A THICK WALLED COMPOSITE TUBULAR AND METHOD OF MAKING 1. Field of the Invention:

' [0001] This invention relates in general to a method for forming a composite member. More
specifically, the present invention relates to a method for forming a thick walled tubular member from
composite constituents. Yet more specifically, the present invention relates to a method for designing
the laminate stacking sequence of a thick-walled cylindrical composite pressure vessel to improve the
structural performance of the vessel. 2. Description of Related Art [0002] Tubulars and cylindrical or

ubular pressur having_thick walls are subject to stresses
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[0001] This invention relates in general to a method for forming a composite member. More
specifically, the present invention relates to a method for forming a thick walled tubular member
from composite constituents. Yet more specifically, the present invention relates to a method for
designing the laminate stacking sequence of a thick-walled cylindrical composite pressure vessel to

improve the structural performance of the vessel.

2. Description of Related Art

[0002] Tubulars and cylindrical or tubular pressure vessels having thick walls are subject to stresses
in their walls that vary as a function of radial position within the wall thickness. An example of how
stress is distributed throughout the wall of a thick-walled cylindrical pressure vessel is shown in
Figure 1. Here, the ordinate represents material stress and the abscissa represents radial position
within the wall thickness of the pressure vessel. As seen in Figure 1, the maximum stress in the wall
is realized at the inner diameter of the wall and stress drops exponentially when approaching the
outer wall, indicating the majority of the stress concentrates within the innermost portion of the wall.
As such, thick-walled cylindrical pressure vessels are substantially closer to the failure point of the
constituent material along the inner wall than at the outer wall. This results in an inefficient structure
as wall thickness is increased to cope with increasing internal pressure. The material in the inner
wall region is over-utilized and the material in the outer wall region is under-utilized. Adding
additional material to the outer diameter of the pressure vessel increases the weight and cost of the

structure while only marginally increasing its ability to contain the internal pressure load. This




in their walls that vary as a function of radial position within the wall thickness. An example of how
stress is distributed throughout the wall of a thick-walled cylindrical pressure vessel is shown in Figure
1. Here, the ordinate represents material stress and the abscissa represents radial position within the
wall thickness of the pressure vessel. As seen in Figure 1, the maximum stress in the wall is realized
at the inner diameter of the wall and stress drops exponentially when approaching the outer wall,
indicating the majority of the stress concentrates within the innermost portion of the wall. As such,
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thickness is increased, to cope with increasing internal pressure. The material in the inner wall region is
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outer diameter of the pressure vessel increases the weight and cost of the structure while only
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quite pronouriced as vesSel internal pressure loads rise to'a significant fraction of typical material
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made fibers such as glass, aramid, or carbon fibers are combined with a polymer matrix such as an
epoxy resin. After placing the composite of fibers and matrix around the mandrel, the composite is
cured and then the resulting tubular structure removed from the mandrel. The composite material
may be placed around the cylindrical mandrel using a variety of technologies; such as filament

winding, fiber placement, braiding, pultrusion or pull-winding, and roll-wrapping; techniques that

have been used to create cylindrical or tubular composite structures.

[0004] An example of a prior art filament winding system is shown in a schematic view in Figure 2.
In this example, the filament winding system 10 includes a frame 12 on which a mandrel 14 is
horizontally disposed. A creel assembly 28 is shown equipped with a series of spools or bobbins 30
containing filaments 32 that are fed to the mandrel 14. These filaments 32 are typically in the form
of a bundle of several thousand collated dry fibers, referred to collectively as a tow. The mandrel 14
is rotated while the creel assembly 28 reciprocates lengthwise on the rail 26 and adjacent the rotating
mandrel 14, feeding and wrapping the tows 32 onto the mandrel 14 to create plies or layers of
material on the mandrel 14. The tows 32 are combined with the polymer matrix and used to form the
composite tubular 24. The tows 32 pass through a resin bath 38 prior to being wound onto the
mandrel 14 thereby being impregnated with the matrix material and forming the composite. By
controlling the ratio of the rotation speed of the mandrel 14 to the linear reciprocation speed of the

creel assembly 28 the tows 32 may be wrapped around the mandrel in a defined helical angle. The




10003] Pressure vessels or tubulars may be constructed from composite materials by placing a
composite of fibers embedded in a matrix material around a cylindrical mandrel. Typically, manmade
fibers such as glass, aramid, or carbon fibers are combined with a polymer matrix such as an epoxy
resin. After placing the composite of fibers and matrix around the mandrel, the composite is cured and
then the resulting tubular structure removed from the mandrel. The composite material may be placed
around the cylindrical mandrel using a variety of technologies; such as filament winding, fiber
placement, braiding, pultrusion or pull-winding, and roll-wrapping; techniques that have been used to
create cy|ﬁ48??85} bof “tﬁﬁﬂgI%ﬁ%%%ﬁ&éﬁgbé‘?r‘ﬁifdﬂﬁ‘é‘éc.‘%ﬁbﬁr] Rplesiiiieesrhnbt ArrRiknaRPvwikiding
system is shown in a sc&ﬁgaﬂc view in Figure 2. In this example, the filament winding s§stem 10
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reciprocation speed af the creel assembly 28 the tows 32 may be wrapped around the mandrel in a
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fibers that are woven or unidirectional. [0006] Shown In a side schematic view | re3isa
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above. A Series of layers or'plies form a laminate construction of the lar. Each of these individual

