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ABSTRACT

The weight of a conventional flexible pipe posesmajor

challenge for installations when reaching significaiater depths
which makes composite material an ideal alterndivesteel in

the armor layers. In light of this matter, a wowamfiguration

was developed for the armor layer utilizing glaps»y, namely
the woven flexible pipe. However, the performant¢he woven

flexible pipe in deep water conditions are unknotis the need
of a numerical analysis. In this paper, an initamparison was
conducted for the woven flexible pipe with a typidzonded
flexible pipe called the thermoplastic reinforceégepwhere one
layer of the woven flexible pipe is considered toow its

performance. The results show higher stress expmrieby the
woven flexible pipe compared to the reinforced mheplastic
pipe. It is hoped that the results of this reseavithcontribute to

future studies of flexible pipelines.
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1.0SUBTITLE

Unbonded flexible pipe has been successfully usea dynamic
riser and static flowline for over 30 years. Thisrformance is
due to the configuration of the unbonded flexibieepwhich
consists of multiple layers, each with their ownque function.
Furthermore, the ability of each layer to move oeach other

improves the overall flexibility of the pipe.

However, as the amount of hydrocarbons from shallater
reservoir continue to dwindle, attention has begerted to deep
water and ultra-deep water for more supply. Thisesoa
challenge as there is a significant amount of hyt@tac pressure
thus requiring thicker layers. In addition to thegyond 2000
meters of water depth, the weight of a conventidieaible pipe
becomes critical not only for the pipe laying equnégnt and
vessel, but also for the production floaters [lheTreason is
caused primarily by the weight of the armor layeisich are
formed by helically wounded metal strips to witmstainternal
and external pressure. Nevertheless, despite pnoviekcellent
strength, the usage of steel could also potentlalig to failure
due to corrosion. The armor layer, located in theutus area, is
never in contact with seawater as it is protected &
thermoplastic layer, the external sheath. Inteyndhe pipe is
covered by an internal sheath to contain the flbWwyadrocarbons.
However, corrosive gas such as carbon dioxide ,JC&nd
hydrogen sulfide (kB) can still permeate through the internal
sheath into the annulus area. This condition ih&raggravated
in the event that the external sheath is breachedamaged,
allowing seawater to mix with the gas to produceosarosive
environment.

In light of this matter, extensive research hasnbeade in
replacing the steel armor layer with composite niate which
proves to be lighter and has more resistance t@veodosion,
thus, a new non-metallic flexible pipe was devetbpehich
employs glass epoxy tapes and a woven configuratmmbining
the armor layers into a single layer. However, gitke high
pressure conditions of deep water environment, Woven
configuration of thermosetting tapes is yet todmtad under high
pressure externally and internally thus the neea @fumerical
analysis and experimental test for verificationgmses.

In this paper, a numerical comparison was perforfoedhe
woven flexible pipe with a typical bonded flexilpge called the
thermoplastic reinforced pipe to compare their rgjte under
internal pressure where only one layer of the wdlexible pipe
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is considered. The objective is to study the pemforce of the
woven flexible pipe using varying thickness.

20LITERATURE REVIEW

2.1 Flexible Pipeline

A typical unbonded flexible pipe consists of seléagers where
each layer serves a specific function. The keyrkags well as its
function are shown in Figure 1 and Table 1.

Stainless steel carcass
Polymer pressure sheath
Pressure vault

Tensile armors

Polymer external sheath

Figure 1: Typical flexible pipe construction witham layers [2].

Table 1: Key layers and functions of unbonded Béxpipe

2.2 Composite Material

Composite material is seen as an attractive aligman the

offshore industry due to its high strength to weightio. The

properties are largely dependent on its componeaisely the

matrix and the reinforcement where the matrix dised will be a
thermosetting resin owing to its higher mechanpraperties. In

offshore applications, [6] simplifies the selecti@niteria for

resins into three which are cost, flammability améchanical

properties. However, chemical resistance shouldo abke

considered due to the presence of corrosive suleganThe
matrix is selected from the most common thermosetd ufor

structural purposes that is polyester, vinyl ested epoxy. These
materials are known for their good mechanical sftienand

chemical resistance. Among these resins, epoxyéspbpular
choice as it is regarded for its superior mecharpoaperty and

low degradation from water absorption [7].

In terms of reinforcement, carbon fiber and glaberf are
usually chosen due to their strength. There are edses where
aramid fiber is used. Table 2 shows the generaizadf their
mechanical property as well as cost and toxicitfire [6], while
Table 3 shows a comparison of fiber strength predity [8].
However, it is difficult to provide an accurateig as it varies
with different manufacturers, although it couldlissierve as a
good reference. Thus, Table 4 provides a qualéajwproach for
comparison between polymers reinforced with the tioeed
fibers [9].

