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Abstract: The increasing attraction of crude resources on the ocean floor leads to the development
of risers, which are an indispensable component of an offshore oil and gas exploitation structure.
High-grade steel is normally utilized for risers, however, fiber reinforced polymer (FRP) composite
risers have become a feasible and economical alternative due to the desirable properties of the material.
A comparative study of vortex-induced vibration (VIV) of FRP composite risers with two designed
geometries were conducted and an X80 steel riser was used as the benchmark. The length to diameter
ratios of all three risers were set to 100 and their VIV responses under different environmental
situations, including the natural frequencies, global displacements, global stresses and the stress
distributions in every composite layers, were obtained using computational fluid dynamics (CFD)
simulation with coupled fluid-structure interaction. The VIV characteristics of both FRP composite
risers and their distinction compared with that of steel risers were analyzed and discussed. From this
paper, the dynamic characteristics in different environmental situations of VIV for FRP composite
risers can be further understood.

Keywords: FRP composite riser with large length to diameter ratio; vortex-induced vibration;
3D finite element modelling; CFD simulation; fluid-structure interaction

1. Introduction

The consumption of oil and gas is exponentially increasing throughout the world. The limitation
of crude resources of oil and gas on land makes the resources on the ocean floor more and more
attractive. In order to achieve the offshore oil and natural gas extraction, many different types
of production systems including conventional fixed platforms, tension-leg platforms, compliant
towers, semi-submersibles and floating production facilities, have been employed. While these
constructions vary mainly in the ways in which their platforms are positioned over sub-sea wells,
the risers, both drilling risers which are used to guide a drilling stem and conduct the drilling fluid
upwards, and production risers which raise the extracted oil or natural gas to a floating platform [1,2],
are indispensable.

In offshore engineering, the material usually employed for structural components is high-grade
steel. Nowadays, the utilization of fiber reinforced polymer (FRP) composites is gradually increasing
due to their superior mechanical properties, low density and other desirable properties, such as better
thermal insulation, and corrosion and fatigue resistance [3,4]. Therefore, it has been widely recognized
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that using FRP composites instead of steel for risers will lead to the significant reduction of operational
costs and maintenance costs of the whole offshore production platform systems [5-7].

In order to apply FRP composites in offshore risers successfully, their durability in sea water is
crucial. Venkatesan et al. [6] found that none of the long-term properties of carbon fiber reinforced
polymer (CFRP) composites experienced any significant variations after exposure to pure water
and seawater at different temperatures. On the other hand, many researchers [3,4,8,9] found
that the long-term tensile strength of a CFRP reduced to about 80-95% of its short-term values.
For thermoplastic composite carbon/polyether ether ketone (PEEK), the transverse strength decreased
obviously in boiling water [10] and therefore, the maximum service temperature of thermoplastic FRP
composites has to be well below the glass transition temperatures of their polymer matrices. Moreover,
in order to obtain reliable results using a numerical model, constitutive laws and damage models for
FRP components have to be selected to optimize the accuracy of the numerical predictions [11].

Besides the research of mechanical properties of FRP composite materials in seawater,
the responses and performances, including load distributions, fatigue, and vortex-induced
vibrations (VIVs) of composite risers under environmental and functional loads have also been
investigated [12-25]. The improvement of composite risers in performance over a pure metallic
mandrel had been proved through a scaled-down test [23]. For the global response, the tension
force decreases with an increasing water depth and the maximum bending moment occurs on the
bottom, followed by the joints at the sea surface in general [12-14,16,20,22]. The axial tension and the
bending moment throughout an entire composite riser are smaller due to its lower overall weight
compared with steel risers [14,16]. The excellent fatigue resistance of FRP composites contributes to
the better fatigue durability of composite risers, which was confirmed by previous studies [13,14,16].
More specifically, the structural composite body of the composite riser joint is likely to have an infinite
fatigue life [13,14,16], but still may vary depending on the choice of constituent materials and the
manufacturing process. In terms of the VIV of composite risers, it is found that the fundamental
frequency of a composite riser with the same boundary condition and geometry was higher than that
of a steel riser [18] since the composite riser was much lighter and the value was relatively small [13,14].
The structural damping and tension variations were also significant to the VIV of composite risers [13],
i.e., higher tension and damping could reduce VIV-induced fatigue [13,17]. A. F. Omar et al. [18] found
that the maximum VIV stresses of a composite riser were much smaller than those of a steel riser,
indicating the better fatigue lives of composite risers. Similarly, William Toh et al. [25] and L.B. Tan et
al. [24] conducted comprehensive studies on both local and global scales on composite and steel risers
using a finite element method and a larger safety margin for composite risers were observed. Although
a composite riser without VIV suppression had a moderate VIV-induced fatigue damage, adding
strakes and buoyancy modules to a composite riser could lead to even better VIV responses [13,24].

