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Effects of Thermal Gradient on Failure of a
Thermoplastic Composite Pipe (TCP) Riser Leg

Abstract

Thermoplastic composite pipe (TCP), consisting 6bee-reinforced thermoplastic laminate fully bt
between homogeneous thermoplastic liners, is aal wdidate to replace traditional steel riseegim
deepwater where high specific strengths and maahdi corrosion resistance are advantageous. During
operation, risers are subjected to combined mecabaind thermal loads. In the present paper, ar8 f
element (FE) model is developed to analyse strieds B a section of TCP under combined pressure,
axial tension and thermal gradient, illustrativeao$ingle-leg hybrid riser (SLHR) application. Frohe
obtained stresses, through-thickness failure aoeffi is evaluated based on appropriate failureerdai

The effects of increasing the internal-to-extethatmal gradient are investigated considering teatpee
dependent material properties. The influence ofiagrthe thickness of the isotropic liners withgest to

the laminate is examined.

Keywords: Thermoplastic composite pipe; composite riser;tfamgradient
1. Introduction

Fibre-reinforced plastic (FRP) materials have beiewed as candidates to replace steels in deepwater
exploration and production (E&P) applications fornamber of advantages including high specific
strengths and moduli and excellent corrosion r@sc&. Thermoplastic composite pipe (TCP) is an
example of an FRP product attracting growing irgene the offshore E&P sector. TCP consists obeefi
reinforced thermoplastic multi-ply laminate wittmer and outer homogeneous thermoplastic liners;twhi
provide fluid tightness and wear resistance. Figurghows the basic construction. Polyethylene (PE),
polyamide (PA) and polyetheretherketone (PEEK)rttogiastics are used, superior to thermosets insterm
of ductility, toughness, impact resistance and ilityatat extreme temperatures. The thermoplastic is
reinforced with tape- or filament-wound (FW) carbgtass or aramid fibres to form the laminate. Atme
fusion process typified by leading manufacturenssisd to fully bond all layers.

Outer liner

Q Composite laminate

\ é Inner liner

Figure 1. TCP configuration

The behaviour of multi-layered, fibre-reinforcedpgé under mechanical loads for practical
application has been studied for several decadss r@views in [1,2]). The response of thermoplastic
based pipe of the tri-layer TCP construction spealif/, often referred to in different sources as
‘reinforced thermoplastic pipe (RTP)’, under vasadiscrete and combined mechanical loads relewant t
subsea applications has also been studied in rétsrature. Bai et al. [3] investigated externatgsure



collapse of TCP consisting of aramid fibre and hilgimsity polyethylene (HDPE) layers by theoretical,
finite element (FE) and experimental methods. krugt al. [4] investigated the behaviour of preissuar
TCP considering slack of non-impregnated aramichfoecement cords. Ashraf et al. [5] used FE
modelling to investigate bending-induced buckliigarbon/PEEK TCP. Bending of aramid/PE TCP was
investigated numerically by Yu et al. [6], accoungtifor strain-dependent nonlinearity. The behaviafur
TCP under combined pressure and bending [7], predsasion [8] and bending-tension [9] has been
studied largely by numerical means. Variations GPThave been developed and studied, including multi
layered plastic pipes reinforced with steel wirestoips as an alternative to, or in conjunctiomthwnon-
metallic fibres [10,11]. Weight added by steel caprove stability for certain subsea piping systems

In addition to mechanical loads, subsea tubulasabjected to uniform temperature change (e.qg.
deploying into cool seawater) and thermal gradieltsng operation (i.e. resulting from the mismatch
between hot internal fluids and external seawatetgrature pertaining to FRP and multi-layeredgsip
under thermomechanical load is less widely avaglaKia et al. [12] presented an elastic solutiosela
on classical lamination theory for pressurised sachl pipes with isotropic core and orthotropic skin
subjected to temperature change. Ak¢ay and Kayhzkuysed analytical expressions to investigatefail
of multi-layered FRP cylinders under pressure amifbrm thermal load for plane-strain and closed-end
conditions. A 3D elasticity solution for multi-lasgd FW pipes subjected to internal pressure and
temperature gradient was presented by Bakaiyah Et4d A closed-form stress solution for pressed
vessels with multiple isotropic layers subjectedhermal load was presented by Zhang et al. [1Zn§V
et al. [16] proposed a strategy for predictingufiagl of a carbon/epoxy vessel under pressure amochahe
loading based on material property degradation emdromechanics of failure (MMF) criterion.
Analytical solutions for stresses and displacemémtseated and pressurised multi-layered pipes were
developed by Vedeld and Sollund [17] and Sollundlef18]. The solution of Vedeld and Sollund [17],
which assumed uniform temperature distribution imiggach layer, was subsequently refined by Yed. et a
[19], who found their refined solution to producenaaccurate predictions than the original.

In general, literature on thermal loading of conifgopipes has largely been limited to analytical
studies. A numerical model, developed for exampldddicated FE software packages such as Abaqus or
ANSYS, would allow a wide array of mechanical argermal load combinations to be studied.
Furthermore, defects such as delamination cantbedunced where this may prove analytically complex
or unfeasible.

As well as a requirement for greater overall un@deding of the behaviour of composite pipes
such as TCP under thermal load, there is a paaticided for investigating behaviour when accourting
the temperature dependence of material proper@esposite properties are most often taken to be
constant in existing literature, likely a by-protiud the lack of available data to fully define aterial
over an appropriate temperature range. To moreraiedy predict stress and strain states and ragulti
failure it is crucial that temperature dependescaccounted for.

In the present paper, the problem of TCP under auedbpressure, axial tension and thermal
gradient illustrative of a deepwater riser applaatis considered. A 3D FE model is developed for
predicting stress state under the combined loadiking into account temperature dependent
carbon/PEEK material properties uniquely compiledl @xtrapolated from literature. From obtained
stress distributions, through-thickness failurefitcents according to von Mises criterion for ismpic
liners and Maximum Stress and Tsai-Hill criteria fvthotropic laminate are analysed. The effects of
increasing the internal-to-external thermal gratimm failure are investigated. The influence ofyuag
liner thickness with respect to the central langriatalso examined.



2. Problem Formulation

A single-leg hybrid riser (SLHR) system, illustratin Figure 2, is an application in which the bésedf
TCP can be exploited to great economic effect. fi$er leg, tensioned by buoyancy to avoid buckliag,
isolated from vessel motions by a flexible jumpket us consider a section along the leg. During
operation, the section is subjected to internal extérnal pressure®{ andP,), axial tensionK,), and
internal and external surfaces temperatufesu(dT,).

Buoyancy tank
\ Flexible
jumper

Vertical riser
leg

Foundation

Figure 2. SLHR system
Here, we consider the section to be TCP Wwitlayers as illustrated in Figure 3. Layé&rs 1 and
k = N are isotropic liners and the remaining layersathotropic plies that together form the laminate.

Under axisymmetric loading, stresses and straimsnalependent of the hoop coordindteAxial (z) and
radial {) displacements depend only on the correspondirgtitins i.e. [20]:

U, = uZ(Z)' Ug = Ug (T, Z)' Uy = ur(r): (1)

whereu; denotes displacementind andr.

