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DESCRIPTION

[0001] The present invention relates to a method of producing a flexible pipe body. In
particular, the present invention relates to the use of polymers including thermoplastic
materials for forming one or more layer of flexible pipe body, and a method of treatment to
enhance the characteristics of the polymer.

[0002] Traditionally flexible pipe is utilised to transport production fluids, such as oil and/or gas
and/or water, from one location to another. Flexible pipe is particularly useful in connecting a
sub-sea location (which may be deep underwater, say 1000 metres or more) to a sea level
location. The pipe may have an internal diameter of typically up to around 0.6 metres. Flexible
pipe is generally formed as an assembly of a flexible pipe body and one or more end fittings.
The pipe body is typically formed as a combination of layered materials that form a pressure-
containing conduit. The pipe structure allows large deflections without causing bending
stresses that impair the pipe's functionality over its lifetime. The pipe body is generally built up
as a combined structure including metallic and polymer layers.

[0003] Unbonded flexible pipe has been used for deep water (less than 3,300 feet (1,005.84
metres)) and ultra deep water (greater than 3,300 feet) developments. It is the increasing
demand for oil which is causing exploration to occur at greater and greater depths where
environmental factors are more extreme. For example in such deep and ultra-deep water
environments ocean floor temperature increases the risk of production fluids cooling to a
temperature that may lead to pipe blockage. Increased depths also increase the pressure
associated with the environment in which the flexible pipe must operate. As a result the need
for high levels of performance from the layers of the flexible pipe body is increased.

[0004] Flexible pipe may also be used for shallow water applications (for example less than
around 500 metres depth) or even for on-shore (overland) applications.

[0005] In flexible pipes there are often used polymer layers, such as PVDF (polyvinylidene
fluoride), that may be formed by extrusion. Most polymers will have a certain maximum
allowable strain above which the risk of damage to the material is much greater. In flexible
pipes where a polymer layer lies adjacent an armour layer (such as a polymer barrier layer
adjacent a metallic pressure armour layer), the polymer layer may be subjected to quite severe
non-uniform, highly localised strain. This is because the armour layer is usually formed from
interlocking wires of certain cross section, and there are certain gaps between adjacent
windings. The polymer layer tends to deform and creep into the gaps when under pressure.

[0006] In accordance with industry regulations, all flexible pipe structures must undergo a
factory acceptance test (FAT) prior to sale. This involves pressurising a pipe bore with a fluid

such as water at 1.5 times the usual pressure of use. The water is thus a pressurising medium.

[0007] The application of internal pressure (i.e. pressure from within the bore) to the pipe
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produces radial expansion in all layers and this is when a polymer layer undergoes
deformation and tends to creep into the gaps of an overlying armour layer. At high pressures
(about 8000 psi/ 55 MPa or more), the resultant strain distribution within the polymer layer can
be highly localised at the areas around the gaps, and the polymer material may deform by
cavitation rather than plastic flow. This can in turn result in the formation of microcrazing or
microcracking on the radially inner surface of the polymer layer. During any subsequent
loading (such as the loading experienced during normal use in transporting production fluids)
this microcrazing may then extend to form longer / deeper cracks throughout the polymer
layer. This increases the risk of failure of the polymer layer and may ultimately lead to loss of
pressure containment, having an adverse effect on the lifetime of a flexible pipe.

[0008] US 2008/193688 A1 discloses a device for manufacturing wrapped tubes by helically
winding up a thermoplastic plastic profile onto a winding core, a plasticizing aggregate
supplying the plastic profile to the winding core via a profile nozzle, characterized in that the
plasticizing aggregate is a kneading means supplying a thermoplastic plastic mixed with
reinforcing fibers via the profile nozzle.