In addition, the design of a composite riser (thick composite tube) can be optimized to
specific requirements by modifying some of its design variables, such as fiber and matrix
combinations, fiber orientations, thicknesses of the liner and composite lamina, and stacking
sequence, to enhance the benefits offered by FRP composites risers using different methods, e.g.,
finite element analysis [22,26-29], simple-input displacement-based method [30,31] and optimization
algorithms [21,32-34].

Besides all these research studies, joint industry projects emerged several decades ago, and Table 1
summarizes some of them.
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Table 1. A summary of previous joint industry projects on composite risers.

Year Project/Funder Riser Type * Materials
1973 Ahlstone [35] D glass fiber with epoxy
1980s Institut Francais du Petrole and P glass and carbon fibers
Aerospatiale of France [36] with epoxy
National Institute of Standards and carbon and E-elass fibers
1990s Technology, Advanced Technology Pand D with e gox
Programs [37] poxy
Norske Conoco AS and Kvaerner Oilfield glass and carbon fiber
1995-2001 Products [38] b with epoxy
ConocoPhillips, Kvaerner Oilfield Products . .
2003 and ChevronTexaco [39,40] Pand D carbon fiber with epoxy
2007 Doris Engineering, Freyssinet, Total and P carbon fiber with
Soficar [41] thermoplastic PA11
2008-2011 Research Partnzl;fl};;i)c;o[i;;:ure Energy for D carbon fiber with epoxy
2011 Magma [43,44] Pand D carbon fiber with PEEK

* riser type: P—production riser, D—drilling riser.

From all these research studies and joint industry projects, the feasibility, advantages and
effectiveness of using FRP composites for risers have been proven, although no offshore riser currently
being employed is made entirely of composites, except the demonstration composite drilling riser joint
(a tube segment) installed in the field on the Heidrun TLP [38].

In this paper, three different risers with large length to diameter ratio, the X80 steel riser (riser
1), AS4-epoxy composites with titanium liner with geometries of (liner/90/(0/90)19) (riser 2) and
(liner/05/(+53, —53)5/904) (riser 3) are selected to study their VIV characteristics. The CFD simulation
with coupled fluid—structure interaction was achieved using ANSYS Workbench 17.1. Based on the
combination of different risers, tension forces, buoyancies, gravities and current conditions, nine study
cases were considered. The VIV responses under different situations of all these three risers were
obtained, including the natural frequencies, global displacements, global stresses and the stress
distributions in every layers of both FRP composite risers.

2. Materials and Methods

2.1. Materials for the Risers

In this study, X80 steel was utilized for steel riser and for composite risers, titanium alloy
(Ti-6Al-4V) was used for the inner liner and AS4-epoxy was employed for the composite layers.
The properties of these materials can be found in Tables 2 and 3 as well as in Figures 1 and 2. For the
X80 steel (for riser 1) and titanium (for liner in risers 2 and 3), bilinear kinematic hardening model
was selected to consider the elastic—plastic stage. For steel riser 1, 67% of the yield stress of X80 was
identified as the allowable stress according to American Bureau of Shipping (ABS) standard [45].
For the titanium liner in risers 2 and 3, 59.5% of the yield stress of titanium was regarded as
the allowable stress [46]. In terms of the properties of unidirectional lamina of AS4-Epoxy FRP
composites, an elastic model was considered, i.e., the plastic stage was disregarded. The maximum
stress failure criterion [47] considered failures in the fiber direction, transverse direction and in-plane
shear separately for all composite layers. In Table 3, subscripts 1, 2 and 3 represent the fiber direction,
in-plane transverse direction and through-thickness direction of a composite lamina, respectively
(Figure 2).
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Table 2. Properties of the materials for the steel riser and liner of composite riser.