Figure 3. TCP in cylindrical coordinates

The strain-displacement relations are written 8s27):
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wherey, is a pipe twist per unit length anglis constant.
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Layer stresses and strains in cylindrical coordigatre related by the constitutive equations [21]:
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whereC_L-j are the transformed stiffness constants correspgrd a fibre-reinforced layer orientated at
angleg, which describes the offset of the fibre longihalifrom the cylindricak direction;a,, ay, a; and
oz are the cylindrical coefficients of thermal expans AT is the change in temperature. The
transformation of stiffness constants from matec@brdinates to off-axis directions is demonstrated
Appendix 1. Note that whilst the plies are orthptep the behaviour is strictly monotropic in retatito
the global axis (i.e. fibre direction not alignedhwz).

Under axisymmetric internal-to-external temperatdtiferential, AT depends on the radial
temperature distributiorT(r):

AT = T(r) (4)

7 Tref'
whereT, is the initial (or reference) temperature.

The equation for steady-state heat conduction derisig no heat generation for a multi-layered pipe
cylindrical coordinates is expressed as [14,15]:

92T(r) , 19T(r) _
or? T oor 0. (5)
Heat flux must satisfy continuity for layeks= 1, 2, ... ,N-1:

q® () = q** (o), (6)
where the heat flux through laykmwith radial thermal conductivity, (orthotropic/s) is obtained using
Fourier’s law:

k) T
g = A0

or ’

(7)

Combining Equations (5) and (6) it can be shown [th%,22]:
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The temperature at the interface betweerkth@ndk+1th layer is deduced as [15]:

(k+1) *)
A7l 1n<rr(k) ) #20+Dpler) 1n<r(rk_1)>

(k+1) ()
2% ln(—r(k) )+A§"“) 1n(—r(k_1))
Thus, the temperature at radiuis an arbitrary layek is [15]:
() _(k=1)
T(r) = ——g~—In— + T, (10)
In( =)
The distribution under uniform internal and extémeanperature is bound by:
T(ro) =T, T(ry) =T, (11)
wherery andr, are the inner and outer radius respectively.
The equilibrium equations for a long axisymmetube under prescribed loading are [20,21]:
K L O_ 0
doy, Or ~%  _ 0, (12&)
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dTer Z‘Ei —
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ar + - = 0. (12C)
From (12b) and (12c) we obtain:
kK _ a® K _ B®
Tér) =z Tgr) = (13)

whereA® andB® are unknown integration constants.
Combining the constitutive expressions (Equatioly), (&quilibrium condition (12a), strain-

displacement relations (2) and displacement fidld ¢ne obtains a second-order ordinary differéntia
equation of which the solution for isotropic angnsversely isotropic layers is [21]:

u = pWr 4 Fly-1 (14)
whereD® andE® are unknown constants.

Under internal and external pressure, the boundamngitions at inner and outer radii are written
as [21]:



o) =Py, oM(1) =P, (15a)
T (1) =P () =0, T (1) = T (1) = 0. (15b)

Assuming perfectly bonded layers, the interfacdinaities are [20]:

uPr) =uF ), uP ) = (), (16a)
o r) = o V), ) =tE V@), P ) = TV ). (16b)

Axial force at the pipe end is determined by in&igng o, over the cross-sectional area and torque
by the moment of,,. Considering a long pipe subjected to tensioraladquilibrium and zero torsion are
expressed by the integrals [21]:

2n YNy [T o (yrdr = Fy, (17a)

2m N [T O (r)r2 dr = 0. (17b)
By substituting Equations (15b) and (16b) into (¥8§ = B® = 0. ForN layers there exist\e+2

unknowns, i.eD®, E®, goandy, (for k = 1, 2, ...,N), that can be determined from boundary conditions,
continuity conditions and axial/torque integral®nder to obtain displacements, stresses and strain

3. Lamina Failure Criteria

For assessing local stress-based material faBtnesses must be transformed from cylindrical bogipal
material coordinates as follows [21]:
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wherem = cog andn = sinp.

In this study, the Maximum Stress (herein “Max $$f® and Tsai-Hill criteria are compared.
According to Max Stress, failure is assumed simyign the stress along a principal direction excéeels
corresponding allowable, i.e. when any of the fellg are exceeded:

_XC < 01 < XT, _YC < () < YT, _ZC < O3 < ZT,

|23l < Q, |11zl <R, |r12] <SS, (19)



whereX, Y andZ are tensile or compressive strengths (subscfiptarid ‘C’) along directions 1, 2 and 3
respectively;Q, R and S are the shear strengths in coordinates 23, 131@nikspectively. Interaction
amongst stresses within a lamina is unaccountedvidch can result in error for multi-axial cas&#ress
interaction is accounted for in the widely useddyatic Tsai-Hill criterion, expressed as:

2 2 2 2 2 2
o7 g3 1 1 1 1 1 1 1 1 1 733 , Ti3 , T12
_2+_2+Z_%_0-10-2(X_%+Y_%_Z_% — 0103 X_%_Y_%+Z_% — 0,03 _X_%+Y_%+E +?+F+S_Z_

1.
(20)

4. Numerical Simulation

4.1. TCP Mechanical Model

A 3D FE model was developed in Abaqus/CAE 2017 lokpaf predicting stress state in a section of TCP
under combined pressures, tension and thermal ggradDimensions of the ‘basic’ configuration
modelled for this study are given in Table 1. Timeeir liner, laminate and outer liner of the basiPTare

an equal thickness of 8mm, which we denote hef8:88". In this study, the liner thicknesses aezigd
with respect to the laminate, for example 4:8:4uédly thick liners), or 4:8:12 (unequal liners). érh
laminate is constructed of eight FW layers oriezdah the sequence [+55kach wound to a thickness of
Imm.

Table 1. Basic TCP section dimensions

Dimension Value
Inner radiusro (Mm) 76
Inner liner thicknesg;, (mm) 8
Laminate thicknesg, (mm) 8
Outer liner thicknesgg,: (Mm) 8
Outer radiusrt, (mm) 100

The TCP consists of unidirectional AS4/APC-2 carB&EK laminate plies and homogeneous
APC-2 PEEK liners. APC-2 PEEK composite has a di@sssition temperaturdl) of 143°C and can be
used in lightly loaded applications at temperataedigh as 260°C [23]. Properties used to defiee t
materials over a range of temperatures are givemailes 2 and 3, where data has been carefully
compiled as far as possible from literature. Toahthors’ best knowledge these tables represemhtise
comprehensive compilation of AS4/APC-2 propertigsrahe relevant temperature range. Note that for
practical application the designer should alwaysess properties of the specific chosen material
experimentally. The following assumptions are maaldully define the AS4/APC-2 for temperature
dependent analysis:

» Properties listed in Tables 2 and 3 are linearkgriextrapolated over the temperature range
considered in this study (which is beldy).
* Poisson’s ratio,; at room temperature (RT) [26] is assumed to irsday 2.7% at 121°C as per
reported data for;, andvys [25].
e Shear modulu&,; is calculated as:
E;

Gpyg = —— .,
2721 4 vys)



» Shear strengtl®Q at RT [26] is assumed to reduce by 14.5% and 22a09%2°C and 121°C

respectively as per reported dataRoandS[23].
« It is assumed that thermal expansion coefficieateain unchanged over the temperature range

investigated in this study.

