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environment
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Abstract

The hybrid flexible risers have a multi-layered structure and use thermoplastic composite for the pressure and tensile
armour. In contrast, a conventional flexible riser uses heavier carbon steel as armour which significantly contributes
to its weight. For shallow-water applications, the conventional risers are widely used in offshore oil and gas industry
due to their corrosion resistance properties and low transportation costs. However, the weight of conventional risers
is a key limitation in ultra-deep-water applications. This shortcoming can be addressed by including a lightweight carbon
fibre reinforced polymer (CFRP) composite as one of the individual layers. The use of CFRP reduces the effective tension
at the hang off point which is a key limitation in extending the range of flexible risers. Here, the dynamic stability and
functional load interactions of both risers (viz: a thermoplastic CFRP riser and a conventional flexible riser) at a water
depth of 3000 m were studied. A global analysis was performed considering the onerous |1000-year hurricane wave
with 100-year currents. The investigation considered +150 m vessel offsets, three vessel headings (viz: 135, 180,
225°) and three vessel draughts (ballasted, empty, loaded). Additionally, a numerical model with a variable bending stiff-
ness was used to capture the orthotropic material behaviour of a flexible riser. Results showed that the buoyancy require-
ment and effective tension were 2.1 times greater and 2% higher for the conventional riser compared to its composite
counterpart. The most onerous case for a conventional riser was at zero offset whereas for its composite counterpart
was at —1 50 m along the length of a riser. It was observed that the heavier masses of a conventional riser aid in aligning the
weight vector with the upward direction of the buoyancy force. Contrarily, the composite risers undergo large displace-
ments leading to misalignments and instability. Furthermore, the observed bending radius of the flexible riser was found
to be within the allowable minimum bend radius at the hog bend location.
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seafloor to the collection at the top, as shown by schematic
in Figure 1(a). The flexible risers can be categorised as
conventional and hybrid types which are made of multiple
layers of polymers and metal alloys. The metal alloys can
be chosen according to strength required. Some nanocom-
posite metals can be used to increase the properties

Introduction

The subsea engineering of oil and gas production and
their transportation is a growing field.! They are broadly
divided into shallow and deep-water types. The infrastruc-
ture and oil extraction in shallow waters are simpler.
However, increasing number of explorations are taking
place in deep-water environments due to the depletion
of shallow water oil fields. A great many oil reserves
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are in high pressure environments at great sea-depths.
Oil exploration at great depths is an expensive and high-
risk operation. The extraction process often leads to
increased heating and surface oil seeps which pose a chal-
lenge to the environment. Subsea fluid transport requires
specialised risers which provide the connection between
the seabed and the facilities above the sea level. The
risers act as conduits to transfer oil and gas from the
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Figure |. (a) The schematic representation of a riser system in seawater (b) the cross section of a typical conventional flexible riser
with multiple layers bonded together (c) the pressure armour made of tape-winded composite carbon fibre reinforced thermoplastic.

beyond the conventionally available range.* These risers
have a low relative bending to axial stiffness ratio.
Therefore, they are quickly becoming the standard within
the oil and gas industry. These are referred to as flexible
risers and utilise a multi-layered design to achieve high
levels of flexibility.* These riser pipes have layers of high-
strength carbon steel wires that are wound in opposed direc-
tions, and these designs are evolving. There is a need to
design them to meet all possible realms of failures in
under deep-water environment. The major challenges are
high-pressure applications at elevated temperatures. The
combined design pressure and temperature are critical for
fatigue life. The riser pipes are susceptible to failure
through a variety of different loadings. They can burst and
buckle under both inner and outer pressures, tensile,
bending, torsional loads and their combinations.” A hybrid
riser can take stresses well above a traditional high-strength
steel. Designing the riser configuration in ultra-deep water
environments presents a variety of challenges.® The static
and operational loads on risers increase significantly at
great depths leading to the risk of structural collapse.
Thus, there is a need for new technologies, designs, and
materials. The flexible risers combine traditional metallic
materials with reinforced layers of thermoplastic carbon
fibre composites. This combination with the composite
material would tackle the major issue of self-weight,
however, it amplifies the dynamic response due to bubbles
in the flow.”® The new composite technologies allow
weight to be reduced by at least a third. Thus, the composite
designs can be tailored even to a high-pressure environment,
better than the high-grade steel designs currently operating.

In these risers, a composite metal bonding layer replaces a
metal layer with a bonded composite hoop layer. The con-
ventional flexible pipe structure is comprised of a series of
functionalised layers of polymers and metals. Due to the
metallic reinforcement, the weight per unit length of conven-
tional riser pipes is much higher. This is a challenge as it
sometimes exceeds the design requirements for the critical
top tension in the deep waters (>2000 m). All metallic sec-
tions, especially the heavier carcass layer contribute to the
axial load. There are trade-offs between thickness and
axial load contributions. Thick layers have a better ability
to withstand the external hydrostatic pressures at the same
time they also produce greater axial load leading to the
increase in the unit weight of the conventional riser pipe.
To reduce the weight of the riser per meter, a hybrid
design is proposed where the metallic layer is replaced
with a bonded thermoplastic carbon fibre composite.