Material Density Modulus Tangent v Yield Stress Ultimate Stress Elongation at
(kg/m?) (GPa) Modulus (GPa) (MPa) (MPa) Break (%)
X80 steel 7850 207 1.25 0.3 555 625 5.868
Titanium 4430 113.8 0.53 0.342 880 950 14
1000 . , . : . : . 1000 - - : : : :
|
- ./
800 - | 800 |- ]
§ 600 | /' b E 600 | .
=3 T £
@ . &
2 400 2 400} .
) o
200 200 |
) —a— Titanium
0 1 1 1 1 1 1 Il 0 L 1 1 1 1 1
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Strain (%) Strain (%)
(a) X80 steel (b) titanium
Figure 1. Bilinear kinematic hardening model of (a) X80 steel and (b) titanium.
Table 3. Properties of unidirectional lamina of AS4-Epoxy for composite risers.
. Density Eq Ex =E; G12=G13 V12 = Gas ol o¢ o} oS T12
Material - 0/m3)  (GPa)  (GPa) (GPa) vis (GPa) '®  (MPa) (MPa) (MPa) (MPa) (MPa)
AS4-Epoxy 1530 135.4 9.37 4.96 0.32 3.20 0.46 1732 1256 494 167.2 71.2

Subscripts 1) fiber direction, 2) in-plane transverse and 3) through-thickness direction. Superscript T = Tension,
C = Compression.

3 (through thickness direction)

Matrix

2 (transverse direction)

1 (longitudinal direction)
Figure 2. Lamina co-ordinate system.
2.2. Riser Geometries

Figure 3a,b respectively show the cross-sections of the steel and composite riser joints in this
study. The extracted fluids were transported by production tubings within the riser, which were
protected by the riser joints and the riser joints carried all the structural loads. The internal diameters
(IDs) of the steel and composite riser joints were fixed at 250 mm while, as the thickness of each
joint was determined by the design to accommodate all the loads considered, their outer diameters
(ODs) depended on the previous design results [20-22,27] (Table 4). From Table 4, the thicknesses
for the steel riser (riser 1), AS4-epoxy composites and titanium liner with (liner/90/(0/90)1) (riser 2)
and AS4-epoxy composites and titanium liner with (liner/03/(+53, —53)5/904) (riser 3) were 25 mm,



Appl. Sci. 2019, 9,517 50f 24

39.5 mm and 30.5 mm, respectively. In other words, riser 2 was a conventional design of FRP composite
riser while riser 3 was an optimized design of FRP composite riser. Both FRP composite risers
(59.6 kg/m and 45.7 kg /m) achieved significant weight saving compared to the steel riser (169 kg/m)
and the optimized FRP composite riser 3 even led to a 23.3% weight reduction to the conventional FRP
composite riser 2. For all the risers in this study the length to inner diameter ratios were 100. The fiber
angle of 0° and 90° were the axial and hoop directions of FRP composite risers, respectively (Figure 4).

Riser Annulus \ — Steel Riger Wall Tnner Liner

/ (Outer Casing) LD.=250 Composite Layer
/ - LD =250 mm

/ // - 1.D.=250 mm

<
: > |
S XN Ruiger.
% Aunulus
V)
g
) / - Standard Production
| _ ) Tubing Sacrificial Protection
|__Standard Production Tubing I.D. (118.6 mm) x O.D. (139.7 mm) Layer
I.D. (118.6 mm) x O.D. (139.7 mm)
(a) steel riser joint (b) composite riser joint

Figure 3. Cross-section for (a) steel riser joint and (b) composite riser joint.

Table 4. Geometries of risers.

I.LD. O.D. Length t_liner tO0 t+6 t90 +£6

Riser ) @)  (m) Lay-ups (mm) (mm) (mm) (mm) ()
1 0.25 0.3 25 X80 steel

2 025 0329 25 [liner/90/(0/90)10] 2 1.385 2.15

3 025 0311 25 [liner/03/(+53, —53)5/904] 2 170 164 175 53

Subscript numbers in Lay-ups represent the numbers of lamina with different fiber reinforcement angle.