Table 2. Unidirectional AS4/APC-2 properties

Property RT 66°C 82°C 100°C 121°C
(23-24°C)

E. (GPa) [24] 142 - - 131 -

E, = E; (GPa) [24] 9.6 - - 8.6 -

Gy, = G5 (GPa) [24] 6.0 - - 4.8 -

G (GPa) 3.6* - - 3.2¢ -

V12 =113 [25] 0.37 - - - 0.38

Va3 [26] 0.33 - - - 0.34

a1 (°Ch [26] -0.18x1¢° - - . -

o2 = a3 (°CY) [26] 23.94x10° - - - -

21 (WmiteC™h) [27] 4.0 4.35 4.5 4.60 4.8

do =3 (WmteC?h) [27] 0.43 0.46 0.48 0.50 0.53

Xr (MPa) [24] 2070 - - 2008 -

Yr = Z; (MPa) [24] 79 - - 66 -

Xc (MPa) [28] 1234 1036 - - 985

Yc = Zc (MPa) [28] 176 163 - - 136

Q (MPa) [26] 92 - 78.7 - 71.8

R =S(MPa) [23] 186 - 159 - 145

*Calculated value’Estimated value
Table 3. Neat APC-2 PEEK properties
Property 0°C RT 60°C 82°C  100°C 121°C
(23-24°C)

E (GPa) [24] - 4.1 - 3.8 - 3.5
v[24] - 0.41 - 0.44 - 0.44
a(°Ch [24] . 50.8x10 . - - -
2(Wm'eC™ [29] 0.27 0.28 0.30 0.30 0.31 0.32
o, (MPa) [30] 119 106 76 - 51.77 -

"Estimated value

Internal and external surface pressures are apgimdltaneously, along with axial tension,
applied as a point load on a reference point lacatehe centre of one pipe end and fully couptethe
end face in all but the radial direction, as shanwRigure 4. At the opposite pipe end, a refergmuet is
fully fixed in the centre and coupled to the enckfa



Figure 4. Axial point load and kinematic coupling
4.2. Validation of the Mechanical Model

The model was firstly validated for the case of borad pressure and tension prior to extending to
include thermal load and defining temperature ddpeh properties on Abaqus. An analytical solution
based on the Section 2 formulation excluding thérommponent was developed in MATLAB for
comparison with the FE model. Analysis was run ‘@t and “B” TCP configurations with different
laminate ply sequences (the basic [455}d [(£15)/(90)] respectively) to validate fibre angle orientation
under the following load conditionB,; = 40MPa;P, = 20MPa;F, = 50kN.

Through-thickness cylindrical stresses based onMBELAB and FE models are shown in
Figure 5. For both configurations MATLAB and Abacgisongly agree. The Abaqus model was extended
to thermomechanical by creating a coupled temperatisplacement step and employing appropriate
thermal elements (C3D20RT). A suitable mesh waablished by performing a refinement exercise.

-20 350

= FEA 200 " FEA i
= 25 MATLAB A MATLAB A ‘“‘“«»
& + FEB g w0 e FEB
I N P MATLAB B 2200 - MATLAB B
w ! w
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o poeeeess
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5 T".h"""-« 5 * FEB
s ¥ i S 40 MATLAB B
;’ [ ] FE A ! ‘J_' as B
i .
g 20 MATLAB A ; g o O L S S
@ + FEB : @ L ded
= bossss bt =
- R il MATLAB B ot g 40
« $ttt-t-et
() $ et _
20 B T - . i 80 | dad [l
-40 -120
76 80 84 88 92 96 100 76 80 84 88 2 06 100
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Figure 5. Validation of FE model stresses



4.3. Thermal Loading

During its service life, the internal temperatuifeaoriser may vary considerably whereas the externa
seawater temperature will remain near constante&pdater. In this study, increasing temperatures ar
applied as fixed boundary conditions on the intesuaface. On the outer surface, a film coefficient
applied to simulate free convection to the surrougmenvironment.

5. Results and Discussion

Simulations were run for TCP under combined pressuaxial tension and thermal gradient illustratife

an SLHR operating in ultra deepwater (1,500m angbid). In all cases internal pressure, external
pressure and tension of 40MPa, 20MPa and 50kN ctgply were applied (illustrative of operation at
around 2,000m depth). Internal surface temperat@® increased from 30 to 120°C to investigate the
effects of increasing through-thickness gradiefie Surrounding seawater temperature was 4°C with a
heat transfer coefficient of 50W#C ™. An initial temperature of 23°C for the TCP wasuased.

5.1. Effects of Increasing Thermal Gradient

Through-thickness temperature distributions for thesic TCP (Table 1 configuration with [£35]
laminate) under rising internal temperature arenshim Figure 6. Temperature decreases linearly from
internal to external surfaces at different rateeugh the layers. The slope is steeper throughiriees {

= 76 to 84mm, 92 to 100mm) than the laminate, owmdpwer thermal conductivity and thus greater
insulating characteristics. The temperature vamathrough the laminate increases with The outer
surface temperature as a result of heat conveisti®® and 27.1°C fof, = 30 and 120°C respectively.

Temperature (°C)

76 80 84 88 92 96 100
7 (mm)

Figure 6. Temperature distributions for increasiggoasic TCP

Stress variations through the basic TCP under asongT, are shown in Figure 7. Radial stress
(o;) magnitude decreases linearly from the value tdrital pressure on the inner surface to external
pressure at the outer surface through the layemmpHg,), axial @, and shearzf) stresses are
predominantly carried by the laminate and increesie temperature gradient. The sign of the sheasst
alternates with each £55° ply.
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Figure 7. Stress variation in the basic TCP for@asingT,

Von Mises failure coefficients through the lineree sshown in Figure 8. The coefficient is
generally smaller through the inner liner at insel,. In the outer liner, the coefficient decreases=at
92mm with risingT, but is virtually unaltered at. Failure coefficients through the laminate acaogdio
Max Stress and Tsai-Hill are shown in Figure 9. Max Stress coefficient, governed by the compressiv
stress-to-strength ratio in the radial directiowcreases slightly witfiy atr = 84mm but is gradually less
altered towards = 92mm. This reflects the radial stress distritmsiin Figure 7, which are near identical
for all Ty towardsr = 92mm. As per Max Stress, the interactive Tsdi-¢diefficient is also largest at=
84mm for all cases. However, the increase withmia¢igradient is uniform through the thickness, ilbe
marginal. The non-interactive simplistic natureMdix Stress is known to result in potential inacciga
when predicting failure.

0.35 0.35
To=30°C To=30°C

030 Ty = 60°C 03 Ty =60°C
5025 To=90°C g 025 | e To = 90°C
g =~ — = Tp=120°C Lg —-—- To=120°C
= 020 E £ 0.20
8 = 8
o 0.15 == o 0.15
=T e, -~. = PRI
5 BT WS z R S
F 0.10 e 00 e

0.05 0.05

0.00 0.00

76 78 80 82 84 92 94 96 98 100
7 (mm) 7 (mm)

Figure 8. Von Mises coefficient through inner (Jefhd outer liner (right) for increasifg: basic TCP
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Figure 9. Through-laminate Max Stress (left) andiFHill coefficient (right) for increasind,: basic TCP
5.2. Effects of Varying Liner Thickness

Here, we investigate the effects of varying thekhess of the liners concurrently with respecthe t
laminate, the dimensions of which are kept constBernperature distributions for 4mm thick liner84)
and 12mm thick liner (12:8:12) configurations ah®wn in Figure 10. At higher gradients, the laménat
temperature is hotter with thin liners and theetighce through the laminate thickness is greater.dfop

in temperature through the 4:8:4 laminate is alnumstble that of the 12:8:12, dropping from 94.2 to
62.5°C compared to 75.9 to 58.5°C. Thicker lindfeatively regulate the temperature variation thgiou
the central laminate.