Layer Function
Resists hydrostatic pressure and prevents Table 2: Mechanical properties of thermosettingnies
Carcass collapse in the event of rapid Resi Mechanical Toxicity
L esin . . L Cost
depressurization. integrity in fire
Internal sheath| Contains flow of product. Polyester Fkdkx * Fhk
Provides hoop resistance from internal Vinyl ester Fkddkkk * Fhdkkk
Pressure armor .
pressure and external hydrostatic pressyre. Epoxy ikl * Fkkkkk
Tensile armor | Provides tensile resistance * il
External sheath Protects internal parts from seawater and Phenolic ko i el
external impacts. Mod Acrylic il ok i
h'Tr?e performlianﬁg r?fdthe ;heatr dip?”ds on the ma'@gd Table 3: Mechanical properties of reinforcemenéffih
which are usually high density polyethylene (HDHE)W”‘”." € Fiber E glass Aramid Carbon
11, and polyvinylidene fluoride (PVDF). Among thesaterials, — -
PVDF polymers present the best chemical compaiibiind .Specmc G@wty 2.54 1.44 1.56
highest continuously sustainable temperature ofQ3hd above Ultimate Tensile strength 1550 1379 1600
[2]. Other layers are also applied when needed sscinti-wear (MPa)
tape between the layers, and aramid fibers whickwripped Young’s Modulus (GPa) 72 4 62.05 125

around the armor layers to prevent birdcaging. thellenge
however lies in the weight of the pipe where thié-weight of
the pipe becomes the limiting issue [3]. This iddrated through
the use of buoyancy modules to compensate to sateatehe
submerged weight of the offloading line [4] andimithg different
laying methods.

Although it helps to lessen the load of the pipgprtunately
deploying buoyancy modules also increases
installation costs [5]. Furthermore, as exploratioloves to
deepwater, the collapse loads becomes simply tgb khus
pushing the designs using current material teclyiedoto their
limits. In view of the weight issues, different metls are sought
for weight reduction such as replacing with lighteaterials.

the thvera
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Table 4: Qualitative comparison between reinforced polymers

Criterion Carbon Aramid E-Glass
Tensile
strength Very good Very good Very good
Compressive
strength Very good Inadequate Good
Modulus of
0 u' u.s © Very good Good Adequate
elasticity
Long term
behavior Very good Good Adequate
Fati
! 1gge Excellent Good Adequate
behavior
Bulk density Good Excellent Adequate
Alkali
. aimne Very good Good Inadequate
resistance
Price Adequate Adequate Very good

Based on the material properties shown, the matrix and
reinforcement fiber chosen are epoxy and glass fiber respectively
for the development of the woven flexible pipe. Although carbon
fiber is superior, it is believed that glass fiber also possesses
comparable strength. Due to the fact that composite materials
have excellent strength to weight ratio as well as high corrosion
resistance, it has been implemented in several flexible pipeline
designs which are called composite pipelines.

2.1 Composite Pipeline

The significant weight of the steel armor poses a challenge in the
installation of pipeline which has prompted the development of
several designs employing composite materials. A few designs of
composite pipelines are detailed in Table 5.

Table 5: Composite pipeline designs

Flexible fiber reinforced pipe

The carcass and the hoop

using carbon fiber [10] layer are combined into a
. . single composite layer of
i ey carbon  fibers.  Weight
e b o comparison with a

conventional flexible pipe
shows a 30 — 35% weight
reduction.

Insuoting Loyer g
Outer Sheath

FFRP cross section.

Unbonded flexible pipe
employing glass epoxy [11]

External Jacket \

The steel armor layers are
replaced with glass epoxy
composite
e  Each layer of reinforcement
is made of multi-start
; stacks of specially made
" pre-cured unidirectional
composite tapes.
e  Weight comparison with a
conventional flexible pipe
was mentioned to be
roughly 50% reduction.

Tensile Reinforcement

Membrane \

Hoop Reinforcement

Liner  Pressure Reinforcement

FFRP layers

Pipe design Description
Carbon Fiber Composite e  The steel armor layers are
Armor [1] replaced with Carbon Fiber

Armor layers (CFA) for
weight reduction.
e  The weight of an 11 inch
‘7 CFA layers CFA pipe was compared at
a 2500-meter water depth.
e  Weight comparison shows
a reduction of 50 — 55%.

Configuration of CFA.