2.3. FE Modelling and Study Cases

ANSYS Workbench 17.1 was utilized for the comparative study of vortex-induced vibration (VIV)
for the FRP composite risers and steel riser with length to diameter ratio of 100. Initially, the natural
frequencies of all the risers were analyzed using pre-stress modal analysis. For FRP composite risers,
ACP (Pre), Static Structural and Modal modules were involved while for steel risers, only Static
Structural and Modal modules were required. In order to achieve the VIV simulation in ANSYS
Workbench 17.1, the following modules were included: Geometry, ACP (Pre), Transient Structural,
Fluid Flow, ACP (Post) and System Coupling [19]. Generally speaking, Geometry was utilized to
create the geometries of risers and flow zones; ACP (Pre) and ACP (post) were employed to include
the data of materials and lamination information for composite risers (risers 2 and 3) and to show the
stress and deformation response of every composite laminae, respectively; Transient Structural was
used to simulate the dynamic responses of risers; System Coupling was applied to achieve the data
transfer between Transient Structural and Fluid Flow. As mentioned in Section 2.2, the geometries
of composite risers 2 and 3 were obtained from the design results of Wang [20,21,27] and the finite
element modelling method had been verified by Kim [14] and Amaechi [26]. The difference here was
the load conditions which was current flow with different velocities.

In this study, layered-structure method (LSM) [19] was employed for FRP composite riser
simulation and their geometries are listed in Table 4. For the FRP composite risers, the data of material
properties, the thicknesses of liner and composite laminate, reinforced fiber angles, the layer numbers
of each lamina with different fiber orientations and the laminate stacking sequences were inputted
in the module of ACP (Pre) and the stress and deformation response of every composite laminae
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were obtained in ACP (Post). The possible bond-slip effect is a significant phenomenon of FRP layers,
and this can be checked indirectly in post-processing stage by comparing the maximum interface
forces and stresses with the reference pull-out resistances [48]. However, in this paper, the numerical
model of the composite riser using LSM assumed a rigid connection between the components, i.e.,
perfect bonding was assumed and no bond-slip effect was considered to simplify the modelling.

Then, the geometry and material data of FRP composite riser in ACP (Pre) were transferred to the
Transient Structural module. Transient Structural was utilized to simulate the dynamic response of
risers. In this module, the gravity, top-tension force, buoyancy, end support condition (simple support
at the top end, fixed support at the bottom end) and the fluid solid interface were employed. After the
whole simulation, the displacement history, global stress distribution etc., could be obtained.

Fluid Flow (Fluent) was used to simulate the flow conditions. 10D (Y-direction) x 20D
(X-direction) x 25 m (Z-direction) was set as the flow dimension, where D was the outside diameter
of the risers. Here X, Y and Z directions were in-line flow direction, cross flow direction and depth
direction, respectively. Large eddy simulation (LES) with bounded second order implicit transient
formulation was selected as the mathematical model for turbulence in computational fluid dynamics
(CFD), which reduced the computational cost with acceptable accuracy. The flow properties, such as
flow density, kinematic viscosity coefficient and flow velocity listed in Table 5 were inputted in this
module. The inlet, outlet, left, right, top and bottom sides were defined as the boundary conditions of
velocity inlet, outflow, symmetry and wall, respectively.

To achieve the data transfer between Transient Structural and Fluid Flow, i.e., the two-way fluid
structure interaction (FSI), module of System Coupling was utilized, and the simulation time (80 s)
and step size (0.2 s) were set in this module.

The fluid grid of 5D x 5D area around the riser was refined and set as the dynamic mesh zone with
smoothing and re-meshing methods. Based on the results of convergence study, there were 1.15 million
elements in the refined zone and 0.52 million elements for the other flow area, i.e., 1.67 million elements
in total were employed in the flow zone. For the risers, 300 elements in axial direction and 20 elements
in hoop direction were employed. In the though-thickness direction, one element, 22 elements and 18
elements for risers 1, 2 and 3, respectively. Note that, the laminate data were transferred from ACP
(Pre) to Transient Structural and the number of elements in though-thickness direction was set as the
number of layers of the structure automatically. In total, there were 6000 elements, 132,000 elements
and 108,000 elements for risers 1, 2 and 3 respectively.

ANSYS
it

e
0.000 1.000 2.000
0.000 2.000 4.000 (m) &‘ I I ] m
0.500 1.500

1.000 3.000

(a) flow mesh

Figure 4. Cont.
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ANSYS
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Riser 2
[liner/90/(0/90)1g]

1 orthoganal” design

with hoop and
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Riser 2 & 3
(LSM)

/\

,,,,,,

Riser 1

(monolithic

steel)

46 reinforced layers
and +6)

1,500 3.000 (m)
—
0.750 2.250

(b) riser mesh

Figure 4. FE models for (a) flow zone and (b) steel and FRP composite risers.