plies is typicallycampesed-pl dhers Qiesisd it Aringlgdire G, fikeis Quispipd in two

complimentary +0 positive-and-riegative directions as produced by e.g. a flament wound or braided
layer. The schedule of fiber angles on a ply-by-play basis is referred to as the laminate stacking
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example, if applied to a tube fabricated by the filament winding process, would describe a tube
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layer, a -88 hoop-wound layer, and a 15 helical-wound layer; then finally ending with a 45 helical
wound-Iaygfinate construction of the tubular. Each of these individual plies is typically composed of fibers
oriented in a single direction, or fibers oriented in two complimentary +0 positive-and-negative

directions as produced by e.g. a filament wound or braided layer. The schedule of fiber angles on a

ply-by-play basis is referred to as the laminate stacking sequence, and is typically described in a




[0007] The laminate stacking sequence of a composite structure is typically determined by the
anticipated loads to be carried by the structure, as well as by pragmatic concerns relating to
manufacturability and durability of the structure. For example, axially aligned fibers would counteract
axial loads on a vessel or tubular, and hoop wound fibers would counteract radial loads. However, as
described below obstacles prevent truly axial aligned fibers (i.e. -0) and truly hoop would fibers (i.e.
-90). [0008] In an example a tubular structure subject only to axial compression or tension loads would
in theory dictate that the fibers are oriented axially along the tube axis at a 0 angle. Thﬁs Woul% align
the reinfoRQAYHBEIOTIFRASSHP ISR idtsrinl Wit the diNERaH 6 M SARIEr 41 3BREAJO P &ngle
however is not achievable by the filament winding method; therefore if tub,e,we{,e to bﬁ ufactured
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around the mandrel, pulls the tow tightly into the mandrel in the radial direction. This assists with
consolidati ayers.of the tube, squeezing put excess resin and enftraj % L bubhles, In addition,
the tow te?m ﬁgrrlé%gan smﬁﬁee?t\?vcgl/? eSS Whic %rg?jﬁgfeng %?T:tﬁc%ﬁ%?uﬁgerl?g& ggﬁqc .%IHowelver, tryqetlarge
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some structiral aura)f)ﬁlty In‘the circumferential direction, preventing axial splitting of the tube if it were
subjected.to a crushing or.bending load. [001 $ whenibe.frablayariungs the mavgis!ds
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Thus, the \f\i/rsﬂtlglf){bigrsog%nwrg e of a layer at an intermediate angle, such as a +/- 45 ply. The final
winding on the outSide diametér of the tube may also be a +45 ply to promote impact toughness and
durability. [0011] Typically the upper range of fiber angles is at about +/- 88, although less than 900
and not ingRPIRARR.AKEAIA MR IAYEFIMaAS fipee: Bhsr&aRplied Ab1Ram valueson ek stidlikeireferred

to as a "hoop" layer. In addition, the same considerations of manufacturability and durability as noted

above woyld diciaiedhadneluaionsohadritieashaliny miydifersetihen angles 10032 Takinaiigto

consideration all of these factors a typical filament wound tubular structure may utilize a laminate
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selected to with regard to the particular loading the tubular structure is expected to experience. The
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structure's pressure and axial loadings, respectively. The number of
manufactured by filament winding helical winds at an achievable angle of perhaps +15° would be

used instead. Although the fibers in such a layer are not oriented in a truly axial direction, such a
layer would still be referred to as an "axial" layer. Winding a very low helical angle such as +15°
however presents problems. During the filament winding process a substantial tension is maintained
in the tows as they are wrapped around the mandrel. This tow tension, combined with the curvature
of the tow as it wraps around the mandrel, pulls the tow tightly into the mandrel in the radial
direction. This assists with consolidating the layers of the tube, squeezing out excess resin and

entrained air bubbles. In addition, the tow tension prevents fiber waviness which reduces structural



repeatings C of the hoop/axial groups would be dictated by the wall thickness required to withstand the
structural loads. Finally, the laminate begins and ends with 45 plies to improve manufacturability and
durability. [0013] For the purposes of discussion herein, the above tubular laminate of the form
+45/(88A/- 88A/15B)c/45 is referred to hereinafter as the "baseline” laminate. If the baseline design is
manufactured by a different methodology not subject to the same fiber angle limitations as the filament
winding methodology, the baseline laminate may be generalized to the form 45/(HOOPA/AXIALB)c/45
where HOOP and AXIAL are understood._to represent plies or layers of material with fibers oriented in
a predomRTAINT BISubRARtEIyGRIER TR iba 8 iRial crseiisn ot aiphas WaRirEat)the
constraints of th art'cﬂar marfuf cturing methodology. SUMMARY OF INVENTION [00141
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axial filamen}s and hoop filaments that are combined with a matrix material In an example
embodim&Hht, e method includes forming a first annular ply with axial filaments arranged at an angles
of about 10 to about 20 offset from an axis of the tubular. The hoop filaments can be arranged at
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inner layer. [0016] Also disclosed is a method of forming a thick walled tubular that includes providing
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composite into an annular laminate that comprises an inner layer, intermediate layers that

