limit, S./, is calculated, and the slope of the S-N curve is deter-
mined by Basquin’s equation, as shown on equation (D.4) and equation (D.6).

Sut = Su(1)? (D.4)
S, = S, (1095 (D.5)
B~ —0.09 (D.6)

(D.7)

Hereby is Basquin’s equation representing the used S-N curve set up as shown in equa-
tion (D.8).

Sy = 505Mpa(N;)~ %% (D.8)

The drawn S-N curve is displayed on figure D.1. The dashed line illustrates the uncor-
rected S-N curve.

A
Aor S, =505 MPa
K

log Syt

10* 10° 108
N

T
10
Figure D.1: The corrected S-N curve.

Next, the considerations behind the selected approach are described.
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D. Fatigue Evaluation

D.2 Considerations and the Overall Approach

The approach is based on considerations about the loads, regions with notches and the
selection of a fatigue criteria. Therefore, this section begins with a description of the
loads and regions of the structure, which are particularly sensitive to fatigue. In the last
part of this section, the overall steps of the approach are described. The loads are listed in
table D.2. The load cycle for each load case is represented by an upper and lower limit.
All loads with a maximum value are listed as the upper limit, and all minimum values a
denoted as the lower limit, see table D.2

Table D.2: Load cases - Bend stiffener and pipe assembly

Load | No.of | Min. | Max. | Tens. | Min. | Max. | Shear | Min. | Max. | Mom.
Case | Cycles | Tens. | Tens. | Range | Shear | Shear | Range | Mom. | Mom. | Range

Lower | Upper Lower | Upper Lower | Upper

- - kN kN kN kN kN kN kNm | kNm | kNm

1 1065600 | 1100 | 1300 200 -30.7 | 20.65 | 51.35 | -744 | 69.01 | 143.41
2 586000 | 1080 | 1320 240 | -35.09 | 26,51 | 61.6 | -89.05 | 82.84 | 171.89
3 267000 | 1060 | 1340 280 | -39.23 | 325 | 71.73 | -103.7 | 94.83 | 198.53
4 80000 1050 | 1350 300 | -41.21 | 35.54 | 76.55 | -111.1 | 100.2 | 2114
5 1000 933.1 | 1463 | 5299 | -67.43 | 83.04 | 150.47 | -223.2 | 170.2 | 393.4
6 400 893.8 | 1491 | 597.2 | -112 | 160.5 | 272.5 | -405.2 | 288 693.2

All tension forces are along the x-axis, shear forces are along the z-axis and all moments are
around the y-axis, see the axes on figure 2.15. All data in this table are from [46].

There are six load cases with a total number of 2 million load cycles, and the design
must be able to withstand these cycles. The load tests are intended to imitate the load
cycles, which could affect the bend stiffener under operational conditions, throughout
the required lifetime. However, the correlation between the test and the real load cycles
under operational conditions is uncertain. It is therefore chosen to setup a conservative
approach.

The loads in one cycle are proportional, meaning that the amplitudes of the stresses peaks
simultaneously, while nonproportional loading is when the loads are out of phase. An
example of stress as a result of proportional and nonproportional loading are shown on
figure D.2. On the figure, an element affected by a normal stress, o,, and shear stress,
T2y 18 shown. If the loads are proportional, the stresses are in phase, such that the stresses
peaks simultaneously at time A, B and C. Under nonproportional loading the stresses are
out of phase, and in the case on the figure, the normal stress is constant while the shear
stress cycles [22].
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Figure D.2: Proportional and nonprotional loading [23].

The steel structure inside the new design contains notches, and these regions are particu-
larly sensitive to fatigue. The main critical region of the structure is therefore considered
to be in the interface between the rods and the flange, this region is highlighted with blue
on figure D.10.

Figure D.3: Critical region of the structure.

Based on these considerations, the fatigue analysis is setup. The overall idea is to gather
stresses from FE static analysis of each load cycle, and afterwards calculate an equivalent
alternating and mean stresses using the Von Mises criteria. The equivalent alternating and
mean stress are denoted as o, and o/,. See Von Mises criteria for the alternating and mean
stress in equation (D.9) and (D.10).

0_; _ \/(Uxa - Uya)z + (Uya —0.,)?+ (02, —04,)% + 6(7—x2ya + Tsza + 7_22%) (D.9)
2
/ \/(O-xm - O-:’/m)2 + (O-ym - O-Zm)2 + (Uzm - O-xm)Q + 6(Tx2ym + Tyzzm + T,Z2:Em>
g _=
m 2

(D.10)

In equation (D.9), the o,,, 0,, and o, are the alternating normal stresses. The o, ,0,,,
and o, are the normal mean stresses. 7y, , 7., and 7,, are the alternating shear stresses,
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D. Fatigue Evaluation

while the 7., , 7, and 7., are the mean shear stresses. With the equivalent alternating
and mean stresses are the damage from each load case determined by a corrected S-N
curve, and by Palmgren-Miner damage hypothesis is a total damage obtained. The safety
factor for fatigue is set to ten, as described in section 2.3.3 Load Cases. The safety factor
is applied by lowering the allowable damage with a factor of ten.