In this study, a tension was applied to the riser’s top to keep its vertical position and the gravity,
buoyancy and current load were also employed. The tension forces were set as 1.5 and 2 times the
structural weight of steel and composite risers, respectively. The gravity and buoyancy loads were
determined by the geometry of each riser. The current data of the Gulf of Mexico [2,14] was utilized
according to the API Recommended Practice [49], which were 0.36 m/s for a 1-year winter storm,
1.22 m/s for a 100-year hurricane and 2.13 m/s for a 100-year loop current conditions. In the Gulf
of Mexico, the sea water density is 1024 kg/m3 and the kinematic viscosity coefficient v is 1.06 x
107°. Table 5 shows the different cases in this study. Reynolds numbers for all the study cases were
determined by Equation (1), where U is the flow velocity, D is the outside diameter of the riser, v is
kinematic viscosity coefficient. Turbulent intensity employed were calculated by Equation (2), where I
is turbulent intensity and Re is Reynolds number.

Re=— (€))]
I =0.16Re("1/8) )

Table 5. Study cases.

Flow . kinematic  Turbulent . .
Case . . Velocity . . . Gravity  Tension Buoyancy
No. Riser Re Density (m/s) Viscosity Intensity N) Force (N) )
(kg/m?®) Coefficient (%)
1 1 101,887 1024 0.36 1.06 x 107° 3.78 41,539 62,309 17,734
2 2 111,736 1024 0.36 1.06 x 10~° 3.74 14,592 29,183 21,328
3 3 105,623 1024 0.36 1.06 x 107° 3.77 11,200 22,400 19,058
4 1 345,283 1024 1.22 1.06 x 107° 3.25 41,539 62,309 17,734
5 2 378,660 1024 1.22 1.06 x 10~° 3.21 14,592 29,183 21,328
6 3 357,943 1024 1.22 1.06 x 107° 3.23 11,200 22,400 19,058
7 1 602,830 1024 2.13 1.06 x 107° 3.03 41,539 62,309 17,734
8 2 661,104 1024 213 1.06 x 107° 3.00 14,592 29,183 21,328
9 3 624,934 1024 213 1.06 x 107° 3.02 11,200 22,400 19,058

From Table 5, it is clear that the top-tension forces required for composite risers were much smaller
than that of the steel riser, although the tension force ratios of composite risers were larger (1.5 and 2
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respectively). This illustrates the benefit of composite risers in the weight reduction and the benefit
would be more significant with the increasing length of risers.

3. Results and Discussion

In this section, the VIV responses under different situations of the three different risers were
obtained and discussed. The large length to diameter ratio, fluid—structure interaction, different
current velocities and different design geometries of FRP composite risers would affect each riser’s
VIV characteristics significantly.

3.1. Natural Frequencies

Natural frequency of the riser is a key characteristic in VIV analysis, because the “lock-in” would
occur when the natural frequency of a riser is close to the vortex shedding frequency. The “lock-in”
phenomenon would lead to fatigue failure of the riser because of the large and damaging vibration.
The vortex shedding frequency can be calculated by Equation (3) which includes the Strouhal number
St, the outside diameter of the riser D and the flow velocity U. According to the relationship between
Re and S;, the Strouhal number S; is 0.2 for Re between 300 and 300,000 and is 0.2-0.3 for Re between
300,000 and 3,500,000 [50]. More specifically, the S¢ are 0.2 for cases 1-3, 0.21 for cases 4-6 and 0.22 for
cases 7-9. SU

t
= D 3)

In addition, the possibility of a riser’s “lock-in” using reduced velocity U, was estimated using

Equation (4). When U, ranges 4-8 [50], “lock-in” may occur. The U; of all the risers are listed in Table 6.

fs

U
U=tp 4)
The natural frequencies and first three modal shapes for all the risers are presented in Figure 5
and Table 6. Note that all the risers have similar modal shapes and therefore only the first three modal

shapes of FRP composite riser 3 are showed as an example.

AN§‘V7Sl ANSYS

D: Modal D: Modal fard ANSYS
Total Deformation Total Deformation D: Modal Rt
Type: Total Deformation Type: Total Deformation Total Deformation
Frequency: 1.8952 Hz Frequency: 5.9178 Hz Type: Total Deformation
Unit: m Unit: m Frequency: 12.201 Hz
Unit: m

0.044711 Max 0.044764 Max

0039743 003979 ) 0.044803 Max

0.034775 0.034816 0.039825
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0.024839 0.024869 0.029869
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Figure 5. First three mode shapes of fiber reinforced polymer (FRP) composite riser 3.
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Table 6. Natural frequencies, vortex shedding frequencies and reduced velocities of the risers.