concentrigg|lyaitchmserRRthaaRe I BYREIRN QAL [ayer PHRRUMSTibIng, RS AU FIMO St iNigpgdiate,

angling the axial filaments in each layer at about 10 to about 20 from an axis of the tubular; angling the
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may also be a £45° ply to promote impact toughness and durability.

[0011] Typically the upper range of fiber angles is at about +/- 88°, although less than 90° and not in
a true hoop direction, a layer made from fibers applied at these values would still be referred to as a
"hoop" layer. In addition, the same considerations of manufacturability and durability as noted above

would dictate the inclusion of additional plies with different fiber angles.

[0012] Taking into consideration all of these factors a typical filament wound tubular structure may
utilize a laminate stacking sequence of the following form: +45°/(88°4/-88°4/£15°s)c/+45°. The
numbers A, B, and C are selected to with regard to the particular loading the tubular structure is
expected to experience. The ratio of hoop-wound plies to axial plies A:B is dictated by the relative

magnitudes of the tubular structure's pressure and axial loadings, respectively. The number of




filaments in the outer layer at about 90 from the axis of the tubular, and angling the hoop filaments in
the intermediate layers from greater than about 60 up to about 90 from the axis of the tubular. Brief
Description of the Drawings: [0017] Figure | is an exemplary diagram of hoop stress with relation to
wall thickness. [0018] Figure 2 is a schematic view of a prior art filament winding system. [0019] Figure
3 is a side schematic view of the filaments wound in a prior art composite tubular.

repeatings C of the hoop/axial groups would be dictated by the wall thickness required to withstand
the structural loads. Finally, the laminate begins and ends with 45° plies to improve

manufacturability and durability.

[0013] For the purposes of discussion herein, the above tubular laminate of the form +45°/(88°4/-
88°4/+15%5)c/+45° is referred to hereinafter as the "baseline" laminate. If the baseline design is
manufactured by a different methodology not subject to the same fiber angle limitations as the
filament winding methodology, the baseline laminate may be generalized to the form
+45°/(HOOPA/AXIALg)c/+45° where HOOP and AXIAL are understood to represent plies or layers
of material with fibers oriented in a predominantly or substantially circumferential or axial direction,

respectively, as permitted by the constraints of the particular manufacturing methodology.




[0020] Figure 4 is an example of an inner ply of a composite tubular in accordance with the present
disclosure. [0021] Figure 5 is a side schematic view of a composite tubular formed with a method
disclosed herein. [0022] Figure 6 is a diagram illustrating hoop stress in relation to wall thickness of a
composite tubular made in accordance with the present disclosure. [0023] Figure 7 is a side view of an
example of use of a composite tubular formed in accordance with the present disclosure. Detailed
Description of the Invention [002411 The apparatus and method of the present disclosure will now be
described more fully hereinafter with refere panying drawings in which embodiments
are shown. This subject of the presen IHUBIRSIEe Eevd2Ne embodied in many different forms
and should not be construed as limited to the illustrated embodiments set forth herein; rather, these
em bod'mRmf@fﬁipm\éé%%%?nt&aéﬁgg %j?éoo%fwﬂ'oﬁ% rongh.and com '?&ﬁm%PM'!'nEH‘HXeCO”"eV
the scope of the invention to those s lled in the art. Like numbers referto like elements throug%out.
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descriptive sense only and not for the purpose of limitation. Accordingly, the subject disclosure is

thereforesﬁ%%éf-%itﬁ@/,oﬂﬂy QYgIE‘%@ﬂBSpOEEQ%e@JPQEFédSHaﬂgéH‘%an be increased and the angle of

arrangement of the axial filaments can vary or remain substantially the same.

[0015] Also disclosed is an annular laminate having an inner layer, intermediate layers that
concentrically circumscribe the inner layer, an outer layer circumscribing the outermost intermediate
layer, axial filaments within each layer, hoop filaments within each layer, and a matrix material
impregnated within the filaments. The axial filaments are arranged in the inner layer at an angle of
about 10° to about 20° with respect to an axis of the tubular, the hoop filaments are arranged in the
inner layer at an angle with respect to an axis of the tubular so that when pressure is applied to an
inner surface of the tubular and directed radially outward from the axis of the tubular, the hoop stress

in the outer layer is at least about 20% of the hoop stress in the inner layer.