The innovating new hybrid riser designs have inner
polymer liner made of polyvinylidene fluoride (PVDF)
which is tough and wear resistant.”'® The composite
pipe is made via winding the carbon fibre reinforced
polymer (CFRP) unidirectional tape around the rigid
PVDF pipe. The strong bonding between each layer of
the tapes is ensured by applying pressure and heat via
hot gas or infrared laser. The unbonded hybrid flexible
riser combines low bending stiffness with high axial
tensile stiffness where each layer has its own role to with-
stand tensile, hoop and bending stresses due to internal
and external pressures. This allows independent move-
ment of each composite layer and ultimately helps to
increase fatigue life compared to a traditional steel
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catenary. The CFRP composite pressure armour adds
complexity to its mechanical behaviour due to reduced
weight, increased axial and bending stiffness. The riser
construction involves combining multiple layers of com-
posite and metallic wire components into a single con-
struction. These layers interact with each other due to
inherent slippage under combined loads of bending,
axial and shear.'' The metal pressure armour wires
provide a degree of resistance to axial load and hoop stres-
ses due to internal pressure. The metallic wire under
bending stress remains intact however it starts sliding
along the geodesic lines above a critical bending stress
limit resulting in a nonlinear bending moment. The add-
ition of the CFRP pressure armour further increases the
complexity as its cross-section will transform from circu-
lar to elliptic under increased bending stress. This leads to
ovalisation of the cross-section and would strain the outer
layer by 2.5%, which is almost near the maximum limit.
Furthermore, the unbonded flexible riser in sea behaves
differently compared to the conventional risers containing
steel pressure armour.'*'? It is useful to develop a meth-
odology to increase damage tolerance to improve the com-
posite armour life and therefore, increasing overall life.'*
In this work, the performance of a hybrid riser is com-
pared with a conventional unbonded flexible riser pipe at a
water depth of 3000 m. Both riser types are normally used
for transferring oil and hydrocarbons onboard a floating pro-
duction storage and offloading (FPSO) unit. An FPSO is a
floating and storage facility for extraction and processing
of hydrocarbons, including oil from seabed. A numerical
analysis for configuration and optimisation was included
to keep the effective tension, shear load and compressive
loads within the allowable limits. The tension-angle of enve-
lope and the bend stiffener performances were also analysed.
The degree of nonlinearity created by wind, waves and cur-
rents were also considered. Using the dynamic FE method, a
frequency domain analysis was performed. Hitherto, the per-
formances of both conventional and composite risers have
never been compared for their strength and stability in deep
water environments with a combination of loads. Although,
the lightweight hybrid risers have the potential to reduce
the effective tension at the same time can increase instability
which is investigated here. This work highlights the effect of
adding composite pressure armour which aids in the develop-
ment of hybrid risers design in deep water environment.

Problem statement

The aim of this study is to compare the dynamic stability
of a composite riser with a heavier conventional counter-
part at an operational water depth of 3000 m. Specifically,
to identify the buoyancy requirements and maximum
effective axial tension for both types of risers. The ana-
lysis applied a 1000-year hurricane wave with 100-year
currents for the stability management and functional
load interactions. The load cases were built with two dif-
ferent vessel offsets and three vessel headings. All the
analyses were repeated considering two different sea-
water densities and vessel draughts.

Analysis consideration

The analyses were performed using the following
considerations:

e The material models considered the slippage of the
outer sheath, composite and tensile layers which is real-
istic depiction of a flexible layer model."'

e The designed pitch, diameter and height of buoys were
kept at 14, 2.1 and 5 m respectively for risers of density
4500.0 kg/m>."?

e The volume fraction of carbon fibre, tendons and their
lay angles were considered to calculate the equivalent
stiffness.

e The overall friction coefficient of 0.4 was used to deter-
mine the shear capacity, stress—strain relation of risers.

o The differential pressure between internal and external
sides of riser was the determining factor responsible for
the slippage of the layers.

e No weight or other ancillary equipment were consid-
ered in the analyses to restrain the risers at the seabed.

e A steep wave configuration with multiple sections was
used in buoyancy calculations. The values calculated
using these considerations were +5% of published
values.'”

Riser analysis input data

The riser system design schematic is shown in Figure 1(a),
this configuration was used in dynamic finite element ana-
lysis and for placing the buoyancy section of required
length. The hybrid design flexible riser was of
203.2 mm outer diameter (OD), its allowable axial
tension and compression limits were 5550 and 20 kN
respectively.'* The allowable minimum bending radius
was 4.06m at a maximum shear stress limit of
23 MPa.'® The overall minimum bending radius was esti-
mated based on 3% of maximum pipe strain. In
Figure 1(b), the typical cross section (image is redrawn
from Karegar'’) of a flexible riser pipe is shown. These
are constructed with multiple layers of polymers and
high strength metal alloys. The hybrid type risers are
made of tape winded composite CFRP as shown in
Figure 1(c).

Stiffness and composite properties

The equivalent axial and bending stiffnesses for the
hybrid design flexible riser pipe were taken as 220.0
and 170.0 kN/m respectively. The overall bending stiff-
ness is an assembled combination of each individual
layer. The reinforcing efficiency and a rule of mixture
were applied for calculations.'® The dimensions and
material specifications for each layer of the hybrid
design flexible pipe were taken from the work of
Kalman and Belcher.'” The analyses considered load
cases involving scenarios of both empty and seawater
filled pipes. The maximum external and internal pressures
0f 40.0 and 30.0 MPa were considered. As mooring lines
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do not make marked difference in lateral movement of
FPSO, they were not modelled in the global analysis.
The response amplitude operator (RAO) data from the
work of Brown'® was used. The composite section con-
sists of layers of thin tapes made of carbon fibres embed-
ded in thermoplastic polymer matrix. The carbon fibre lay
angle of 45° and its volume fraction were considered.