[0009] AU 672 508 B2 discloses a process for manufacturing a flexible tubular conduit, in
particular a flexible tubular conduit comprising at least one tube and/or one jacket made of
crosslinked polyolefin, especially made of crosslinked polyethylene. According to the process
disclosed therein, a tube or a jacket of a flexible tubular conduit made from a polyolefin,
advantageously polyethylene containing silane, is crosslinked by hydrolysis. US 5,918,641
discloses a flexible tubular conduit for transporting offshore produced live crude oil comprising
an internal impervious jacket, an outer jacket, and at least one armoring layer between said
jackets, wherein said internal jacket is an extruded jacket of crosslinked polyethylene
comprising one of a silane-grafted homopolymer and copolymer of ethylene having a density
higher than 0.930 and being crosslinked by hydrolysis such that a level of cross-linking is at
least equal to a fixed value at every point thereof, said value being not less than 70%.

[0010] According to the present invention there is provided a method according to claim 1 of
producing a flexible pipe body to reduce, inhibit or prevent microcrazing, comprising:

providing a tubular length of polymeric material for forming a polymeric layer of flexible pipe
body;

providing a strength layer radially outwards of the polymeric layer; and

treating the radially inner surface of the polymeric layer by applying a fluid with a non-ambient
temperature and pressure to fill a bore of the flexible pipe body to perform the step of treating;

wherein the non-ambient temperature is between 30 degrees C and 80 degrees C, and
wherein the non-ambient pressure is between 10 MPa and 350 MPa;

wherein the step of treating comprises softening the polymeric layer and urging the polymeric
layer into a close relationship with the strength layer. The invention provides the advantage
that a flexible pipe body is provided that has been treated to reduce, inhibit or completely
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prevent microcrazing.

[0011] Certain embodiments of the invention provide the advantage that a method of treating
a flexible pipe body is provided in which fluid may be used firstly to treat the pipe body to
reduce, inhibit or prevent microcrazing, and then reused in a factory acceptance test.

[0012] Embodiments of the invention are further described hereinafter with reference to the
accompanying drawings, in which:

Fig. 1 illustrates a flexible pipe body;

Fig. 2 illustrates a riser assembly;

Fig. 3 illustrates a method of providing a flexible pipe body;
Fig. 4 illustrates a cross section of flexible pipe body;

Fig. 5 illustrates apparatus for treating flexible pipe body; and

Fig. 6 illustrates another method of providing a flexible pipe (not in accordance with the
invention).

[0013] In the drawings like reference numerals refer to like parts.

[0014] Throughout this description, reference will be made to a flexible pipe. It will be
understood that a flexible pipe is an assembly of a portion of a pipe body and one or more end
fittings in each of which a respective end of the pipe body is terminated. Fig. 1 illustrates how
pipe body 100 is formed in accordance with an embodiment of the present invention from a
combination of layered materials that form a pressure-containing conduit. Although a number
of particular layers are illustrated in Fig. 1, it is to be understood that the present invention is
broadly applicable to coaxial pipe body structures including two or more layers manufactured
from a variety of possible materials. It is to be further noted that the layer thicknesses are
shown for illustrative purposes only.

[0015] As illustrated in Fig. 1, a pipe body includes an optional innermost carcass layer 101.
The carcass provides an interlocked construction that can be used as the innermost layer to
prevent, totally or partially, collapse of an internal pressure sheath 102 due to pipe
decompression, external pressure, and tensile armour pressure and mechanical crushing
loads. It will be appreciated that certain embodiments of the present invention are applicable to
'smooth bore' operations (i.e. without a carcass) as well as such 'rough bore' applications (with
a carcass).

[0016] The internal pressure sheath 102 acts as a fluid retaining layer and comprises a
polymer layer that ensures internal fluid integrity. It is to be understood that this layer may itself
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comprise a number of sub-layers. It will be appreciated that when the optional carcass layer is
utilised the internal pressure sheath is often referred to by those skilled in the art as a barrier
layer. In operation without such a carcass (so-called smooth bore operation) the internal
pressure sheath may be referred to as a liner.

[0017] An optional pressure armour layer 103 is a structural layer with a lay angle close to 90°
that increases the resistance of the flexible pipe to internal and external pressure and
mechanical crushing loads. The layer also structurally supports the internal pressure sheath,
and typically consists of an interlocked construction.

[0018] The flexible pipe body also includes an optional first tensile armour layer 105 and
optional second tensile armour layer 106. Each tensile armour layer is a structural layer with a
lay angle typically between 10° and 55°. Each layer is used to sustain tensile loads and internal
pressure. The tensile armour layers are often counter-wound in pairs.