120 ~- 120 ~
S To=30°C
100 S e To=60°C 100
S £ 80
g g
2 =
£ 60
5 5
2. 2.
g g 40
() (o}
= =
20
0 0
80 84 88 92 9% 72 76 8 8 8 92 96 100 104
7 (mm) 7 (mm)

Figure 10. Temperature distributions for increadingt:8:4 (left) and 12:8:12 (right)

Von Mises coefficients through 4mm and 12mm linars shown in Figure 11. The coefficient
increases significantly in the 4mm inner liner la highesfl, but varies only slightly in the 4mm outer
liner with To. On the other hand, the coefficient is smaller tfog inner 12mm liner at higher thermal
gradients and becomes highly nonlineaf@t 120°C. The coefficient decreases in the outenrfidiner
with rising thermal gradient but for a small incsedowards,. At higher thermal gradients, thicker liners
are superior in terms of affording higher practisalety factor, particularly in the inner liner. Aan be
seen in Figure 10, the differences in temperateterden load cases are greatest in the inner liviech
result in more drastic variation of the failure ffiméent with increasingr.
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Figure 11. Von Mises coefficient through inner {jeind outer liner (right) for increasifiy: 4:8:4 (top)
and 12:8:12 (bottom)

4:8:4 and 12:8:12 through-laminate Max Stress asal-Hill distributions are shown in Figures
12 and 13. The Max Stress coefficient decreasa®ehily through the 4:8:4 laminate, as the governin
failure mode switches from radial compression mitinermost plies to in-plane shear in the outetnios
the case of 12mm liners, the coefficient is govdraetirely by radial compression and with risifigthe
largest increase is observedrat 84mm, as we have earlier seen. The Tsai-Hillfiment decreases
slightly with rising Ty through the 4:8:4 laminate. Conversely, the coigffit increases significantly for
the 12:8:12 configuration. For the 12mm liner cgafation, the Max Stress criterion significantlyden
predicts failure compared to Tsai-Hill.
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Figure 12. Through-laminate Max Stress coefficfentncreasingly: 4:8:4 (left) and 12:8:12 (right)
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Figure 13. Through-laminate Tsai-Hill coefficiewot fincreasindly: 4:8:4 (left) and 12:8:12 (right)

In summary, for the TCP considered here, von Misdlsre coefficient in a thin inner liner
increases with rising thermal gradient but lamirfatieire is not significantly altered, whereas thimers
are less prone to failure at higher gradients It Tsai-Hill coefficient increases uniformly and
substantially through the laminate with thick liseRecalling that the liner primary function ispvide
fluid tightness and wear resistance, the implicatiof using thin liners must be assessed e.gréoking.

5.3. Comparison of Thick Inner or Outer Liner

In this section, we investigate the failure resgooa configuration with thin inner and thick auli@er,
and vice versa, as opposed to liners of equal nieisk Von Mises coefficients through 4:8:12 an@®:12:
configuration liners are shown in Figure 14. Theftioient is largest through the thick inner lirafT, =
30°C. For the thin inner liner, the coefficientasgest at, for theT, = 120°C case. In both cases the outer
liner coefficient is largest for the smalle&t The coefficient exhibits nonlinear behaviour ioth thick
liners at high thermal gradient. As before, theeef of rising gradient are greatest in the inmeer)
regardless of whether a thin inner and thick olier or vice versa is used.
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Figure 14. Von Mises coefficient through inner {eind outer liner (right) for increasing: 4:8:12 (top)
and 12:8:4 (bottom)

Tsai-Hill coefficients through the 4:8:12 and 12:3aminates are shown in Figure 15. Ryt=
30°C the coefficients for both cases are near id&ntThe coefficient increases greatly with risihgfor
the 12:8:4 configuration but remains virtually uanged for the 4:8:12 case. From a practical pdint-o
view, for the same overall TCP thickness a thinemand thick outer liner (4:8:12) is superior te th
opposite configuration in terms of lower prediclieghi-Hill laminate failure and only slightly greateer
von Mises coefficient at high thermal gradient.
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Figure 15. Through-laminate Tsai-Hill coefficiewot fincreasindly: 4:8:12 (left) and 12:8:4 (right)

5.4. Discussion

In the scenarios investigated, the laminate Tshiddefficient was lowest for the TCP with thin (dmh
liners. However, large liner failure coefficient svabserved, particularly in the inner liner at higarmal
gradient. As opposed to utilising two thick (12mhmers, which are less prone to failure but cause a
substantial rise in laminate Tsai-Hill coefficiemtn optimal design can be achieved by utilisindnia t



inner and thick outer liner. In this case, lamind®ai-Hill coefficient is lower and more stable at
temperature, and the liner von Mises coefficiendrigy marginally higher than the opposite confidima
with the same overall thickness. A thick outer liaéso offers enhanced resistance to external aear
tear. However, the designer should consider thédi¢atfpns of a larger outer radius, e.g. in terrhbend
radius (for spooling) and external fluid mechanifise local material failure model presented camided

in conjunction with global riser analysis tools fgjobal-local analysis.

This study has highlighted the importance of comsidy varying internal operating temperature
for the practical application of TCP risers. Higteirnal-to-external thermal gradient may lead tghlyi
nonlinear effects in failure coefficients throudiick liners, particularly a thick inner liner. Tiner liner
will experience larger changes in temperature dudeepwater operation than the outer liner and the
effects of rising internal temperature on failucefficient are greater regardless of whether theritiner
is thinner or thicker than the outer. Appropriaggimisation of liner thickness can regulate thesakto
which the laminate failure coefficient changes wistnying internal operating temperature.

6. Conclusions

In this paper, a 3D FE model was developed to aeraftress state in TCP under combined pressure,
tension and thermal gradient considering tempesadependent material properties. From obtained
stresses, through-thickness failure coefficient \@nalysed according to von Mises through isotropic
liners and Max Stress and Tsai-Hill criteria thrbufe laminate for illustrative SLHR load caseseTh
internal surface temperature was increased to igats rising internal-to-external thermal gradient

The effects of varying the liner thickness withpest to the central laminate were examined. In
practical terms, varying the liner thickness creatdrade-off between liner and laminate safetjofaas
the thermal gradient is increased. Tsai-Hill caidint through a laminate with equally thin linecsed not
change significantly with thermal gradient, howettee von Mises failure coefficient in the innerdin
increases considerably. On the other hand, eqtradl liners are not more prone to yielding at eased
thermal gradients but interactive failure coeffitief the central laminate increases.