The orthotropic material properties for the composite
section were analysed in cylindrical coordinate systems.
The elastic modulus in axial direction was 700.0 MPa
and in the hoop direction 94,800.0 MPa, respectively.?”
The Poisson’s ratios vy, Vi3, V3 values considered were
0.0023, 0.96 and 0.315, respectively.® The modulus of
rigidity for G, and G,; were 180.0 and 910.0 MPa,
respectively.® The plane stress models were used for
the calculations of the variable bending moment. The
hybrid design of the flexible pipe uses a composite in
place of a metallic hoop layer. The configuration uses
bending stiffener to distribute the bending moment more
widely along the line to prevent excess bending curvature.
The bending stress—strain relationship of a stiffener is
shown in Figure 2(a). It has a taper with a constant
inner and variable OD in relation to its arc length as
shown in Figure 2(b).

Vessel and environmental data

The mean sea level was assumed to be 3000 m. The most
conservative 1000-year hurricane wave and 100-year
current data were used. The Dean wave theory of fifth
order was used in global analysis. The significant wave
height varied between 15.15 and 17.7 m, and the asso-
ciated period to maximum wave height (7,) varied
between 14 and 15.5s. The FPSO vessel of mass 9.0
tonne and dimensions 103 X 45X 20 m was used for the
global analysis. The RAO data'® was used for 90°—180°
vessel motion at 45° increments. An illustration of the
wave motion of the vessel is shown in the Figure 3(a).
The longitudinal and transverse friction coefficients of
0.47 and 0.25 were used to capture the interaction of the
riser with seabed. Additionally, a seabed with normal

stiffness 112 kN/m was modelled as a slope of gradient
0.286° in —73.67° direction. The standard values of 0.7,
1.3 and 1.05 were used for the smooth, buoyant and
bend stiffener coefficients. The standard drag coefficient
(Cy) from the work of Brown'® was used and the inertia
coefficient (Cy,) was assumed as 1.0. The soil supporting
the riser was modelled as nonlinear springs in the struc-
tural analysis. The 100-year period of sea-water extreme
current profile with sea-water depth is shown in
Figure 3(b).

Numerical analysis methodology

The global analysis of the riser system was performed in
three stages®' considering the global position of risers in
the sea location. The nonlinear dynamics at local level
analysed using cross section of all riser layers. Initially,
a preliminary static analysis was performed to identify a
suitable riser system. This is followed by dynamic and
extreme load cycle analyses using the regular and irregu-
lar wave loads, and environmental conditions. Finally, a
fatigue analysis was performed considering the oper-
ational and functional loads on the system during the
planned operational life. The modelling tools
OrcaFlex** and Mathcad®® were employed. The smeared
buoyancy was used throughout the analysis. The internal
surface temperature of a riser will fluctuate during the
operational life> therefore a conservative estimate was
made for the surface temperatures. The orthotropic mater-
ial properties were assigned to carcass layer. It is assumed
that the axial stiffness is insignificant in relation to hoop
direction for carcass layer. The outer sheath layer is mod-
elled as an isotropic material.’> A multi-linear model was
adapted for calculating the bending moment to curvature
relationship for armour layer. The composite layer was
modelled as an anisotropic material. The anti-wear tape
and tensile armour were modelled as steel (£=200
GPa, v=0.3). The PVDF (£=3.0 MPa, v=0.31) mater-
ial was assigned to inner sheath and polymer (E=
320 MPa, v=0.38) for the outer. The carcass was
assigned with anisotropic material properties (Ey=
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Figure 2. (a) Stress—strain relationship of the bending stiffener and (b) outer diameter (OD) variation with the arc length.
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Figure 3. (a) Heave response amplitude operator (RAO) of FPSO and (b) the sea extreme current profile.

95.4 GPa, E,=150 GPa, E,=100 kPa, v,,=0.31, v, =
0.39, 14, =0.006, Gy, =36.5 GPa, G,,=54.0 GPa, Gy, =
50.0 GPa®’). The composite properties (Ex=75 GPa,
E,=600 MPa, E,=600 MPa, v,,=0.124, v,,=0.55,
U, =022, G4,=190.0 MPa, G,,=100.0 MPa, G,,=
610.0 MPa) were assigned to pressure armour.'” The
contact points on riser were defined as bonded or frictional.
The contact relationship was set for pairs of external
carcass layer and inner sheath, similarly, between inner
sheath and pressure armour and anti-wear tape layer and
outer sheath. All analyses were repeated with both
bonded and frictional contact configurations. The augmen-
ted Lagrange formulation was adopted. A direct solver
type was used with the stiffness was made to update at
each increment of numerical iteration. One end of the
riser was fixed in all directions. The opposite end was set
unconstrained in radial and transverse directions. The
forces of actual load experienced in sea conditions were
applied as a displacement in the axial direction. Along
with these constraints the subsea operational loads were
applied. Internal and external pressures of maximum 32
and 42 MPa as a function of time were applied. The net
contribution of stiffness from each layer is summed up to
compute the multi-linear bending characteristics.

Static analysis

A total of six load cases were simulated in static state
which meets the required limits for minimum bend
radius (MBR), effective tension, compression and shear
forces. All load cases were simulated initially under bal-
lasted draught condition and later repeated with actual
loading. The simulations used a content density of
1025 kg/m*. All simulations considered three vessel head-
ings (=150, 0.0 and 150 m). Three main loading compo-
nents (viz: volume, specified and currents) on risers were
considered. The static equilibrium was evaluated based on
riser and its components mass, sea-water density, buoy-
ancy and transported fluid properties. The riser undergoes
into a pre-bent state due to bending loads which is based

on a bending moment to curvature relation as shown in
Figure 4(a). A peak load was witnessed after a time of
0.1 s before the pressure was applied to the tensile
armour layers. An acceptable deformation of 19.9 mm
was predicted in the radial direction. The forces were
evaluated based on the equilibrium and effective tension
and weights in immersed water conditions. The equations
were developed based on the combined effects of tension,
internal and external hydrostatic pressures. The FE
models examined in this paper used the equivalent effect-
ive parameters for all the loads."* In Figure 4(b), illustra-
tions of the force balance and equilibrium of curved riser
section is presented (images are redrawn from refer-
ence'?). It was assumed that the wave loading acts in
line with the hog bend of the vessel as shown in
Figure 4(c). The formulas for the effective weight and
tension are expressed in equations (1) and (2).