[0019] The flexible pipe body shown also includes optional layers of tape 104 which contain
underlying layers and may act as a sacrificial wear layer to help prevent abrasion between
adjacent layers.

[0020] The flexible pipe body also typically includes optional layers of insulation 107 and an
outer sheath 108, which comprises a polymer layer used to protect the pipe against
penetration of seawater and other external environments, corrosion, abrasion and mechanical
damage.

[0021] Each flexible pipe comprises at least one portion, sometimes referred to as a segment
or section of pipe body 100 together with an end fitting located at at least one end of the
flexible pipe. An end fitting provides a mechanical device which forms the transition between
the flexible pipe body and a connector. The different pipe layers as shown, for example, in Fig.
1 are terminated in the end fitting in such a way as to transfer the load between the flexible
pipe and the connector.

[0022] Fig. 2 illustrates a riser assembly 200 suitable for transporting production fluid such as
oil and/or gas and/or water from a sub-sea location 201 to a floating facility 202. For example,
in Fig. 2 the sub-sea location 201 includes a sub-sea flow line. The flexible flow line 205
comprises a flexible pipe, wholly or in part, resting on the sea floor 204 or buried below the sea
floor and used in a static application. The floating facility may be provided by a platform and/or
buoy or, as illustrated in Fig. 2, a ship. The riser assembly 200 is provided as a flexible riser,
that is to say a flexible pipe 203 connecting the ship to the sea floor installation. The flexible
pipe may be in segments of flexible pipe body with connecting end fittings.

[0023] It will be appreciated that there are different types of riser, as is well-known by those
skilled in the art. Embodiments of the present invention may be used with any type of riser,
such as a freely suspended (free, catenary riser), a riser restrained to some extent (buoys,
chains), totally restrained riser or enclosed in a tube (I or J tubes).
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[0024] Fig. 2 also illustrates how portions of flexible pipe can be utilised as a flow line 205 or
jumper 206.

[0025] Fig. 3 illustrates an embodiment of the invention in which a flexible pipe body is
manufactured. In a first step $11 a tubular length of polymeric material is provided for forming
a polymeric layer of the flexible pipe body. In this example, the polymeric material is PVDF as a
liner of the pipe body, and is provided by extrusion onto a mandrel in a known manner.

[0026] In a second step S12 a strength layer, which in this case is a pressure armour layer, is
provided over the liner. The pressure armour layer is formed from an elongate strip of carbon
steel having a generally Z-shaped cross-sectional profile. The strip is formed from a wire rolling
process to have corresponding male and female connector portions such that as the strip is
wound over the polymeric layer adjacent windings interlock.

[0027] A cross section of the polymeric layer 402 and the strength layer 404 is shown in Fig.
4.

[0028] In a third step S13, a treatment stage is undertaken whereby the polymeric layer is
treated with pressure and heat. Heated water is used to pressurise the bore of the pipe body,
i.e. flushed into and held within the pipe body, and held at pressure. The pipe body is therefore
subject to internal pressurisation. The heat from the heated water will conduct to the polymeric
layer and heat the polymeric layer.

[0029] Fig. 5 illustrates the treatment stage in more detail. A fluid inlet conduit 502 is
connected to a heater 504. Water enters the heater 504 and is heated to about 40 degrees in
this example. The water then exits the heater and is directed into a first end 506 of flexible pipe
body 501 via a pump member 508 (in the direction of arrow A). The pipe body 501 is
conveniently stored on a reel 510 whilst undergoing the treatment stage. The heated water is
pumped through the pipeline and the pipeline is vented via a vent 512 to remove air from the
system. Water exiting the second end 514 of the pipe body is re-circulated back to the heater
(in the direction of arrow B via a conduit 516, partly shown) until the temperature throughout
the system stabilises at the predetermined temperature of about 40 degrees. Then, the second
end 514 of the pipe body is closed off via a valve and the pipe body 501 is pressurised using
the pump 508 to a predetermined pressure of 55 MPa and held at that pressure for 2 hours.