For the TCP considered here, a thin inner and thigter liner is superior to the opposite
configuration in terms of lower laminate Tsai-Hililure coefficient. Whilst this configuration appre
optimal for the studied operating conditions, tlesigner should consider the implications, e.gefms of
through-liner cracking, external fluid mechanicsd apending of the pipe during transportation and
installation. Global riser analysis tools can beduso determine the inputs for the TCP failure nhode
presented here, i.e. to perform global-local anslys
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Appendix 1

The orthotropic stiffness matrix in material cooaties can be written in terms of engineering consta
as:

_ -1
1 —Viz Vi3

TR SR 0 0 0
Cu € Gz 0 0 07 |32 Eiz 220 0 0
[C]=|C13 Ca3 C33 O 0 0 |= Eq E, E3
0 0 0 Cy 0 0 o0 ol
[o 0 0 0 Cs o‘ Gs
0 0 0 0 0 Cu 0o 0 0 0 = o
613
o 0 0 0 0 —
Gy

where subscripts 1, 2 and 3 refer to fibre longrtalj transverse in-plane and out-of-plane direxio
respectively.

Layer off-axis stiffness constants are then tramséal from constants along principal directions Hase
angleg as follows [20]:

{10 = [Al{c}®),

where:

~ _ (AU 7R #) m(K) Fk) mK) (k) &) AK) &) mK) &) T
{C}(k) = {611 €270 Ci3” Cig™r oy’ G537, o6, €337, 367, Cay 5 Oy, Css ™, Cog } ,

_ () ~() A0 ~(K) ~(K) ()~ ~(K) AT
(Y0 = {611 1 G527 G337, Chy's i3, Coz', Gag”, Gy, Gy } .

The stiffness transformation matrix is:



[ m* n* 0 2m?n? 0 0 0 0 4m?*n?
m?®n? m?n? 0 m* +n* 0 0 0 0 —4m?n?
0 0 0 0 m? n? 0 0 0
m3n —-mn® 0 -m3n+mn® 0 0 0 0 —-2mn+2mnd
n* m* 0 2m?n? 0 0 0 0 4m?n?
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wherem = cog andn = sinp.

Similarly, the expansion coefficients in princigalordinates can be transformed to the cylindrized tor
the thermal strains [14]:

a\®  tm2 w2 o0 ()
(047 _ le mZ 0 {a;}
ar 0 0 1 as
az0 mn —-mn 0



Effects of Thermal Gradient on Failure of a
Thermoplastic Composite Pipe (TCP) Riser Leg

James C. Hastie*, Igor A. Guz, Maria Kashtalyan
School of Engineering, University of Aberdeen, Scotland, UK

Centre for Micro- and Nanomechanics (CEMINACS)

*Corresponding author. Email: r03jhl5@abdn.ac.uk



Effects of Thermal Gradient on Failure of a
Thermoplastic Composite Pipe (TCP) Riser Leg

Abstract

Thermoplastic composite pipe (TCP), consisting of a fibre-reinforced thermoplastic laminate fully bonded
between homogeneous thermoplastic liners, is an ideal candidate to replace traditional steel riser pipes in
deepwater where high specific strengths and moduli and corrosion resistance are advantageous. During
operation, risers are subjected to combined mechanical and thermal loads. In the present paper, a 3D finite
element (FE) model is developed to analyse stress state in a section of TCP under combined pressure,
axial tension and thermal gradient, illustrative of a single-leg hybrid riser (SLHR) application. From the
obtained stresses, through-thickness failure coefficient is evaluated based on appropriate failure criteria.
The effects of increasing the internal-to-external thermal gradient are investigated considering temperature
dependent material properties. The influence of varying the thickness of the isotropic liners with respect to
the laminate is examined.

Keywords: Thermoplastic composite pipe; composite riser; thermal gradient
1. Introduction

Fibre-reinforced plastic (FRP) materials have been viewed as candidates to replace steels in deepwater
exploration and production (E&P) applications for a number of advantages including high specific
strengths and moduli and excellent corrosion resistance. Thermoplastic composite pipe (TCP) is an
example of an FRP product attracting growing interest in the offshore E&P sector. TCP consists of a fibre-
reinforced thermoplastic multi-ply laminate with inner and outer homogeneous thermoplastic liners, which
provide fluid tightness and wear resistance. Figure 1 shows the basic construction. Polyethylene (PE),
polyamide (PA) and polyetheretherketone (PEEK) thermoplastics are used, superior to thermosets in terms
of ductility, toughness, impact resistance and stability at extreme temperatures. The thermoplastic is
reinforced with tape- or filament-wound (FW) carbon, glass or aramid fibres to form the laminate. A melt-
fusion process typified by leading manufacturers is used to fully bond all layers.

Outer liner

Q Composite laminate

~ é Inner liner

Figure 1. TCP configuration

The behaviour of multi-layered, fibre-reinforced pipes under mechanical loads for practical
application has been studied for several decades (see reviews in [1,2]). The response of thermoplastic-
based pipe of the tri-layer TCP construction specifically, often referred to in different sources as
‘reinforced thermoplastic pipe (RTP)’, under various discrete and combined mechanical loads relevant to
subsea applications has also been studied in recent literature. Bai et al. [3] investigated external pressure



collapse of TCP consisting of aramid fibre and high-density polyethylene (HDPE) layers by theoretical,
finite element (FE) and experimental methods. Kruijer et al. [4] investigated the behaviour of pressurised
TCP considering slack of non-impregnated aramid reinforcement cords. Ashraf et al. [5] used FE
modelling to investigate bending-induced buckling of carbon/PEEK TCP. Bending of aramid/PE TCP was
investigated numerically by Yu et al. [6], accounting for strain-dependent nonlinearity. The behaviour of
TCP under combined pressure and bending [7], pressure-tension [8] and bending-tension [9] has been
studied largely by numerical means. Variations of TCP have been developed and studied, including multi-
layered plastic pipes reinforced with steel wires or strips as an alternative to, or in conjunction with, non-
metallic fibres [10,11]. Weight added by steel can improve stability for certain subsea piping systems.

In addition to mechanical loads, subsea tubulars are subjected to uniform temperature change (e.g.
deploying into cool seawater) and thermal gradients during operation (i.e. resulting from the mismatch
between hot internal fluids and external seawater). Literature pertaining to FRP and multi-layered pipes
under thermomechanical load is less widely available. Xia et al. [12] presented an elastic solution based
on classical lamination theory for pressurised sandwich pipes with isotropic core and orthotropic skins
subjected to temperature change. Akcay and Kaynak [13] used analytical expressions to investigate failure
of multi-layered FRP cylinders under pressure and uniform thermal load for plane-strain and closed-end
conditions. A 3D elasticity solution for multi-layered FW pipes subjected to internal pressure and
temperature gradient was presented by Bakaiyan et al. [14]. A closed-form stress solution for pressurised
vessels with multiple isotropic layers subjected to thermal load was presented by Zhang et al. [15]. Wang
et al. [16] proposed a strategy for predicting failure of a carbon/epoxy vessel under pressure and thermal
loading based on material property degradation and micromechanics of failure (MMF) criterion.
Analytical solutions for stresses and displacements in heated and pressurised multi-layered pipes were
developed by Vedeld and Sollund [17] and Sollund et al. [18]. The solution of Vedeld and Sollund [17],
which assumed uniform temperature distribution within each layer, was subsequently refined by Yeo et al.
[19], who found their refined solution to produce more accurate predictions than the original.