[0016] Also disclosed is a method of forming a thick walled tubular that includes providing axial
filaments and hoop filaments mixed with a matrix material to produce a composite, fashioning the
composite into an annular laminate that comprises an inner layer, intermediate layers that
concentrically circumscribe the inner layer, an outer layer circumscribing the outermost intermediate,
angling the axial filaments in each layer at about 10°to about 20° from an axis of the tubular, angling

the hoop filaments in the inner layer at about 60° from the axis of the tubular, angling the hoop




[0026] Referring now to Figure 4, an example of an innermost layer, or first ply 52, is illustrated in a
side schematic view. In this example, the first ply 52 circumscribes an axis Ax and is formed from a
composite of axial filaments 54, 56, hoop wound filament 58, and a matrix material 60. The axial -
wound filaments 54, 56 are shown disposed at an angle offset from the axis Ax. Example angles range
from as low as 0 and up to about +/- 20. Optionally, the angles can range from about +/- 10 to about
+/- 17, or about +/- 15. The hoop wound filament 58 of Figure 4 is shown at an angle less than 900.

The angle can vary depending on the application of the final product and is estaplished so that hoop
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e plies
making up the tubular wall. Example angles of the hogp wound filament 581 for the first ply 521 range
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the angles may range from about +/- 50 to about +/- 65, and may include an angle of about +/- 45, +/-
50, +/- 55, +/- 600, as well as +/- 65. Moreover, the upper and lower limits of the previously identified
ranges may be interchangeable with other cited ranges and any value within these ranges may be an
angle at which the hoop wound filament is arranged. [0027] Figure 5 shows an example of a
composite tubular 62 formed in accordance with the present method. The tubular 62 includes a series
of plies 521 _,, made up of layers of the axially wound filaments 54, 56, the hoop wound filaments 581+
and the matrix material 60. Although a single tow or fiber may make up the hoop wound filaments 581,
for clarity hoop wound filaments within different plies are given different designations. It is also pointed
out that the outermost ply has a designation of "n" (i.e. "n" plies), and the hoop wound filaments in the
outermost ply 52,, have a designation of "i" (i.e. "i" layers of hoop wound filaments), wherein the values
for i and n may or may not be equal. [0028] It was discovered that stress distribution through a thick
walled composite could be better distributed along the wall by varying the orientation angle of the hoop
wound filaments 58 within the specific plies 52,,,, or layers that make up the composite tubular 62.
Thus, in one example, a composite tubular 62 would have an innermost ply, such as the ply 521 of
Figure 4 with a hoop wound filament 581 at some angle less than 90 to the axis Ax of the tubular and
an outermost layer 52,, having hoop wound fibers 58, that are substantially normal to the axis Ax of
the tubular 62. The intermediate plies 522- 52n-1 can have hoop wound filaments 582 - 58,, arranged
at angles whose values range from about the angle of orientation of the hoop wound filament 58, in the
innermost ply 521 and the orientation angle of the hoop wound filament 58, in the outermost ply 52n.

In one example, each successive ply from the inner ply 521 to the outermost ply 52,, have hoop wound
filaments at angles greater than the adjacent inner ply. [0029] An example of successively increasing
angles in the hoop wound filaments 58, - 58,, is illustrated in Figure 5. Here, the innermost hoop
wound filament 58, is illustrated in a phantom line, as are filaments 582, 583, and 58",. The angle
difference of the hoop wound filaments 58, - 58, may be constant between successive adjacent plies
52" - 52, (where v is greater than u, and u can range from 1 to n-1 and v can range from 2 to n), may
transition in incremental steps, or can vary exponentially with respect to thickness of the composite
wall. Optionally, the angle difference between the hoop wound filaments 581 - 58, between successive
adjacent plies 52x - 52y can be found from an optimization study performed on an Information
Handling System, such as a processor or computer with associated programmable readable medium,
and/or be determined iteratively or with an algorithm.