[0030] Subsequent to the treatment stage, the valve may be reopened to reduce the pressure
in the pipe body 501 back to ambient, the water cooled to ambient temperature, and the same
water used to perform a Factory Acceptance Test on the pipe body by pressurising the pipe
body to a predetermined pressure. That is, the treatment stage may be immediately followed
by a FAT and the same set up and same fluid used for both stages. Alternatively, the FAT may
be performed at a separate later stage. The pipe body may be emptied of water, cut down into
shorter lengths and the separate lengths then then re-terminated and subject to a FAT.
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[0031] The method of Fig. 3 effectively provides a controlled pressurisation and deformation
of the polymeric layer, without damage to the polymeric layer. The polymeric layer is somewhat
softened by the heat; there will be a thermal gradient across the width of the layer. The
combination of the softening of the material with the application of pressure causes the
polymeric material to move into a closer relationship with the strength layer, plastically and
permanently moving into any gaps 406 that are present between the windings of the strength
layer.

[0032] It has been found that the urging of the polymer into the gaps under certain specified
temperature helps the polymer to flow partially into the gaps, without cavitation and under a
relatively low stress. Once the polymer has moved to the desired amount into the gaps, as a
result of the treatment stage, the polymer remains in that position, re-hardening after the
temperature is removed.

[0033] With the above-described invention, it has been found that surprisingly, areas 408 of
the polymeric layer, which may have been subject to high localised strain under high pressure
(from the FAT or in use) in known pipe arrangements due to the proximity to gaps 406, are not
subject to such high strain in further use. That is, even when the pipe body undergoes high
pressure in a FAT or use, the strain levels are not as high as other known arrangements. This
has proved to significantly reduce or completely prevent any microcrazing in the polymeric
layer during its future use after the treatment stage, including during a FAT and use in
transporting production fluids.

[0034] Various modifications to the detailed arrangements as described above are possible.
For example, the polymeric layer may be any layer of the pipe body and is not limited to the
liner or barrier layer. The strength layer may similarly be any layer of the flexible pipe body
such as a pressure armour layer, a tensile armour layer, etc. The polymeric layer need not be
directly adjacent to the strength layer; there may be intermediate layers such as a sacrificial
tape layer. For flexible pipe body with more than one polymeric layer, the method described
above may be employed more than once so as to treat each of the polymeric layers in turn or
concurrently. The treatment stage may be performed on a barrier layer with a carcass layer
present, since a carcass layer is not fluid-tight and will allow pressurised fluid to flow
therebetween to access the polymeric barrier layer.

[0035] The strength layer may not be a carbon steel wire as described above but may be
made from a stainless steel strip, a reinforced polymer composite material or other such
suitable material, and of any suitable cross section.

[0036] The temperature, pressure, hold time and processing fluid used for the treatment
stage may be chosen according to the particular flexible pipe body materials, design, and
future FAT test pressure. The polymeric layer may be a fluoropolymer such as PVDF, a
polyamide such as PA-12, another material such as polyphenylene sulphide (PPS), or a
combination thereof, and may have additional components such as metallic wires or
nanoparticles dispersed therein.
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[0037] The temperature used in the treatment stage is between 30 and 80 degrees C. The
temperature may be between 30 and 70 degrees C, or 30 and 60 degrees C, or 30 and 50
degrees C, or 30 and 40 degrees C, for example.

[0038] The pressure used in the treatment stage is between 10 MPa and 350 MPa. The
pressure may be between 50 and 300 MPa, or 50 and 250 MPa, or more aptly 50 and 200
MPa, or 50 and 150 MPa, or 50 and 100 MPa, for example.

[0039] Aptly the duration of the treatment stage when pressure and temperature are applied
may be between 2 minutes and 24 hours, or 5 minutes and 6 hours, or 5 minutes and 4 hours,
or 30 minutes and 3 hours, for example.

[0040] Although the description above refers to the use of heated water to pressurise a pipe
body, other fluids can be used. For example steam, oil, or glycol or a mix of glycol and water
may be used in the method described above.

[0041] Rather than a heater to provide fluid at a predetermined temperature, heated fluid may
be provided from a storage unit with an independent or separate heating system, for example.