Wer = v4As + 7:4i — yoAo (1)

Tejf = Tt +POA() - Pin +le],2A1 (2)

During the actual installation phase of the riser plat-
forms, pulling forces are normally applied. This is per-
formed in the installation to keep the riser in tension
and to avoid buckling of the lower section. In the FE
model, the equivalent edge-loads were applied on the
top section of the riser. In the static analysis, equivalent
forces were applied on risers to mimic this condition.
Finally, all the static and current loads were assigned to
the system. These also include the forces of current
loads. To determine the static equilibrium conditions, it
is important to determine the forces acting of the riser gen-
erated by the sea-water current.

The steady current induces drag forces on the riser and
buoyancy modules. The relative magnitude of these forces
in comparison with volume forces were evaluated for all
configurations. The static equilibrium configuration was
defined in a series of iterative stages from the initial
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Figure 4. (a) A multilinear bending moment to curvature relation for composite riser pipe (b) illustrations of effective weights and
tensions and (c) an illustration of wave loading acting on the Hog Bend of riser.

point of the riser system. The vessel and buoys positions
were defined by the initial data at the start of the calcula-
tion. It was assumed that the risers were fixed at their ends
for the equilibrium configuration. The out of balance
loads acting on each body were then calculated and the
new position for the body was defined. The calculations
were repeated until the out of balance loads on riser
body were equal to zero within the specified tolerance.
The equilibrium system configuration was then used as
starting configuration for the dynamic analysis. The
riser system was analysed under all functional loading.
The analysis allowed to determine the lengths of the flex-
ible riser considering vessel position to touchdown point
and the riser hang-off angle. A correct angle was chosen
to minimise the tension along the river and buoyancy
requirements. A refinement of the configuration was
carried out to find correct buoyancy required to bring
key parameters such as effective tension, minimum
bending radius, shear and bending stresses under allow-
able limit.

Dynamic analysis

All load cases were subjected to numerical analysis under
dynamic conditions (wave, wind, current, vessel move-
ment) to assess the dynamic response due to environmen-
tal loads. The buoyancy levels were optimised to reduce
the effect of vessel movement on the effective tension
and bend radius of riser. A set of load cases were gener-
ated for three wave heights (15.4, 17.1 and 17.6 m),
three offsets (—150.0, 0.0 and 150.0 m) and three vessel
headings (135.0, 180.0 and 225.0°). All analyses were

repeated under ballasted as well as loaded vessel condi-
tions. Altogether, 36 configurations of load cases were
analysed using a regular wave approach. The frequency
and time domain analyses were run on the riser system.
The FE models were simulated over a defined period of
time to avoid resonance effect in operational conditions
at sea. The critical eigen frequencies plausible under
natural conditions as well as extreme conditions were
examined. The resonance effect has the potential for
excess vibrations of the riser system leading to fatigue
damage. The floater motions of the riser and station-
keeping systems generate a complex dynamic response
to the environmental loadings. Therefore, the natural fre-
quencies of the riser and the vortex sheading frequencies
were first identified. The frequency domain dynamic ana-
lysis is computationally less expensive and is performed
for the linear systems.

Using this analysis, a wide different load conditions
were analysed. The system of equations for flexible riser
was linearised by introducing some degree of approxima-
tion. It is assumed that the stiffness, inertia, damping and
external forces have linear behaviour at static equilibrium
conditions to linearise models. A time domain analysis
evaluates non-linarites at each time step and directly
updates the dynamic solution. The complete time
domain analysis is computationally costly and demands
much greater computational time than frequency domain
analysis. As such, complete time domain analysis was
restricted to only for critical load cases. An overview of
the theoretical aspects of the linear and nonlinear solution
schemes implemented is presented here. A linear time
domain analysis assumes the system matrices to remain
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constant during the dynamic response calculation.
Essentially the dynamic response is calculated as a per-
turbation of the static condition. The non-linear analysis
updates system configuration for each time step during
the iterations as per the equation (3). The computation
method for non-linear dynamic analysis is based on two
solution schemes (viz: explicit and implicit). Both
schemes recompute system equations at every time-step
increment and allow the full account of all geometric non-
linearities of the system.

Mpa) + Cip) + Ky = Fipa 3)

The Explicit solver uses the forward Euler scheme with
constant time step. The static analysis sets the initial posi-
tions and orientations of the finite element nodal posi-
tions. The solver updates positions for each time
increment. The forces and displacements are calculated
for each time step increment. The implicit scheme is
more stable for longer time steps and hence faster for
simulation. However, for shorter time steps the explicit
analysis is preferable.