[0030] In an example embodiment, a hoop wound filament 581 _, may not be included within each ply
521- 52," one or more of the plies 521 - 52", may be made of axial windings 54, 56. In yet another
alternative, the inner most and outer most plies 52, 52, may have intermediate windings with fiber
angles of +/- 45. In yet another example embodiment, the composite tubular 62 may have a laminate
stacking sequence of +/- 45 (+/- trx / +/- AX1ALy)N/ +/- 45. While the values of X, Y, and N can vary
depending on the particular application, in this example embodiment the values of O will increase with
increasing values of X. In another e m&lﬁ embotdimem thﬁ fiber angle of the hoop wound filaments
58, - 58, may reach the maximum be ween ?ﬁcél%ﬁ%?n%osqean?gd?ﬁhost plies 521, 52" and at about
two thirds of the distance from the innermost ply 521. In this example embodiment, the fiber angle
remains sttt SALeMAMANR AR APSHO0 R dIe IR ARl Al Athee 00311 AN
example of a stress distribution through the wall of a composite tubular is illustrated in graphical form
in Figure 6. In this example, the difference between stress at the inner and outer walls is reduced and
higher stregs SpltigsrareiexRekignarchaanss nfrisradiaieRasitions ihigdhe wall. This results in a
stress distribution plot of Figure 6 being flatter than the one of Figure 1, thereby indicating more equal
stress distribution between the inner and outer walls of the composite tubular. [0032] In one example
of use of {odMpusite fubulaide4ckepatioviol afdtilinfusyatemdaddilluptiatad tohjgiie TuBsifHraving a
vertical riser 68 mounted into a subsea well assembly 70. Attached to and parallel with the riser 68 are
composite tubulars 62 formed from the above-described process. Subsea wellhead assembly 70 is
mounted BWZAE kigheehisiesoexanpdoaatdges ale etaliveddbjtatsusemn asindadeasibthblyrd@nt
employing a composite tubular 62 formed as described herein. For example, the composite tubular 62
may be udisdlfisRoke and kill lines. Distributing hoop stress throughout the tubular wall can decrease
wall thickness, up to about 30%. Since choke and kill lines can outweigh larger diameter risers 86 due
to their large wall thickness, lighter stronger lines are available using the composite tubular described
herein. R &d BuigRtifidcldeashrraicuien of dErmnAaTityphateinyrrsyiea syteddisbondl as
safety. Additionally, the lighter composite tubulars can allow for drilling operations at previously
unattainah?éeﬂbpths. [0033] Although this disclosure discusses the invention in the context of tubular
pressurized fluid conduits used in oil and gas equipment, the present disclosure should not be
construeiﬂgﬁg ited to6a paéticular ffj,ﬁldtOf endﬁ:?avor. The in\?{fntion disc,[ﬁ%e herein, relates tqQ
pressuriz cylfirr}]]b%égl of {1 5P EL MBS & AOCRPESSWRICH TN, e SHPOAERBAYES tubular
fluid con u!')tsr or the form of é:losed-ﬁg ed cglindri,c pressure vessels. [0034] The present system and
method deSEb N RS CHIERRrSY TS MR RTS8 e ry out and attain the ends and advantages
mentioned, as well as others inherent therein. While a presently preferred embodiment has been given
for purpo ' I r anges exist in the details of pracedures far.accomplishing the
desired rgsﬂagf. P‘#%E@ﬁfg %&%‘?ﬁ%ﬁ%&%ﬁ%&%n‘?gﬁl feadi Oglj%pag)slﬁ?ﬁf%rgg%vgls C()C%&g)asneceskiIIed
in the art, apdar J&%’EQE‘QIB‘%RS encompassed within the spirit of the present invention disclosed
herein and the scope of the appended claims.
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Detailed Description of the Invention

[0024] The apparatus and method of the present disclosure will now be described more fully
hereinafter with reference to the accompanying drawings in which embodiments are shown. This
subject of the present disclosure may, however, be embodied in many different forms and should not
be construed as limited to the illustrated embodiments set forth herein; rather, these embodiments are
provided so that this disclosure will be thorough and complete, and will fully convey the scope of the
invention to those skilled in the art. Like numbers refer to like elements throughout. For the
convenience in referring to the accompanying figures, directional terms are used for reference and
illustration only. For example, the directional terms such as "upper", "lower", "above", "below", and

the like are being used to illustrate a relational location.

[0025] It is to be understood that the subject of the present disclosure is not limited to the exact
details of construction, operation, exact materials, or embodiments shown and described, as
modifications and equivalents will be apparent to one skilled in the art. In the drawings and
specification, there have been disclosed illustrative embodiments of the subject disclosure and,
although specific terms are employed, they are used in a generic and descriptive sense only and not
for the purpose of limitation. Accordingly, the subject disclosure is therefore to be limited only by

the scope of the appended claims.

[0026] Referring now to Figure 4, an example of an innermost layer, or first ply 52, is illustrated in a
side schematic view. In this example, the first ply 52 circumscribes an axis Ax and is formed from a
composite of axial filaments 54, 56, hoop wound filament 58, and a matrix material 60. The axial
wound filaments 54, 56 are shown disposed at an angle offset from the axis Ax. Example angles

range from as low as 0°and up to about +/- 20°. Optionally, the angles can range from about +/- 10°
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22shaft 24composite tubular 26rail 28creel assembly 30spool/bobbin 32fiber 34epoxy resin system
36line

to about +/- 17°, or about +/- 15°. The hoop wound filament 58 of Figure 4 is shown at an angle less
than 90°. The angle can vary depending on the application of the final product and is established so
that hoop stresses within the wall of a composite tubular are better distributed throughout each of the
plies making up the tubular wall. Example angles of the hoop wound filament 58, for the first ply
52, range from +/- 30° to +/- 80°, optionally, the angles may range from about +/- 40° to about +/-
70°, alternatively, the angles may range from about +/- 50° to about +/- 65°, and may include an angle
of about +/-45°, +/- 50°, +/- 55°, +/- 60°, as well as +/- 65°. Moreover, the upper and lower limits of
the previously identified ranges may be interchangeable with other cited ranges and any value within

these ranges may be an angle at which the hoop wound filament is arranged.