[0042] Alternatively, fluid may be provided into a flexible pipe body at ambient temperature,
and then the complete system may be heated from the outside to a uniform predetermined
temperature, and then the internal fluid pressurised.

[0043] Rather than perform the treatment stage with the pipe body in a wound (curved)
configuration on a reel, the treatment stage may alternatively be performed on the pipe body
whilst in a substantially straight configuration, or any other configuration.

[0044] Fig. 6 illustrates another method not in accordance with present invention in which a
flexible pipe body is manufactured. In a first step S21 a tubular length of polymeric material is
provided for forming a polymeric layer of the flexible pipe body. In this example, the polymeric
material is PVDF as a liner of the pipe body, and is provided by extrusion onto a mandrel in a
known manner.

[0045] In a second step S22 a strength layer, which in this case is a pressure armour layer, is
provided over the liner. The pressure armour layer is formed from an elongate strip of carbon
steel having a generally Z-shaped cross-sectional profile. The strip is formed from a wire rolling
process to have corresponding male and female connector portions such that as the strip is
wound over the polymeric layer adjacent windings interlock.

[0046] A cross section of the polymeric layer 402 and the strength layer 404 is generally as
shown in Fig. 4.

[0047] In a third step S33, a treatment stage is undertaken whereby the polymeric layer is
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treated with a chemical. More specifically, the radially inner surface of the polymeric layer is
soaked with a chemical so as to change at least one physical property of the layer.

[0048] An example of the treatment stage S33 will now be described. An apparatus similar to
that shown in Fig. 5 may be used for the chemical treatment stage. However, a heater is not
necessary in this example (though may optionally be used).

[0049] A fluid inlet conduit is connected to a first end of flexible pipe body via a pump member.
The pipe body is conveniently stored on a reel whilst undergoing the treatment stage. Acetone
is then pumped through the pipe body. Acetone exiting the second end of the pipe body may
re-circulated back to the first end of the pipe body. This acetone flushing is continued for up to
2 hours.

[0050] Subsequent to the treatment stage, the pipe body may then undergo the usual Factory
Acceptance Test by pressurising the pipe body to a predetermined pressure, immediately or
separately. The pipe body may be cut down into shorter lengths and the separate lengths then
subject to a FAT. The polymeric layer may only expand into the gaps of the strength layer at
the time of the FAT. However, the chemical treatment to the inner surface is sufficient to reduce
strain and therefore microcrazing of the layer.

[0051] The method of Fig. 6 effectively provides a treatment stage in which the radially inner
surface of the polymeric layer is exposed to acetone for the predetermined time length. The
exposure causes a change in the stiffness of a portion of the polymeric layer at the radially
inner side, without detrimental degradation of the polymeric layer. The chemical acts as a
semi-solvent, which has the effect to softening the polymer without dissolving the polymer.

[0052] It has been found that the treatment of the radially inner portion of the polymeric layer
surprisingly has the effect of reducing or preventing microcrazing in the polymeric layer during
later pressurisation of the flexible pipe body. The treatment is applied in a controlled manner so
as to only affect a portion at the radially inner surface of the polymeric layer. This change to the
molecular structure of the surface of the polymeric layer is sufficient to prevent microcrazing
even though the radially outer portion of the layer (which is the portion that is pushed between
gaps in an outer strength layer) is not treated. It is thought that the chemical treatment
increases the elasticity and toughness of the polymer under pressure at the inner surface
sufficiently to prevent initiation of microcrazing.

[0053] Various modifications to the detailed arrangement as described above are possible.
For example, the polymeric layer may be any layer of the pipe body and is not limited to the
liner or barrier layer. The strength layer may similarly be any layer of the flexible pipe body
such as a pressure armour layer, a tensile armour layer, etc. The polymeric layer need not be
directly adjacent the strength layer; there may be intermediate layers such as a sacrificial tape
layer. For flexible pipe body with more than one polymeric layer, the method described above
may be employed more than once so as to treat each of the polymeric layers in turn or
concurrently. The treatment stage may be performed on a barrier layer with a carcass layer
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present, since a carcass layer is not fluid-tight and will allow pressurised fluid to flow
therebetween to access the polymeric barrier layer.