Results and discussion

The flexible risers are designed for their maximum
bending moment, shear force, MBR, Ez angle and effect-
ive tension at hand off point. Higher values above critical
allowable stresses can lead to failure of the hybrid riser
under environmental load. To avoid failure, the riser
laying configuration is designed using the FE analysis
codes. Various types of configurations (viz: ‘lazy S
type’, ‘steep S type’, ‘lazy wave’, ‘pliant wave’ and
‘steep wave’) are proposed to avoid extreme stresses
and low fatigue life. In this work, all load cases were ana-
lysed with 1000-year hurricane regular wave and
100-year current. The global analysis also considered +
150 m vessel offsets, three vessel headings, and two
vessel draughts for risers with two content densities.
The analysis predicted 2.1 times more buoyancy for the
conventional riser pipe in comparison to the composite.
With this buoyancy, the maximum effective tension
along the length of the riser was predicted to be higher
for the conventional riser pipe. In a deep-water, the

heavier metallic reinforced conventional risers require
higher buoyancy. The heavier conventional risers
provide more stable configurations compared to a lighter
composite. The large mass can withstand greater fluid
inertial load with minimum displacement. This helps
align the weight vector with the upward direction of the
buoyancy force. A larger displacement prompts potential
misalignment leading to sideways movement of riser and
more instability.

Effective tension and shear forces

The effective tension is an important parameter in deter-
mining the installation and production vessel capacity.
A larger size vessel is required if effective tension is
higher and vice a versa. A correctly designed configur-
ation with optimised buoyancy can reduce the effective
tension to an acceptable design limit. Generally, the
effective tension is kept below 1100-1600 kN for 8" flex-
ible riser at hand off point, though it is also dependent on
the loads and sea environmental conditions. The Table 1
lists the maximum tension for the most onerous two
load cases for the four combinations of the vessel
draughts. The maximum tensions are recorded at the crit-
ical locations of the riser configurations. The Figure 5(a)
displays the maximum predicted effective tensions
along the length for the seawater flooded and empty
risers. Each label on the bar displays the parameters
related to the load case. The effective tension was found
to be within the acceptable limits of 1.8 kN. The
minimum effective tension was predicted for the end of
the riser and listed in the Table 2. The positive values of
the minimum tension along the entire length of the riser
show that the riser was not under compression at the
touch down location. If the large weight of the riser is
transferred on the section which touches the sea floor, it
can buckle under compression resulting into failure. For
designing the right riser configuration, it is important to
keep the end of riser in tension. The Table 3 lists the
maximum shear force at various critical locations along
the length of the riser for most two onerous load cases.
The maximum shear force occurred at hang-off loca-
tion of empty riser with —150 m offset at 225°, which is

Table I. Maximum tension at critical locations along the length of risers.

Max tension (kN) Increase in
max tension

End of buoyancy from static

Load cases Details Hang off section Touchdown Entire line Static to dynamic
FB7 Ballasted/SW 1035.8 638.0 133.6 1035.8 918.64 1.13
FB8 10323 635.5 133.6 10323 918.64 1.12
EB2 Ballasted/empty 563.4 760.1 639.6 760.1 770.27 0.99
EB5 562.3 759.9 639.4 759.9 769.67 0.99
FL17 Loaded/SW 1038.3 638.3 133.6 1038.3 918.64 1.13
FLII 1034.3 633.7 133.3 1034.3 918.64 1.13
ELII Loaded/empty 565.8 760.2 639.6 760.2 769.99 0.99
ELI4 564.5 759.9 639.5 759.9 769.99 0.99
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Figure 5. (a) The maximum tension along the length of risers (b) the predicted bending moment along the length of riser (c) the

predicted bending moment along the bend stiffener.

expected for riser with a bend stiffener attached at the
hang off point. The bend stiffener is normally installed
just below the steel end fitting which is connected to
FPSO turret. As steel end fitting is significantly stiffer

than the flexible riser, a bend stiffener is added to
prevent a sudden change in stiffness leading to a signifi-
cant deformation of the flexible riser. The shear stress
was predicted to within allowable limit of the
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Table 2. Minimum tension along the length of risers.

Vessel heading Minimum

Load cases Offset (m) (deg) tension (kN)
FBI —150 135 0.32
FB2 —150 225 0.31
FB3 —150 180 0.32
FB4 0 135 0.38
FB5 0 225 0.38
FB6 0 180 0.38
FB7 150 135 0.62
FB8 150 225 0.62
FB9 150 180 0.61
FLIO —150 135 0.32
FLI1 —150 225 0.31
FL12 —150 180 0.32
FLI3 0 135 0.38
FL14 0 225 0.38
FLI5 0 180 0.38
FL16 150 135 0.62
FLI17 150 225 0.62
FLI8 150 180 0.61
EBI —150 135 71.21
EB2 —150 225 67.40
EB3 —150 180 87.00
EB4 0 135 68.59
EB5 0 225 67.32
EB6 0 180 86.02
EB7 150 135 75.88
EB8 150 225 74.70
EB9 150 180 87.05
ELIO —150 135 76.64
ELII —150 225 66.76
ELI2 —150 180 86.15
ELI3 0 135 74.25
ELI4 0 225 66.04
ELI5 0 180 85.21
ELI6 150 135 81.02
ELI7 150 225 74.47
ELI8 150 180 86.20

Table 3. Maximum shear load at critical locations along the
risers.