In general, literature on thermal loading of composite pipes has largely been limited to analytical
studies. A numerical model, developed for example jn dedicated FE software packages such as Abaqus or
ANSYS, would allow a wide array of mechanical and thermal load combinations to be studied.
Furthermore, defects such as delamination can be introduced where this may prove analytically complex
or unfeasible.

As well as a requirement for greater overall understanding of the behaviour of composite pipes
such as TCP under thermal load, there is a particular need for investigating behaviour when accounting for
the temperature dependence of material properties. Composite properties are most often taken to be
constant in existing literature, likely a by-product of the lack of available data to fully define a material
over an appropriate temperature range. To more accurately predict stress and strain states and resulting
failure it is crucial that temperature dependence is accounted for.

In the present paper, the problem of TCP under combined pressure, axial tension and thermal
gradient illustrative of a deepwater riser application is considered. A 3D FE model is developed for
predicting stress state under the combined loading taking into account temperature dependent
carbon/PEEK material properties uniquely compiled and extrapolated from literature. From obtained
stress distributions, through-thickness failure coefficients according to von Mises criterion for isotropic
liners and Maximum Stress and Tsai-Hill criteria for orthotropic laminate are analysed. The effects of
increasing the internal-to-external thermal gradient on failure are investigated. The influence of varying
liner thickness with respect to the central laminate is also examined.
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2. Problem Formulation

A single-leg hybrid riser (SLHR) system, illustrated in Figure 2, is an application in which the benefits of
TCP can be exploited to great economic effect. The riser leg, tensioned by buoyancy to avoid buckling, is
isolated from vessel motions by a flexible jumper. Let us consider a section along the leg. During
operation, the section is subjected to internal and external pressures (Pp and P,), axial tension (F,), and

internal and external surfaces temperatures (7 and 7).

Flexible
Jjumper

Vertical riser
leg

| /

‘I' Foundation

Figure 2. SLHR system

Here, we consider the section to be TCP with N layers as illustrated in Figure 3. Layers k=1 and
k = N are isotropic liners and the remaining layers are orthotropic plies that together form the laminate.
Under axisymmetric loading, stresses and strains are independent of the hoop coordinate, 6. Axial (z) and
radial (r) displacements depend only on the corresponding directions i.e. [20]:
U = u, (1), M

u; = uy(2), ug=up(r,z),

where u; denotes displacement in z, 6 and r.

Figure 3. TCP in cylindrical coordinates

The strain-displacement relations are written as [20,21]:

k
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| where yp is a pipe twist per unit length and ¢ is constant.
Layer stresses and strains in cylindrical coordinates are related by the constitutive equations [21]: <
s A A 0
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where C; j are the transformed stiffness constants corresponding to a fibre-reinforced layer orientated at
angle ¢, which describes the offset of the fibre longitudinal from the cylindrical z direction; .., ¢y, o, and
-0 are the cylindrical coefficients of thermal expansion; AT is the change in temperature. The

transformation of stiffness constants from material coordinates to off-axis directions is demonstrated in

Appendix 1. Note that whilst the plies are orthotropic, the behaviour is strictly monotropic in relation to

the global axis (i.e. fibre direction not aligned with z).

Under axisymmetric internal-to-external temperature differential, AT depends on the radial
temperature distribution, 7(r):

AT =T(r) =, Tres “)

where T is the initial (or reference) temperature.

The equation for steady-state heat conduction considering no heat generation for a multi-layered pipe in
cylindrical coordinates is expressed as [14,15]:

9*T(r) | 19T() _

ar? r or 0. (5)
Heat flux must satisfy continuity for layers k=1, 2, ..., N-1:
q(")(rk) = q("“)(rk). (6)

where the heat flux through layer k& with radial thermal conductivity A, (orthotropic /3) is obtained using

Fourier’s law;

(k) = _ 0 ar®
q A 5 @)

Combining Equations (5) and (6) it can be shown that [15,22]:
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The temperature at the interface between the kth and k+1th layer is deduced as [15]:

k1 K
PICIEEY 1n<r (k>))+1£k+1)7-(k+1)1n< (k) )

T — r &
- Kk (k+1) k+1 (k)
A In(C ) +A D in ()
Thus, the temperature at radius 7 in an arbitrary layer & is [15]:
_rlo_pte-n X
T(r)= Wlnm + 7,
"(r(k-l))

The distribution under uniform internal and external temperature is bound by:

| T(ro) =Ty, T(r) =T,
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The equilibrium equations for a long axisymmetric tube under prescribed loading are [20,21]:

a0, o=

dr r

| From (] 2b) and (]2¢) we obtain:
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| Combining the constitutive expressions (Equation (3)), equilibrium condition (l2a), strain-
displacement relations (2) and displacement field (1), one obtains a second-order ordinary differential
equation of which the solution for isotropic and transversely isotropic layers is [21]:

| uik) = DUy 4 FUOp-1, (4
where D® and E® are unknown constants.

Under internal and external pressure, the boundary conditions at inner and outer radii are written
as [21]:
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Axial force at the pipe end is determined by integrating o, over the cross-sectional area and torque
by the moment of 7.y. Considering a long pipe subjected to tension, axial equilibrium and zero torsion are
expressed by the integrals [21]:

| 2w Y= J‘:kk_l Gz(k) (r)rdr ='FA: (17a)

| 2m leg=1f:kk_1 rgé)(r)rz dr = 0. (17b)

2

By substituting Equations (] 5b) and (] 6b) into (I3), A” = B¥ = 0. For N layers there exist 2N+2 ) }

unknowns, i.e. D®?, E® gand yp (for f =1, 2, ..., N), that can be determined from boundary conditions,

continuity conditions and axial/torque integrals in order to obtain displacements, stresses and strains.

3. Lamina Failure Criteria

For assessing local stress-based material failure, stresses must be transformed from cylindrical to principal
material coordinates as follows [21]:

01 m? n? 0 0 O 2mn Oy
o2 n> m? 0 0 0 —2mn||%
g3 0 0 1 0 0 0 Or

= , 18
T23 0 0 0 m -n 0 |]%r (%)
T13 0 0 0 n m 0 Tar
T12 -mn mn 0 0 0 m?—n?l\Tz/,
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| where m = cosg and n = sing.

In this study, the Maximum Stress (herein “Max Stress”) and Tsai-Hill criteria are compared.
According to Max Stress, failure is assumed simply when the stress along a principal direction exceeds the
| corresponding allowable, i.e. when any of the following are exceeded:

e <0 <Vp, —Jc<o03<Zy,

| —Xc <oy <X,

| T3] < Q, I3l <R, r12l < S, (9

where X, Y and Z are tensile or compressive strengths (subscripts /T° and ;C”) along directions 1, 2 and 3

respectively; O, R and S are the shear strengths in coordinates 23, ,13 and ,12 respectively. Interaction

amongst stresses within a lamina is unaccounted for, which can result in error for multi-axial cases. Stress
interaction is accounted for in the widely used quadratic Tsai-Hill criterion, expressed as:

ot , o3

2 2 2 2

a3 (1 1 1) (1 1 1) ( 1 1 1 12 | 123, Th
- -0 st 55—l 55+t S5m0 | S5+ttt S )| FEF =S4 =
VX’IZ‘ vy’I% vZ’f‘ 1 2v X’lz' L 3v X% Y’Ig Z’f‘ 2 3v X’%‘ Y’Ig £ R? s?