The Von Mises criteria is normally used for ductile materials. Ductile materials has over
5% elongation before fracture in a tensile test, such as stainless steel 304 [45]. The selec-
tion for the Von Mises criteria is based on considerations about the widely used criterias
for fatigue calculation for elements in a multiaxial stress condition. The considered cri-
terias are: The maximum principal stress criteria and the Sines Method. The maximum
principal stress criteria is displayed in equation (D.11), where o, is the principal alternat-
ing nominal stress. This criterion is based on the concept that failure occurs, when a the
maximum principal stress in a element subjected to multiaxial stresses exceeds the max-
imum normal strength for the material in a tension test. The maximum principal stress
criterion is normally used for brittle materials like cast iron. The other criteria is the Sines
method, in this method the equivalent alternating stress is calculated as in the Von Mises
criteria, the Sines method is shown iequation (D.12). Equivalent stress methods, such as
Von Mises criteria, should only be used for proportional loading, and where the principal
axes directions remain the same during the load cycle. [45; 22].

0 =01, (D.11)

\/(O-xa - Uya)2 + (Uya - O.Za)2 + (Uza - O-xa)2 + G(Ta%ya + Tg?za + Tz2xa)
V2Syy = 2

+ m(o-xm + Uym + O-ym)
(D.12)

In equation (D.12), m is a coefficient indicating the influence of the mean stress and Sy ¢
is uniaxial fully reversed fatigue strength. The coefficient m can be determined by exper-
iments, and a value of 0.5 is normally used. The Sines method do not take shear mean
stresses into account, and the Von Mises criteria is considered to be more conservative
than Sines method [45; 22]. The Von Mises method is mainly chosen because the criteria
is conservative, compared to Sines method, and the method includes all stresses [22]. As
the criteria is selected, the following section describes the steps of the approach.

D.3 The Approach for The Fatigue Calculations
The following section describes the used approach to estimate the damage caused by the

cycling loads.

1. FE static analysis of each upper and lower limit of each load case are conducted.
Based on these analyses, the regions on the steel structure subjected to maximum
Von Mises stresses are located.
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. From the FE analysis, the nodal stress solutions covering the critical region of the
structure are written to text files. Thereby will 12 data files be written, each file will
contain data from the same critical region.

. The data are imported in to MatLab, where the stress range for each element for
each load case is calculated. In the equations below the Aoy grement, 1S the stress
range tensor for load case 1, specified by the selected element, while 011 giement
and 017, grement 18 the upper and lower stress tensor specified the particular element.
As there are six load cases, there are also six stress range tensors.

A0\ Blement = O1U Element — O1L Element (D.13)
AUQ Element = 02U Element — O2L Element (D14)

(D.15)
A06 Biement = O6U Element — O6L Element (D.16)

. The Von Mises stresses for all stress ranges are calculated.

. The specific element with the largest Von mises stress for each load case is deter-
mined. Thereby is it possible that six different elements are picked out, one for each
load case. If different elements are picked out, the approach for the fatigue calcu-
lation is conducted for every element. Thereby, the element with the maximum
damage is sought.

. Based on one element number, the upper and lower stress tensor for each load case
are setup, and the principal stresses and their directions are determined.

. The directions for the principal stresses are compared, in order to control if the
directions remain fixed through the load cycle.

. Based on the upper and lower stress tensor, an alternating and mean tensor are
calculated. The index, ¢, indicates the specific load case.

(UiU Element — OiL Element)

Oqi Element = 9 (D 17)

(UiU Element + O;L Element)
Omi Element — 9 (D.18)

. As compressive mean stresses has a beneficial effect on fatigue, these should be
included in the calculations. However, if these negative values are inserted in the
Von Mises criteria, the compressive mean stresses will be calculated as a mean
tensile stress, because these are raised to the second power. An example is Tgym
Therefore, all the compressive mean stresses in the mean stress tensor is set to zero.
This is assumed to make the calculations more conservative [45; 22].
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D. Fatigue Evaluation

10. With the alternating and mean tensor, the equivalent alternating and mean stresses
for load case, o/, and o/, are calculated using Von Mises criteria.

mai’

/ \/(O--'Ea - O-ya)Q + (Uya - O-Za)2 + (Uza - O--'Ea)Q + 6(T.'E2ya + Ty22a + Tgxa)
2
(D.19)

/ \/(O-xm - Uym)2 + (O-ym - O-Zm)Q + (O-Zm - 0-1'm>2 + 6(7—12:ym + TyQZm + Tz2zm)
2
(D.20)

11. The fatigue strength, Sy f;, and the fatigue life, N ;, of each load case is determined
using the modified Goodman equation, equation (D.21), and Basquin’s equation for
the corrected S-N curve, equation (D.22).

/ /

g . g _ .

- ) | D.21
Sxri | B (b-2D
Sy i = 505Mpa(N i)~ "% (D.22)

12. The damage of each load case is gathered to one total damage, D p),, by the Palmgren-
Miner linear damage hypothesis, equation (D.23). To include the safety factor, the
allowable sum of the damages is set to %.

1 ny N2 Ng 1
D — — [ o e _— D.23
= Nn Ny Np TN 10 (0-23)

As mentioned earlier, the procedure is conducted for every element with a maximum
stress range in order to determine the maximum damage on the structure.
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Annex-CD

Below is the contents of the enclosed CD:

D.4
D.5
D.6
D.7
D.8
D.9

Report (pdf-version)
Optimisation Scripts
Thermal Models
Nonlinear Stress Analysis
3D Pipe Model

New Design 3D Model

D.10 Fatigue Script
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