Maximum shear (kN)

Load Offset Hang Hog Entire
cases  Details (m) off bend line

FB8 Ballasted/ 150 2647 391 26.47
FBI S\% —150 2389 4.18 23.89
EBI Ballasted/ —150 4059 062  40.59
EB4 empty 0 3948 0.6 39.48
FLI1 Loaded/SW —150 4196 440 4196
FLI16 150 4129 354 4129
ELII Loaded/ —150 4249 063 42.49
ELI7 empty 150 4242 062 4242

23.0 MPa.?® The maximum shear at the sag bend and
touch down point was found to be small and within the
allowable limit. As seen in Figure 5(a) the effective
tension was affected by the vessel motion and vessel

heading. The maximum effective tension was with bal-
lasted draughts. It is due to heave amplitude being 1.3
times higher than the loaded draught for 90°
(Figure 3(a)). Additionally, the vessel heading of the
225° was found to affect the effective tension more in
comparison to other cases examined. As the riser was
attached to the vessel, the change of vessel heading
from 0° to 225° stretches the riser generating additional
effective tension. Another important observation is the
effect of environmental load on the effective tension. As
seen in Table 3, the effective tension for seawater
flooded riser was found to be 1.13 times of static model.
The effective tension decreased marginally for empty
riser due to dynamic effects. The dynamic motion
induced effective tension did not increase. On the con-
trary, the positive buoyancy reduced the tension margin-
ally. The maximum dynamic bending moments along
the length of the seawater flooded riser is shown in
Figure 5(b), a value of 16.5 kN-m was at the start of buoy-
ancy module with 150 m offset and 225° vessel heading.
Subsequent two peaks are seen at the start and at touch-
down points, a maximum bending moment of
30.0 kN-m was within the acceptable limits. The
bending moment reaches to a maximum just outside the
bending stiffener. For small curvatures, the riser pipe
exhibits maximum bending stiffness due to its rigidity.
However, when reaches critical curvature K, the layer
starts to slip leading to decline in bending stiffness. This
process continues until full slippage occurs at the corre-
sponding critical moment. The Figure 5(c) displays the
maximum predicted dynamic bending moments along
the length of the stiffener. The critical curvature can be
defined as per the equation (4).

K, = p(Radial load’ 4+ Radial load’*")
/ EA cos Pasina 4)

The relationship between the bending moment and curva-
ture can be treated as linear if the internal pressure in riser
is small. However, as the tension and differential pressure
across the riser wall increases, the contact forces between
each layer become significant. This leads to the increment
of the radial load. Under the effect of the radial and fric-
tional forces, the shear forces develop at each layer inter-
face leading to the slippage of layers. The Table 4 lists the
minimum predicted bending radius for the composite riser
at various critical locations along its length. The location
of the minimum bending radius was at the start of the
buoyancy module. As seen in Figure 5(b), the highest
bending moment was due to upward acting buoyancy
force and downward acting weight of risers. The
minimum bending radius was less pronounced in compos-
ite riser due to its light weight. The conventional riser
bends more at locations just outside the bending stiffener
due to a moment produced by the reaction forces. The
minimum bending radius of 9.82 and 9.85m were
found to be the lowest for the empty composite riser
with loaded draught. The empty riser tends to produce
large bending radius and considered onerous. Minimum
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Table 4. Minimum bending radius.

Minimum bending radius (m)

Load Offset Hang Hog Sag Entire
cases Details (m) off bend bend line

FBI Ballasted/ —150 2192 246 449.12 21.92

FB8 SW 150 2323 258 4256 23.23
EB2 Ballasted/ —150 10.06 847 93.7 10.06
EB5 empty 0 10.19 840 924 10.19
FLIl  Loaded/  —150 1280 238 4374 1280
FL16 SW 150 13.67 29.1 451.7 13.67
ELIO Loaded/ —150 9.82 8499 949 9.82

ELI6  empty 150  9.85 8530 949  9.85

bending radius for the flexible riser is low compared to
steel catenary as strain on the outermost layer of the com-
posite pressure armour crosses the minimum strain recom-
mendation of 3% under bending. It increases slightly to
10.06 and 10.19 m for ballasted draught. The minimum
was at a vessel heading of 135°.

Tension-angle at hang-off point

The maximum predicted tension and E, angle at the
hang off point are in the Table 5. These tension
values are not necessarily the maximum value along
the entire length of the pipe. The effective tension
was predicted to be 537.8 kN for the most onerous E,
angle of 23° whereas the maximum £, angle was
found to be 9.9° for most onerous tension of
1038.3 kN. As seen in Tables 1 and 5, for seawater
flooded riser, the hang-off point was subjected to a
highest tension. The highest tension occurred at hog
bend for all risers with no content. In empty riser, the
bending due to environmental load at the hog bend gen-
erated a larger tension. The weight of content combined
with riser contributed to the highest tension at the
hang-off for the seawater flooded riser.

Conclusions

In this work the dynamic stability of a hybrid riser and a
heavier conventional flexible riser were examined. The
analysis was conducted under sea-water depth of
3000 m considering the slippage of the outer sheath, flex-
wear, composite and tensile layers. The overall friction
coefficient of 0.4 was used to determine the shear cap-
acity, stress—strain relation of the riser pipe. The analysis
predicted that the difference in pressure between internal
and external layers was responsible for the slippage of
layers. The buoyancy required in seawater flooded envir-
onment was found to be too high for empty composite
riser. Therefore, extra weights or use of a combination
of conventional and composite risers should be used to
balance the buoyancy forces. It is recommended to use
upto 300 m length of the conventional pipe. This is to
be attached to the end of composite riser, which is on