[0027] Figure 5 shows an example of a composite tubular 62 formed in accordance with the present
method. The tubular 62 includes a series of plies 52,., made up of layers of the axially wound
filaments 54, 56, the hoop wound filaments 58, ., and the matrix material 60. Although a single tow
or fiber may make up the hoop wound filaments 58, ; for clarity hoop wound filaments within
different plies are given different designations. It is also pointed out that the outermost ply has a
designation of "n" (i.e. "n" plies), and the hoop wound filaments in the outermost ply 52, have a
designation of "i" (i.e. "i" layers of hoop wound filaments), wherein the values for i and n may or

may not be equal.

[0028] It was discovered that stress distribution through a thick walled composite could be better
distributed along the wall by varying the orientation angle of the hoop wound filaments 58,_; within
the specific plies 52, or layers that make up the composite tubular 62. Thus, in one example, a
composite tubular 62 would have an innermost ply, such as the ply 52, of Figure 4 with a hoop

wound filament 58, at some angle less than 90° to the axis Ax of the tubular and an outermost layer
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38bath 40plies 42axially oriented filament 44axially oriented filament 46hoop wound filament 48resin
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52, having hoop wound fibers 58; that are substantially normal to the axis Ax of the tubular 62. The
intermediate plies 525 — 52,1 can have hoop wound filaments 58, — 58;.; arranged at angles whose
values range from about the angle of orientation of the hoop wound filament 58, in the innermost ply
52, and the orientation angle of the hoop wound filament 58; in the outermost ply 52,. In one
example, each successive ply from the inner ply 52, to the outermost ply 52, have hoop wound

filaments at angles greater than the adjacent inner ply.

[0029] An example of successively increasing angles in the hoop wound filaments 58; — 58, is
illustrated invF igure 5. Here, the innermost hoop wound filament 58; is illustrated in a phantom line,
as are filaments 58,, 583, and 58;.;. The angle difference of the hoop wound filaments 58, — 58; may
be constant between successive adjacent plies 52, — 52, (where v is greater than u, and u can range
from 1 to n-1 and v can range from 2 to n), may transition in incremental steps, or can vary
exponentially with respect to thickness of the composite wall. Optionally, the angle difference
between the hoop wound filaments 58; — 58; between successive adjacent plies 52, — 52, can be
found from an optimization study performed on an Information Handling System, such as a
processor or computer with associated programmable readable medium, and/or be determined

iteratively or with an algorithm.

[0030] In an example embodiment, a hoop wound filament 58,.; may not be included within each ply
52, — 52, one or more of the plies 52| — 52, may be made of axial windings 54, 56. In yet another
alternative, the inner most and outer most plies 52, 52, may have intermediate windings with fiber
angles of +/- 45°. In yet another example embodiment, the composite tubular 62 may have a
laminate stacking sequence of +/- 45° (+/- 8° / +/- AXIALy)n/ +/- 45°. While the values of X, Y,

and N can vary depending on the particular application, in this example embodiment the values of 0
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will increase with increasing values of X. In another example embodiment, the fiber angle of the
hoop wound filaments 58; — 58; may reach the maximum between the innermost and outermost plies
521, 52, and at about two thirds of the distance from the innermost ply 52;. In this example
embodiment, the fiber angle remains substantially the same from the two thirds position to the

outermost ply 52,..

[0031] An example of a stress distribution through the wall of a composite tubular is illustrated in
graphical form in Figure 6. In this example, the difference between stress at the inner and outer
walls is reduced and higher stress values are experienced along intermediate positions within the
wall. This results in a stress distribution plot of Figure 6 being flatter than the one of Figure 1,
thereby indicating more equal stress distribution between the inner and outer walls of the composite

tubular.

[0032] In one example of use of a composite tubular 64, a portion of a drilling system 66 is
illustrated in Figure 7 as having a vertical riser 68 mounted into a subsea well assembly 70.
Attached to and parallel with the riser 68 are composite tubulars 62 formed from the above-described
process. Subsea wellhead assembly 70 is mounted on the subsea floor 72. Advantages are realized
by a subsea wellhead assembly 70 employing a composite tubular 62 formed as described herein.
For example, the composite tubular 62 may be used in choke and kill lines. Distributing hoop stress
throughout the tubular wall can decrease wall thickness, up to about 30%. Since choke and kill lines
can outweigh larger diameter risers 86 due to their large wall thickness, lighter stronger lines are
available using the composite tubular described herein. Reduced weight lines can increase ease of
handling presently designed systems as well as safety. Additionally, the lighter composite tubulars

can allow for drilling operations at previously unattainable depths.




86riser 88subsea well assembly 90subsea floor Claims What is claimed is: 1. A method of forming a
composite tubular 62 comprising:

[0033] Although this disclosure discusses the invention in the context of tubular pressurized fluid
conduits used in oil and gas equipment, the present disclosure should not be construed as limited to a
particular field of endeavor. The invention disclosed herein relates to pressurized cylindrical or
tubular composite structures, which may take the form of open-ended tubular fluid conduits, or the

form of closed-ended cylindrical pressure vessels.