2 2
Yp  Zy Zt Q?
1.

@0)

v

4. Numerical Simulation
4.1. TCP Mechanical Model

A 3D FE model was developed jn Abaqus/CAE 2017 capable of predicting stress state in a section of TCP

under combined pressures, tension and thermal gradient. Dimensions of the ‘basic’ configuration

modelled for this study are given in Table 1. The inner liner, laminate and outer liner of the basic TCP are
an equal thickness of 8mm, which we denote here as “8:8:8”. In this study, the liner thicknesses are varied
with respect to the laminate, for example 4:8:4 (equally thick liners), or 4:8:12 (unequal liners). The

laminate is constructed of eight W layers orientated in the sequence [£55]4, each wound to a thickness of '

Imm.

v

Table 1. Basic TCP section dimensions

BN Revision 28/1/2019 21:51

Dimension Value
Inner radius, rp (mm) 76
Inner liner thickness, /;, (mm) 8
Laminate thickness, /i,,, (mm) 8
Outer liner thickness, /,, (mm) 8
Outer radius, 7, (mm) 100

The TCP consists of unidirectional AS4/APC-2 carbon/PEEK laminate plies and homogeneous
APC-2 PEEK liners. APC-2 PEEK composite has a glass transition temperature (7,,) of 143°C and can be
used in lightly loaded applications at temperatures as high as 260°C [23]. Properties used to define the

materials over a range of temperatures are given in Tables 2 and 3, where data has been carefully

compiled as far as possible from literature. To the authors’ best knowledge these tables represent the most
comprehensive compilation of AS4/APC-2 properties over the relevant temperature range. Note that for
practical application the designer should always assess properties of the specific chosen material
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experimentally. The following assumptions are made to fully define the AS4/APC-2 for temperature
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Internal and external surface pressures are applied simultaneously, along with axial tension,
applied as a point load on a reference point located at the centre of one pipe end and fully coupled to the
end face in all but the radial direction, as shown in Figure 4. At the opposite pipe end, a reference point is
fully fixed in the centre and coupled to the end face.,

Figure 4. Axial point load and kinematic coupling
4.2. Validation of the Mechanical Model

The model was firstly validated for the case of combined pressure and tension prior to extending to
include thermal load and defining temperature dependent properties on Abaqus. An analytical solution
based on the Section 2 formulation excluding thermal component was developed jn MATLAB for
comparison with the FE model. Analysis was run for “A” and “B” TCP configurations with different
laminate ply sequences (the basic [+£55], and [(£15),/(90)4] respectively) to validate fibre angle orientation
under the following load conditions: Py = 40MPa; P, = 20MPa; F, = 50kN.

Through-thickness cylindrical stresses based on the MATLAB and FE models are shown in
Figure 5. For both configurations MATLAB and Abaqus strongly agree. The Abaqus model was extended
to thermomechanical by creating a coupled temperature-displacement step and employing appropriate
thermal elements (C3D20RT). A suitable mesh was established by performing a refinement exercise.
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Figure 5. Validation of FE model stresses
4.3. Thermal Loading

During its service life, the internal temperature of a riser may vary considerably whereas the external
seawater temperature will remain near constant in deepwater. In this study, increasing temperatures are
applied as fixed boundary conditions on the internal surface. On the outer surface, a film coefficient is
applied to simulate free convection to the surrounding environment.

5. Results and Discussion

Simulations were run for TCP under combined pressures, axial tension and thermal gradient illustrative of

an SLHR operating in ultra deepwater (1,500m and beyond). In all cases internal pressure, external

pressure and tension of 40MPa, 20MPa and 50kN respectively were applied (illustrative of operation at

around 2,000m depth). Internal surface temperature was increased from 30 to 120°C to investigate the
effects of increasing through-thickness gradient. The surrounding seawater temperature was 4°C with a
heat transfer coefficient of 50Wm™2°C™". An initial temperature of 23°C for the TCP was assumed.

5.1. Effects of Increasing Thermal Gradient

Through-thickness temperature distributions for the basic TCP (Table 1 configuration with [+55],

laminate) under rising internal temperature are shown in Figure 6. Temperature decreases linearly from
internal to external surfaces at different rates through the layers. The slope is steeper through the liners (»
=76 to 84mm, 92 to 100mm) than the laminate, owing to lower thermal conductivity and thus greater
insulating characteristics. The temperature variation through the laminate increases with 7). The outer
surface temperature as a result of heat convection is 8.9 and 27.1°C for 7j = 30 and 120°C respectively.
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Figure 6. Temperature distributions for increasing 7: basic TCP

Stress variations through the basic TCP under increasing 7 are shown in Figure 7. Radial stress

(0,) magnitude decreases linearly from the value of internal pressure on the inner surface to external
pressure at the outer surface through the layers. Hoop (oy), axial (o.) and shear (z.9) stresses are
predominantly carried by the laminate and increase with temperature gradient. The sign of the shear stress
alternates with each +55° ply.
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Von Mises failure coefficients through the liners are shown in Figure 8. The coefficient is

generally smaller through the inner liner at increased 7. In the outer liner, the coefficient decreases at r =

92mm with rising 7 but is virtually unaltered at r,. Failure coefficients through the laminate according to

Max Stress and Tsai-Hill are shown in Figure 9. The Max Stress coefficient, governed by the compressive -

stress-to-strength ratio in the radial direction, increases slightly with 7 at » = 84mm but is gradually less

altered towards » = 92mm. This reflects the radial stress distributions in Figure 7, which are near identical

for all T towards » = 92mm. As per Max Stress, the interactive Tsai-Hill coefficient is also largest at » =
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84mm for all cases. However, the increase with thermal gradient is uniform through the thickness, albeit
marginal. The non-interactive simplistic nature of Max Stress is known to result in potential inaccuracies
when predicting failure.
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Figure 8. Von Mises coefficient through inner (left) and outer liner (right) for increasing 7): basic TCP
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Figure 9, Through-laminate Max Stress (left) and Tsai-Hill coefficient (right) for increasing 7p: basic TCP

5.2. Effects of Varying Liner Thickness

Here, we investigate the effects of varying the thickness of the liners concurrently with respect to the
laminate, the dimensions of which are kept constant. Temperature distributions for 4mm thick liner (4:8:4)
and 12mm thick liner (12:8:12) configurations are shown in Figure 10. At higher gradients, the laminate
temperature is hotter with thin liners and the difference through the laminate thickness is greater. The drop
in temperature through the 4:8:4 laminate is almost double that of the 12:8:12, dropping from 94.2 to
62.5°C compared to 75.9 to 58.5°C. Thicker liners effectively regulate the temperature variation through
the central laminate.
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Figure |0. Temperature distributions for increasing 7): 4:8:4 (left) and 12:8:12 (right)