[0054] The temperature, pressure, hold time and processing chemical used for the treatment
stage may be chosen according to the particular flexible pipe body materials, design, and
future FAT test pressure. The polymeric layer may be a fluoropolymer such as PVDF, a
polyamide such as PA-12, another material such as polyphenylene sulphide (PPS), or a
combination thereof, and may have additional components such as metallic wires or
nanoparticles dispersed therein.

[0055] Aptly the duration of the treatment stage when chemical is applied may be between 2
minutes and 24 hours, or 5 minutes and 6 hours, or 5 minutes and 4 hours, or 30 minutes and
3 hours, for example.

[0056] Although the description above refers to the use of acetone, many chemicals may be
used so as to change a physical property of the polymeric layer. The chemical may be a
hydrocarbon oil or fluid, a polar solvent (such as common alcohols), or non-polar solvents (for
example benzene or toluene), or ionic or supercritical liquid solvents. The physical property
may be one or more of shape, modulus of elasticity, stress-strain relationship, threshold strain
for crazing, surface hardness, surface tension, friction for movement of polymer fibre chains,
microstructure of polymer chain distribution, and density.

[0057] Rather than flushing or pumping a bore of a flexible pipe body with a chemical, the
chemical may be sprayed onto the layer, applied in a transient manner such as by passing a
slug of fluid between two pigs along the length of the pipe body, or applied in another manner,
such as by spraying the outer surface of another adjacent layer, or by wrapping a doped tape
(liquid capsuled tape) against the polymeric layer and applying pressure to burst the capsules.
Alternatively the chemical could be used during the FAT test itself. Although the above example
describes applying the chemical to the internal surface of the polymeric layer, additionally, the
outer surface of the polymeric layer may be treated.
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PATENTKRAV

1. Fremgangsmade til fremstilling af et fleksibelt rgrlegeme (100) til at reducere, haemme
eller forhindre mikrorevnedannelse i et polymerlag, hvilken fremgangsmade omfatter:
tilvejebringelse af en rgrlengde af polymermateriale til dannelse af et polymerlag (102) til
fleksibelt rgrlegeme;

tilvejebringelse af et forsterkningslag (103) radialt udefter 1 forhold til polymerlaget; og
behandling af den radialt indvendige overflade af polymerlaget ved anvendelse af et fluid ved
ikke-omgivende temperatur og tryk til at fylde en boring af det fleksible rgrlegeme for at
udfgre behandlingstrinnet, hvor den ikke-omgivende temperatur er mellem 30 grader C og 80
grader C, og hvor det ikke-omgivende tryk er mellem 10 MPa og 350 MPa; hvor
behandlingstrinnet omfatter blgdggring af polymerlaget og at tvinge polymerlaget ind 1 et taet
forhold med forsterkningslaget.

2. Fremgangsmade ifglge krav 1, hvor der efter behandlingstrinnet udfgres en
fabriksprgvningstest pa det fleksible rgrlegeme ved anvendelse af fluidet.

3. Fremgangsmade ifglge et hvilket som helst foregaende krav, der endvidere omfatter
anvendelse af vand eller olie eller en glycoloplgsning til at fylde en boring af det fleksible
rgrlegeme.

4. Fremgangsmade ifglge et hvilket som helst foregaende krav, hvor behandlingstrinnet
omfatter anvendelse af vand ved mellem 30 grader C og 50 grader C.

5. Fremgangsmade ifglge et hvilket som helst foregaende krav, hvor polymerlaget er en
fluorpolymer, et polyamid eller et polyphenylensulfid eller en kombination deraf.

6. Fremgangsmade ifglge et hvilket som helst foregdende krav, hvor polymerlaget
omfatter en kompositblanding af polymer og en anden bestanddel, hvor den anden bestanddel
er valgt fra metalledning eller nanopartikler.

7. Fremgangsmade ifglge et hvilket som helst foregaende krav, hvor behandlingstrinnet

udfgres 1 2 minutter til 24 timer.
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