675

Table 5. Hang off point tension and angle for load cases.
Load Offset Vessel Maximum Max
cases (m) heading tension (kN) angle (E,)
FBI —150 135 1030.0 6.0
FB2 —150 225 1027.9 5.5
FB3 —150 180 919.3 43
FB4 0 135 1030.0 5.5
FB5 0 225 1028.0 5.0
FB6 0 180 919.2 39
FB7 150 135 1035.8 5.0
FB8 150 225 1032.3 45
FB9 150 180 924.5 34
FLIO —150 135 560.9 15.6
FLI —150 225 563.4 16.0
FLI2 —150 180 4715 13.7
FLI3 0 135 559.5 15.0
FLI4 0 225 562.3 153
FLIS 0 180 470.1 133
FLI6 150 135 558.6 14.5
FLI7 150 225 561.7 14.8
FLI8 150 180 470.1 133
EBI —150 135 1008.0 9.0
EB2 —150 225 1034.3 10.5
EB3 —150 180 941.7 47
EB4 0 135 1008.4 9.0
EB5 0 225 1034.3 10.2
EB6 0 180 941.7 42
EB7 150 135 1014.3 9.0
EB8 150 225 1038.3 9.9
EB9 150 180 946.7 3.7
ELIO —150 135 537.8 23.0
ELII —150 225 565.8 21.6
ELI2 —150 180 488.9 13.9
ELI3 0 135 535.9 224
ELI14 0 225 564.5 214
ELI5 0 180 487.4 133
ELI6 150 135 535.3 22.1
ELI7 150 225 563.9 21.8
ELI8 150 180 486.9 133

the seabed. This would restrict the lifting of the empty
riser in water. Additional modules are not required to be
distributed in many sections. Thus, it is possible to
adjust the maximum effective tension along the composite
riser below 1038.3 kN. The entire installation setup can be
completed with 100 tonne vessels. The following conclu-
sions were reached.

e Considering the volume fraction of carbon fibre,
tendons and their lay angles, the equivalent stiffness
of the composite riser pipe was predicted to be
169.0 kN-m’.

e The critical curvature of the composite riser was found
to be 0.097 rad/m. The corresponding bending radius
was found to be 10.3 m. This is within the maximum
allowable MBR of 10.7 m at 3% of strain limit.

e The bending moment was estimated to be 36.6 kN-m
which is 12% higher than the reported value in
literature.
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e The heavy conventional riser would require approxi-
mately twice the buoyancy of the composite to be
acceptable.

e The composite risers are light due to which both the
tension and shear stresses were lower. They also exhib-
ited a larger MBR in relation to their conventional
metallic counterpart.

e In seawater flooded environment, the maximum
increase in the effective tension were predicted to be
1.28 and 1.13 times more for conventional and compos-
ite risers, respectively.

e The predicted increase in the effective tension for con-
ventional riser was about 2% higher compared to the
composite. The most onerous case for conventional
riser was at zero offset whereas —150 m for the
composite.

e The MBR occurs at the hog bend and hang-off loca-
tions for the composite and conventional risers
respectively.

Acknowledgements

The author(s) would like to thank Mr Lakhan Gupta of Krishna
Enterprises, Faridabad 121004, India for proofreading the
manuscript.

Declaration of conflicting interests

The author(s) declared no potential conflicts of interest with
respect to the research, authorship, and/or publication of this
article.

Funding

The authors received no financial support for the research,
authorship, and/or publication of this article.

ORCID iDs

Sathish K Nammi https://orcid.org/0000-0001-8835-0897
Ranjeetkumar Gupta (2 https:/orcid.org/0000-0001-5647-0691
Ketan Pancholi (2 https:/orcid.org/0000-0001-7662-7764

References

1. LiuY,LuH,LiY, etal. A review of treatment technologies
for produced water in offshore oil and gas fields. Sci Total
Environ 2021; 775: 145485.

2. Akbari M, Shojaeefard MH, Asadi P, et al. Wear perform-
ance of A356 matrix composites reinforced with different
types of reinforcing particles. J Mater Eng Perform 2017,
26: 4297-4310.

3. Akbari M, Khalkhali A, Keshavarz SME, et al. The effect of
in-process cooling conditions on temperature, force, wear
resistance, microstructural, and mechanical properties of
friction stir processed A356. Proc Inst Mech Eng, Part L:
J Mater: Des Appl 2018; 232: 429—437.

4. Pancholi K., Jha V., Dodds N.., D., et al. In situ and real
time X-ray computed tomography for the micromechanics
based constitutive modelling of the unbonded flexible
riser. Proceedings of the ASME 2015 34th International
Conference on Ocean, Offshore and Arctic Engineering.
Volume 5A: Pipeline and Riser Technology. St. John’s,
Newfoundland, Canada. May 31-June 5, 2015.

VO5AT04A050. ASME. https:/doi.org/10.1115/OMAE2015-
41817.

5. Hastie JC, Kashtalyan M and Guz IA. Failure analysis of
thermoplastic composite pipe (TCP) under combined pres-
sure, tension and thermal gradient for an offshore riser appli-
cation. Int J Press Vessels Pip 2019; 178: 103998.

6. Dodds N., Pancholi K., Jha V.., S.F., et al. In situ investiga-
tion of microstructural changes in thermoplastic composite
pipe under compressive load. Proceedings of the ASME
2014. 33rd International Conference on Ocean, Offshore
and Arctic Engineering. Volume 6A: Pipeline and Riser
Technology. San Francisco, California, USA. June 8-13,
2014. VO06AT04A040. ASME. https:/doi.org/10.1115/
OMAE2014-23579.

7. Ortega A, Rivera A and Larsen CM. Slug flow and waves
induced motions in flexible riser. ASME. J Offshore Mech
Arct Eng 2018; 140: 011703.

8. Fiabane J, Prentice P and Pancholi K. High Yielding
Microbubble Production Method. BioMed Research
International. 2016; 2016: 9. https:/doi.org/10.1155/2016/
3572827. Article ID 3572827.

9. Jha V., Dodds N., Finch D.., J., et al. Flexible fiber-
reinforced pipe for 10,000-foot water depths: Performance
assessments and future challenges. Paper presented at the
Offshore Technology Conference, Houston, Texas, May
2014. https:/doi.org/10.4043/25393-MS.