[0034] The present system and method described herein, therefore, is well adapted to carry out and
attain the ends and advantages mentioned, as well as others inherent therein. While a presently
preferred embodiment has been given for purposes of disclosure, numerous changes exist in the
details of procedures for accomplishing the desired results. These and other similar modifications
will readily suggest themselves to those skilled in the art, and are intended to be encompassed within

the spirit of the present invention disclosed herein and the scope of the appended claims.
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(a) providing axial filaments 54 and hoop filaments 58 mixed with a matrix material 60; (b)
characterized by forming a first annular ply 52, comprising axial filaments 54 arranged at an angle of
from about 10 to about 200 offset from an axis of the tubular 62 and hoop filaments 58 arranged at an
angle of from about 45 to about 65 offset from the axis of the tubular 62; and (c) forming a laminate of
successive annular plies 52;+, " by arranging axial filaments 54 over an underlying one of the plies
52_,1_r, at an angle of from about 10 to about 20 offset from the axis of the tubular 62 and arranging
hoop filark&RIEI Y& an underlying one of the plies 52it1 , at an offset angle from the axis of the
tubular 62 that exceeds the offset angle of hoop filaments 58 within the underlying ply 541. 2. The
method of @laimfllagisatacrdizedviichat the offset angle of the hoop filaments 58 in step (c) has a
maximumy yalue gfabout 90. 3. The method of claims 1 or 2, characterized in that the hoop filaments
58 in the first ply 521 are arranged at an offset angle of about 60. 4. The method of any of claims 1-3,
characteriZed inM38fhen a hoop stress is generated on a side wall of the tubular 62, the hoop stress
at an outdwsurfaegsefdhe tubular 62 is about 30% of the hoop stress at an inner surface of the tubular
62. 5. Thlegmetl'h%gd%[o%ﬂy of claims 1-4, characterized in that the offset angle of hoop filaments 58

within the successive annular plies 52, _ " increases over that of an underlying ply by an amount of
20 motor
22 shaft
24 composite tubular
26 rail
28 creel assembly
30 spool/bobbin
32 fiber
34 €poxy resin system
36 line
38 bath
40 plies
42 axially oriented filament

44 axially oriented filament
46 hoop wound filament
48 resin

52 first ply

54 axial wound fiber

56 axial wound fiber

58 hoop wound fiber

60 epoxy

62 composite tubular
64. plies

66 riser

68 subsea well assembly
70 subsea floor

86 riser
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one or more of a same amount, an increasing amount, a linearly increasing amount, and an
exponentially increasing amount. 6. The method of any of claims 1-5, characterized in that the tubular
62 comprises an elongated line used for choke and kill applications in a subsea wellhead assembly. 7.
The method of any of claims 1-6, characterized in that the steps of forming plies comprise winding the
filaments 54, 56, 58 around a mandrel 14. 8. A composite tubular 62 comprising: an inner layer 521;
intermediate layers- n-1 that concentrically circumscribe the inner layer 521; an outer layer 52n
circumscriifing tlvebseaeveibatsimbimnediate layer 52. t; characterized by axial filaments 54 within
each layegH2, thatatemyganged in the inner layer 521 at an angle of about 100 to about 200 with
respect to an axis of the tubular 62;
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hoop filaments 58 within each layer 52, that are arranged at an angle with respect to an axis of the
tubular 62 that increases with proximity to the outer layer 52 .; and a matrix material 60 impregnated
within the filaments 54, 58. 9. The composite tubular of claim 8, characterized in that the hoop
filaments in the intermediate layers 52,+i - n-1 are arranged with respect to the axis of the tubular 62 at
angles ranging from more than the angle of orientation of the hoop filaments 58 in the inner layer 521
and up to about 90. 10. The composite tubular of claims 8 or 9, characterized in that when pressure
is applied to an inner surface of the tubular 62 an@ldimsted radially outward from the axis of the
tubular 62, the hoop stress in the outer layer 52" is at least about 20% of the hoop stress in the inner
layer 521y 1dis ERgLQMposite tubular of any of claims 8-10, characterized in that he hoop filaments
58 in the inner layer 521 are at an angle of at least about 500 with respect to the axis of the tubular 62.
12. The composite tubular of any of claims 8-11, characterized in that the hoop filaments 58 in the
outer layet 52" aFetod PERGTRIRE 2 58ROt MRS P QBH W Sixis of the tubular 62. 13. A method of
forming a thick walled tubular 62 comprising:

(a) providing axial filaments 54 and hoop filaments 58 mixed with a matrix material 60;

(b) characterized by forming a first annular ply 52, comprising axial filaments 54
arranged at an angle of from about 10° to about 20° offset from an axis of the tubular 62 and
hoop filaments 58 arranged at an angle of from about 45° to about 65° offset from the axis of

the tubular 62; and

(©) forming a laminate of successive annular plies 524 ., by arranging axial filaments 54
over an underlying one of the plies 52;1; ., at an angle of from about 10° to about 20° offset
from the axis of the tubular 62 and arranging hoop filaments 58 over an underlying one of the
plies 524 ., at an offset angle from the axis of the tubular 62 that exceeds the offset angle of

hoop filaments 58 within the underlying ply 52;.