Von Mises coefficients through 4mm and 12mm liners are shown in Figure | 1. The coefficient

increases significantly in the 4mm inner liner at the highest 7j, but varies only slightly in the 4mm outer

liner with 7. On the other hand, the coefficient is smaller for the inner 12mm Jiner at higher thermal

gradients and becomes highly nonlinear at 7, = 120°C. The coefficient decreases in the outer 12mm liner

with rising thermal gradient put for a small jncrease towards 7, At higher thermal gradients, thicker liners
are superior in terms of affording higher practical safety factor, particularly in the inner liner. As can be
seen in Figure 10, the differences in temperature between load cases are greatest in the inner liner, which
result in more drastic variation of the failure coefficient with increasing 7.
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Figure 11. Von Mises coefficient through inner (left) and outer liner (right) for increasing 7j: 4:8:4 (top)
and 12:8:12 (bottom)

4:8:4 and 12:8:12 through-laminate Max Stress and Tsai-Hill distributions are shown in Figures
J2 and 13. The Max Stress coefficient decreases bilinearly through the 4:8:4 laminate, as the governing
failure mode switches from radial compression in the innermost plies to in-plane shear in the outermost. In
the case of 12mm liners, the coefficient is governed entirely by radial compression and with rising 7 the

largest increase is observed at » = 84mm, as we have earlier seen. The Tsai-Hill coefficient decreases

slightly with rising 7 through the 4:8:4 laminate. Conversely, the coefficient increases significantly for
the 12:8:12 configuration. For the 12mm liner configuration, the Max Stress criterion significantly under-
predicts failure compared to Tsai-Hill.
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Figure |2. Through-laminate Max Stress coefficient for increasing 7p: 4:8:4 (left) and 12:8:12 (right)
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Figure |3. Through-laminate Tsai-Hill coefficient for increasing 7p: 4:8:4 (left) and 12:8:12 (right)

In summary, for the TCP considered here, von Mises failure coefficient in a thin inner liner

increases with rising thermal gradient but laminate failure is not significantly altered, whereas thick liners
are less prone to failure at higher gradients but the Tsai-Hill coefficient increases uniformly and

substantially through the laminate with thick liners. Recalling that the liner primary function is to provide

fluid tightness and wear resistance, the implications of using thin liners must be assessed e.g. for cracking.
5.3. Comparison of Thick Inner or Outer Liner
In this section, we investigate the failure response of a configuration with thin inner and thick outer liner,

and vice versa, as opposed to liners of equal thickness. Von Mises coefficients through 4:8:12 and 12:8:4
configuration liners are shown in Figure 4. The coefficient js largest through the thick inner liner at 7 =

f Revision 28/1/2019 21:51

/| Deleted: 13...4. The coefficient

30°C. For the thin inner liner, the coefficient js largest at r for the 7|, = 120°C case. In both cases the outer ,

liner coefficient is largest for the smallest 7). The coefficient exhibits nonlinear behaviour in both thick -

liners at high thermal gradient. As before, the effects of rising gradient are greatest in the inner liner.
regardless of whether a thin inner and thick outer liner or vice versa is used.
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Figure |4. Von Mises coefficient through inner (left) and outer liner (right) for increasing 7): 4:8:12 (top)

and 12:8:4 (bottom)

Tsai-Hill coefficients through the 4:8:12 and 12:8:4 laminates are shown in Figure 15. At T =

30°C the coefficients for both cases are near identical. The coefficient increases greatly with rising 7 for |

the 12:8:4 configuration but remains virtually unchanged for the 4:8:12 case. From a practical point-of-
view, for the same overall TCP thickness a thin inner and thick outer liner (4:8:12) is superior to the
opposite configuration in terms of lower predicted Tsai-Hill laminate failure and only slightly greater liner
von Mises coefficient at high thermal gradient.
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Figure | 5. Through-laminate Tsai-Hill coefficient for increasing 7): 4:8:12 (left) and 12:8:4 (right)
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In the scenarios investigated, the laminate Tsai-Hill coefficient was lowest for the TCP with thin (4mm)
liners. However, large liner failure coefficient was observed, particularly in the inner liner at high thermal
gradient. As opposed to utilising two thick (12mm) liners, which are less prone to failure but cause a
substantial rise in laminate Tsai-Hill coefficient, an optimal design can be achieved by utilising a thin
inner and thick outer liner. In this case, laminate Tsai-Hill coefficient is lower and more stable at
temperature, and the liner von Mises coefficient is only marginally higher than the opposite configuration
with the same overall thickness. A thick outer liner also offers enhanced resistance to external wear and
tear. However, the designer should consider the implications of a larger outer radius, e.g. in terms of bend
radius (for spooling) and external fluid mechanics. The local material failure model presented can be used
in conjunction with global riser analysis tools for global-local analysis.

This study has highlighted the importance of considering varying internal operating temperature

for the practical application of TCP risers. High internal-to-external thermal gradient may lead to highly

nonlinear effects in failure coefficients through thick liners, particularly a thick inner liner. The inner liner

will experience larger changes in temperature during deepwater operation than the outer liner and the
effects of rising internal temperature on failure coefficient are greater regardless of whether the inner liner

is thinner or thicker than the outer. Appropriate optimisation of liner thickness can regulate the extent to
which the laminate failure coefficient changes with varying internal operating temperature.

6. Conclusions

In this paper, a 3D FE model was developed to analyse stress state in TCP under combined pressure,
tension and thermal gradient considering temperature-dependent material properties. From obtained
stresses, through-thickness failure coefficient was analysed according to von Mises through isotropic
liners and Max Stress and Tsai-Hill criteria through the laminate for illustrative SLHR load cases. The
internal surface temperature was increased to investigate rising internal-to-external thermal gradient.

The effects of varying the liner thickness with respect to the central laminate were examined. In
practical terms, varying the liner thickness creates a trade-off between liner and laminate safety factor as
the thermal gradient is increased. Tsai-Hill coefficient through a laminate with equally thin liners does not
change significantly with thermal gradient, however the von Mises failure coefficient in the inner liner
increases considerably. On the other hand, equally thick liners are not more prone to yielding at increased
thermal gradients but interactive failure coefficient of the central laminate increases.

For the TCP considered here, a thin inner and thick outer liner is superior to the opposite
configuration in terms of lower laminate Tsai-Hill failure coefficient. Whilst this configuration appears
optimal for the studied operating conditions, the designer should consider the implications, e.g. in terms of
through-liner cracking, external fluid mechanics and bending of the pipe during transportation and
installation. Global riser analysis tools can be used to determine the inputs for the TCP failure model

presented here, i.e. to perform global-local analysis.
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where subscripts I, 2 and 3 refer to fibre longitudinal, transverse in-plane and out-of-plane directions

respectively.

Layer off-axis stiffness constants are then transformed from constants along principal directions pased on
angle ¢ as follows [20]:

{3y = [A1{cy 0,

where:
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M) _ (AR 700 m0) 700 700 A(K) 500 &) A(K) A0 &) k) ~0NT
{C}(k) - {Cll ’Clz 'C13 'Cl6 'CZZ 'CZ3 'C26 2 C33 ’C36 'C44 'C45 ’CSS 'C66 } "

0 _ (00 (0 (06 (00 o) (00 00 00
{C}( ) = {Cll 'C22 ’C33 'C12 'C13 ’C23 ’GZ3 'Glz ’Gl3 } .

The stiffness transformation matrix is:
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where m = cosg and n = sing.

Similarly, the expansion coefficients in principal coordinates can be transformed to the cylindrical axis for

the thermal strains [14]:
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