Flexible pipe using carbon A 20-inch flexible pipe
fiber armor [4] where the steel armor
layers are replaced with
composite armors using
carbon fiber (CFA).

e  Weight comparison
between the CFA pipe and
the conventional 20-inch
flexible pipe shows a
reduction of 30 — 34%.

20 inch CFA flexible pipe.

From Table 5, it can be deduced that the weight reduction
gained from employing composite armors are roughly around 30
to 50 %. This reduction allows several advantages in pipeline
installation. [12] stated that the usage of lighter material for
pipelines, specifically composite material, enables an increase of
the maximum achievable water depth. This was calculated for
different laying capacities ranging from 400 tons to 1000 tons as
shown in Figure 2.

4000

0 Steel PiP
@ Composite PiP

3500

3000
2500 +450

2000 +350
1500 4
1000 4—| +300

500

Water depth (m)

0

4001 750t 1000t
Figure 2: Pipe laying capacity [12]

However, care should be taken as too much reduction in
weight could also cause complications such as the stability of the
pipe on the seabed. In such situation, additional weight such as
concrete covers are required. It is worth noting that, despite the
advantages outlined, the issue in using composites are clearly
identified in two areas which are the long term behavior and the
availability of trusted inspection methods [13]. The use of
composites is further discouraged through the absence of a
standard qualification process for composite pipelines. This
matter however was studied by [14] which provided an extensive
qualification process as well as a roadmap.

With reference to the weight issues as well as the advantages
of composite materials, a new design of flexible pipeline was
developed which adopts a woven configuration. Details of the
design can be found in section 3.
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3.0METHODOLOGY

In this paper, a comparison stress analysis betwleenvoven
flexible pipe and a commercial flexible pipe, a nferced
thermoplastic pipe (RTP), is carried out using ANSSY study
the performance of the woven flexible pipe. Thenflof work
involves the modelling of both pipes and the inpbitanalysis
parameters as shown in Figure 3.

Modelling of Woven flexible pipe and RTP in Solidworks

Import model into Ansys. Input type of contacts, support, meshing
and solution required (total stress)

Input loading parameters.
Run analysis

Increase tape thickness

" Stressof Woven flexible ——_
pipe exceed RTP?

Figure 3: Flow of analysis

This RTP was selected owing to the fact that arstiexg
stress analysis was conducted by [15] using theesawdel by
Soluforce. Therefore, the loadings used for the erigal analysis
will be identical to that of the existing study feerification
purposes. The inner diameter will also be idehtiw¢he existing
study as shown in Table 6 and Figure 4. The deségails for the
woven flexible pipe and RTP are explained later.

Table 6: Thickness and diameter of pipes

Pipe Thickness Internal Diameter
Woven flexible pipe 14 mm
RTP Varies. with 100 mm (4 inch)
tape thickness

}— Varies with tape thickness

}— 14 mm

Woven Flexible Thermosetting
pipe

Reinforced Thermoplastic pipe
Figure 4: Wall thickness of woven flexible pipe &RdP

All figure and table inside the paper should givaumber
follow by it sequence inside paper. Only short deson is
needed for every figure and table.

3.1 Woven Flexible Pipe Configuration

The new composite flexible pipe is developed usiogposite
material, namely glass epoxy, which adopts a woven
configuration to combine the armor layers intoragks layer. The
woven layer consists of unidirectional glass eptage stacks
which are in the axial direction and hoop directiofihe near-
hoop thermosetting tapes resists the internal atetreal pressure
loadings while the near-axial thermosetting tapsists the axial
loads. If required, additional woven layers may dded to
provide more strength for the pipe.

However, given the conditions of the deep water
environment, the woven configuration of thermosetttapes is
yet to be tested under high pressure externally iateinally.
Thus the need of a numerical analysis and expetahésst for
verification purposes. In this paper, only one tagkethe woven
flexible pipe will be analyzed. The woven flexiblpipe
considered for analysis comprises three major eltsneamely
the hoop armor, the tensile armor and the polynieaths.
Details of the design parameters are shown in Tafaled Figure
5.

Table 7: Design parameters of the woven flexibpepi
Layers Width Thickness Material
(mm) (mm)
Longitudinal tape 20 2-10 Glass epoxy
Hoop tape 20 2-10
Internal sheath 100 (ID) 7 Polyethylene
External sheath - 3.5
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o
Thermal Conductivity
coefficient, W/(m.K) 0.38 0.04 0.38
Specific thermal
’ capacity, J/(kg.K) 1900 1420 1900
Linear expansion .
- coefficient, K* 1.3(10)* | 4(10 1.3(10y*

- Ny e
[ [ [
// / /
Figure 5: (a) Single layer woven flexible pipe [ongitudinal
tape (c) Hoop tape (d) Polymer sheath

3.2 Soluforce Reinfor ced Ther moplastic Pipe

The RTP considered for comparison is a product blyfSrce,

specifically the Soluforce M480 HPG. It is a thtager bonded
pipe consisting of a layer of aramid fibers sandet between
two polymer layers. The design of the RTP is depidh Figure
6.