2. The method of claim 1, characterized in that the offset angle of the hoop filaments 58 in step

(c) has a maximum value of about 90°.

3. Themethod of claims 1 or 2, characterized in that the hoop filaments 58 in the first ply 52, are

arranged at an offset angle of about 60°.

4. The method of any of claims 1-3, characterized in that when a hoop stress is generated on a
side wall of the tubular 62, the hoop stress at an outer surface of the tubular 62 is about 30% of the

hoop stress at an inner surface of the tubular 62.

5. The method of any of claims 1-4, characterized in that the offset angle of hoop filaments 58

within the successive annular plies 52; ., increases over that of an underlying ply by an amount of
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providing axial filaments 54, 56 and hoop filaments 58 mixed with a matrix material 60 to produce a
composite; fashioning the composite into an annular laminate that comprises an inner layer 521,
intermediate layers 52HA _ that concentrically circumscribe the inner layer, an outer layer 52n
circumscribing the outermost intermediate layer 52,1;  characterized by angling the axial filaments
54 in each layer at about 100 to about 20 from an axis of the tubular 62; angling the hoop filaments 58
in the inner layer 521 at about 600 from the axis of the tubular 62; angling the hoop filaments 58 in the
outer layeers2 danaiyo o0 Gdnonmrtheualxisrofnbesiby lam®2nared lineahg limgdisenp copdilamantsab8 in
the intermediate layers from greater than about 600 up to about 90 from the axis of the tubular 62.

14. The metpeogwialzimcilsivigamotmized in that the angle of the hoop filaments 58 in the
intermediate layers 521+1- n-1 increases with distance from the inner layer 52.

6. The method of any of claims 1-5, characterized in that the tubular 62 comprises an elongated

line used for choke and kill applications in a subsea wellhead assembly.

7. The method of any of claims 1-6, characterized in that the steps of forming plies comprise

winding the filaments 54, 56, 58 around a mandrel 14.
8. A composite tubular 62 comprising:
an inner layer 52;;
intermediate layers 52;:; _ 5.1 that concentrically circumscribe the inner layer 52;
an outer layer 52, circumscribing the outermost intermediate layer 52, ;

characterized by axial filaments 54 within each layer 52; that are arranged in the inner layer

52; at an angle of about 10° to about 20° with respect to an axis of the tubular 62;

hoop filaments 58 within each layer 52; that are arranged at an angle with respect to an axis of

the tubular 62 that increases with proximity to the outer layer 52 ;; and
a matrix material 60 impregnated within the filaments 54, 58.

9. The composite tubular of claim 8, characterized in that the hoop filaments in the intermediate
layers 52+ - .1 are arranged with respect to the axis of the tubular 62 at angles ranging from more

than the angle of orientation of the hoop filaments 58 in the inner layer 52, and up to about 90°.

10. The composite tubular of claims 8 or 9, characterized in that when pressure is applied to an
inner surface of the tubular 62 and directed radially outward from the axis of the tubular 62, the hoop

stress in the outer layer 52, is at least about 20% of the hoop stress in the inner layer 52,.
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15. The method of claims 13 or 14, characterized in that the tubular 62 comprises an elongated line
used for choke and kill applications in a subsea wellhead assembly.

11. The composite tubular of any of claims 8-10, characterized in that he hoop filaments 58 in the

inner layer 52, are at an angle of at least about 50° with respect to the axis of the tubular 62.

12. The composite tubular of any of claims 8-11, characterized in that the hoop filaments 58 in the

outer layer 52, are at an angle of about 90° with respect to the axis of the tubular 62.
13. A method of forming a thick walled tubular 62 comprising:

providing axial filaments 54, 56 and hoop filaments 58 mixed with a matrix material 60 to

produce a composite;

fashioning the composite into an annular laminate that comprises an inner layer 52,
intermediate layers 52;,; _ 5. that concentrically circumscribe the inner layer, an outer layer 52,

circumscribing the outermost intermediate layer 52,.;;

characterized by angling the axial filaments 54 in each layer at about 10° to about 20° from an

axis of the tubular 62;
angling the hoop filaments 58 in the inner layer 52, at about 60° from the axis of the tubular 62;

angling the hoop filaments 58 in the outer layer 52, at about 90° from the axis of the tubular 62;

and

angling the hoop filaments 58 in the intermediate layers from greater than about 60° up to about

90° from the axis of the tubular 62.

14. The method of claim 13, characterized in that the angle of the hoop filaments 58 in the

intermediate layers 52;;; _ ,.; increases with distance from the inner layer 52;.

15. The method of claims 13 or 14, characterized in that the tubular 62 comprises an elongated line

used for choke and kill applications in a subsea wellhead assembly.
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