10. Jha V., Latto J., Dodds N.., T.A., et al. Qualification of flex-
ible fiber-reinforced pipe for 10,000-foot water depths.
Paper presented at the Offshore Technology Conference,
Houston, Texas, USA, May 2013. https:/doi.org/10.4043/
24160-MS.

11. Saevik S and Berge S. Fatigue testing and theoretical
studies of two 4 in flexible pipes. Eng Struct 1995; 17:
276-292.

12. Gupta R, Gupta P, Footer C, et al. Tuneable magnetic
nanocomposites for remote self-healing. Sci Rep 2022;
12: 1-12. https:/doi.org/10.1038/s41598-022-14135-8. Article
number: 10180.

13. Gupta R, Huo D, White M, et al. Novel method of healing
the fibre reinforced thermoplastic composite: a potential
model for offshore applications. Compos Commun 2019;
16: 67-78.

14. Barltrop N. Floating structures: a guide for design and ana-
lysis. London: Marine Technology Directorate Ltd, 1998,
SBN-13: 978-1870553353.

15. Zhang H, Tong L and Addo MA. Mechanical analysis of
flexible riser with carbon fiber composite tension armor.
J Compos Sci 2021, 5: 3.

16. Zhao Y, Qi X, Ma J, et al. Effects of polyimide/silica and
polyimide/pores fillers on the morphology, thermal,
mechanical, and tribological properties of polytetra-
fluoroethylene composites. Polym Compos 2019; 40:
3438-3452.

17. Karegar S. Flexible riser global analysis for very shallow
water. Master’s thesis, University of Stavanger, 2013,
http:/hdl.handle.net/11250/182926.

18. Brown T. The impact of composites on future deepwater
riser configurations. 2H Offshore, SUT Evening Meeting -
28thSeptember 2017. Online.. Available https:/www.sut.
org/wp-content/uploads/2017/09/SUT_170928_presentation2-
2H.pdf.

19. Kalman M.D. and Belcher J.R.. Flexible risers with composite
armor for deep water oil and gas production. Progress In


https://orcid.org/0000-0001-8835-0897
https://orcid.org/0000-0001-8835-0897
https://orcid.org/0000-0001-5647-0691
https://orcid.org/0000-0001-5647-0691
https://orcid.org/0000-0001-7662-7764
https://orcid.org/0000-0001-7662-7764
https://doi.org/10.1115/OMAE2015-41817
https://doi.org/10.1115/OMAE2015-41817
https://doi.org/10.1115/OMAE2015-41817
https://doi.org/10.1115/OMAE2015-41817
https://doi.org/10.1115/OMAE2015-41817
https://doi.org/10.1115/OMAE2015-41817
https://doi.org/10.1115/OMAE2014-23579
https://doi.org/10.1115/OMAE2014-23579
https://doi.org/10.1115/OMAE2014-23579
https://doi.org/10.1115/OMAE2014-23579
https://doi.org/10.1115/OMAE2014-23579
https://doi.org/10.1115/OMAE2014-23579
https://doi.org/10.1115/OMAE2014-23579
https://doi.org/10.1155/2016/3572827
https://doi.org/10.1155/2016/3572827
https://doi.org/10.1155/2016/3572827
https://doi.org/10.4043/25393-MS
https://doi.org/10.4043/25393-MS
https://doi.org/10.4043/25393-MS
https://doi.org/10.4043/25393-MS
https://doi.org/10.4043/24160-MS
https://doi.org/10.4043/24160-MS
https://doi.org/10.4043/24160-MS
https://doi.org/10.4043/24160-MS
https://doi.org/10.1038/s41598-022-14135-8
https://doi.org/10.1038/s41598-022-14135-8
https://doi.org/10.1038/s41598-022-14135-8
http://hdl.handle.net/11250/182926
http://hdl.handle.net/11250/182926
http://hdl.handle.net/11250/182926
https://www.sut.org/wp-content/uploads/2017/09/SUT_170928_presentation2-2H.pdf
https://www.sut.org/wp-content/uploads/2017/09/SUT_170928_presentation2-2H.pdf
https://www.sut.org/wp-content/uploads/2017/09/SUT_170928_presentation2-2H.pdf
https://www.sut.org/wp-content/uploads/2017/09/SUT_170928_presentation2-2H.pdf

Nammi et al.

677

Durability Analysis of Composite Systems. Reifsnider &
Cardon (eds). Rotterdam: Balkema, 1998, pp. 41-50.

20. Keprate A. Appraisal of riser concepts for FPSO in
Deepwater. Master’s thesis, University of Stavanger,
2014.  https://uis.brage.unit.no/uis-xmlui/handle/11250/
219655.

21. Fergestad D.., Létveit S.A. and Marintek S.A.. Handbook on
design and operation of flexible pipes. 2014: MARINTEK /
NTNU / 4Subsea. ISBN: 978-82-7174-265-2.

22. Orcina Ltd. OrcaFlex User Manual. UK: Orcina Ltd, 2020.
https:/www.orcina.com.

23. PTC Mathcad Ltd, https:/www.mathcad.com.

Nomenclature

CFRP carbon fibre reinforced thermoplastic
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PVDF polyvinylidene difluoride

RAO response amplitude operator

SWH significant wave height

associated period to maximum wave height
mean zero up-crossing period

ultradeep water

Poisson’s ratio

critical curvature
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cross sectional area

effective weight
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weight density of structure internal

internal area of structure

external weight density of structure

area of structure external

effective tension

true tension

mass density external

mass density internal

flow velocity internal

the internal load of the system, p- position,
a- acceleration

the damping load of the system, p- position,
v- velocity

the stiffness load of the system, p- position
the external load of the system, p- position,
v- velocity, t- time

friction coefficient

wire lay angle
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