Synthetic fibre tape

PE 100

gg—"

PE U.V. resistant

Figure 6: Reinforced Thermoplastic Pipe [15]

Similar to the typical flexible pipe, the inner arauter
polymer layer act as a barrier to prevent seawfaben reaching
to the fiber layer. The synthetic fibre tape, whinhthis case is
the aramid fiber, functions as a reinforcement idge the RTP.
The mechanical properties and design parametersl ase
referred to a stress-strain analysis carried ouf115} using the
same RTP to verify the results obtained. The mechin
properties and design parameters are shown in Bable

Table 8: Properties of Soluforce RTP

Pipe name Soluforce M480 HPG
Inner diameter, mm 100
Outer diameter, mm 128
Layer Inner Middle Outer
Layer thickness, mm 7 3.5 35
Layer material PE 100 Argmld PE 100
Fiber
Young's Modulus 1300 | 10000 1300
MPa
Poisson Ratio 0.43 0.3 0.43
Density g/mi 954 1440 954

3.3 Solufor ce Reinfor ced Thermoplastic Pipe

The loadings applied to both models are identizahé ones used
by [15] to verify the results. An internal presswuk6 MPa is
applied to the internal sheath of the models.

4.0 RESULTSAND DISCUSSION

Based on the parameters mentioned, the followinglt® shown
in Table 9, are obtained.

Table 9: Stress analysis result

Tape
thickness 2 4 6 8
(mm)

10 RTP

Maximum
stress
(MPa)

419.2| 309.6| 2653 2136 132{3 65.09

* Note that the table is the result of the analgéiene layer as shown in
Figure 5

From the results, it can be seen that both modielsndt
exceed their materials’ capacity. However, cleatiye RTP
performs better than the woven flexible pipe axjteriences less
stress. This result could be due to the differancthe material
used, specifically for the reinforcement layer. #rey
explanation would be the amount of contacts presethte woven
flexible pipe. The nature of the woven configurati@sults in a
large amount of contact areas, especially betweetensile tapes
and hoop tapes. As pressure is applied, frictiariccbe produced
in these areas although this is yet to be condusiv

Based on the stress distribution on the tensilehargh armor,
it can be deduced that the behavior of the wovee,mhown in
Figure 7, is within expectationslhe blue color designates the
area with low stress while lighter colors that approaching red
are areas with higher stress. It can be seen lieahdop armor
experiences more stress than the tensile armas.i¥ biecause the
internal pressure is mostly resisted by the hoapoar On the
other hand, the area of the hoop tape coveredéitetisile armor
experiences less stress as shown in Figure 8.
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Figure 7: Stress distribution on woven flexiblegip

Areas covered

Figure 8: Stress distribution on hoop tape

The condition is resulted from the woven configimatvhere
the tensile armor also contributes in resisting theernal
pressure. In addition to that, the woven flexiblpep shows
improvement as the thickness of the tapes increadésh is
expected. The performance can be seen graphicadiwrs in
Figure 9. The trend of the graph suggests thanareasing the
tape thickness could further strengthen the wovexitie pipe.
As mentioned earlier, the analysis covers only layer of the
woven flexible pipe. Thus, as part of future studydifferent
approach would be to increase the number of lagessrengthen
the pipe as shown in Figure 10. This method isumgbmmon as
it is usually employed for the conventional flexdhpipes when
more strength is required.

419.19

2mm 4mm 6mm Smm 10mm

Tape thickness

Figure 9: Graph of stress vs tape thickness

2™ Layer

Figure 10: Multilayer woven flexible pipe

5.0 CONCLUSION

Currently the commercial flexible pipe, the therrdasic

reinforced pipe (RTP) performs better than the woflexible

pipe with a margin of 49 %. The results also sugties friction

could be part of the issue as well as the diffegeimc material
used, specifically the material used for the raicément layer. In
order to increase the strength of the woven flexipipe, the
thickness of the tape could be increased, as aebintfigure 9,
or additional layers can be added. Regardlessiethdts are yet
to be conclusive as further analysis is requiredufe studies will
include the optimization of tape thickness and thenber of
layers of the woven flexible pipe.
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