Riser 1 Riser 2 Riser 3
Property
Case 1 Case 4 Case 7 Case 2 Case 5 Case 8 Case 3 Case 6 Case 9
natural frequency f,/(Hz) 2.01 245 1.89
vortex Shefdf(ﬁi)frequemy 0.24 0.85 1.56 022 0.78 142 0.23 0.82 1.51
S
reduced velocity Uy 0.60 2.02 3.53 0.45 1.51 2.64 0.61 2.06 3.61

From the results listed in Table 6, it can be seen the natural frequencies of cases 7 (riser 1) and
case 9 (riser 3) are close to their vortex shedding frequencies, and similarly the reduced velocity U,
of these two cases are close to the range of 4-8. Hence, for these two cases, “lock-in” might occur.
We have to notice that Equation (3) of vortex shedding frequency and Equation (4) of reduced velocity
are calculated based on the rigid cylinder without deformation and fluid structure interaction.

3.2. Time History of Displacements for All Three Risers

The time history of displacements in in-line flow direction (X) and cross flow direction (Y) for all
risers in different cases are plotted in Figures 6 and 7, respectively. In order to show the comparison
more clearly, the displacements in both directions were normalized by the O.D. of the risers. For all the
risers, three typical locations, i.e., =6 m, —12.5 m and —19 m, were selected.
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Time (s) Time (s)
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Figure 6. Cont.
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Figure 6. Time history of displacements in in-line flow direction (X) at three typical locations.

From Figure 6, it is clear that the in-line flow direction (X) displacements maintained at
a relatively stable value and vibrate slightly after the initial growth for all three risers and at all
locations. More specifically, for velocities equal to 0.36 m/s, the maximum displacements in flow
direction/outside diameter (Ax/D) of risers 1, 2 and 3 were around 0.0017, 0.003 and 0.0065 at —6 m,
0.002, 0.0036 and 0.008 at —12.5 m and 0.0009, 0.0016 and 0.0035 at —19 m, respectively. For velocities
equal to 1.22 m/s, the maximum displacements in flow direction/outside diameter (Ax/D) of risers
1, 2 and 3 were 0.02, 0.035 and 0.075 at —6 m, 0.024, 0.042 and 0.095 at —12.5 m and 0.011, 0.019 and
0.042 at —19 m, respectively. For velocities equal to 2.13 m/s, the maximum displacements in flow
direction/outside diameter (Ax/D) of risers 1, 2 and 3 were 0.06, 0.10 and 0.23 at —6 m, 0.075, 0.128 and
0.274 at —12.5 m and 0.033, 0.057 and 0.12 at —19 m, respectively. To summarize: (1) In the cases with
the same current velocity, the displacement of riser 3 was the largest, followed by riser 2, and riser 1
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was the smallest for all locations of the three risers. (2) With the increase of current velocity, the Ax/D
rose for all three risers. Take riser 3 at 12.5 m for example, the Ax/D(s) was about 11 times (1.22 m/s)
and 32 times (2.13 m/s) of that at 0.36 m/s. (3) The end support conditions affected the displacement
significantly, i.e., simple support lead to larger displacement. Using riser 3 at 2.13 m/s as an example,
the Ax/D(s) was about 0.23 at —6 m (6 m to the simple support end) and 0.12 at —19 m (6 m to the
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Figure 7. Time history of displacements in cross flow direction (Y) at three typical locations.

From Figure 7, it is clear that the cross-flow direction (Y) displacements of all risers vibrated
obviously. The vibrations for the cases with 0.36 m/s were comparatively more stable than those
for the cases with 1.22 m/s and 2.13 m/s. This was because for cases 1-3 (0.36 m/s), the Re (s) was
101,887, 111,736 and 105,623 and therefore the vortex streets for these cases were fully turbulent [50].
For cases 4-9, the Re (s) was between 300,000 and 3,500,000 and therefore the laminar boundary layer
underwent turbulent transition and the wake was narrower and disorganized [50]. More specifically,
for velocities equal to 0.36 m/s, the maximum range of displacements in cross-flow direction/outside
diameter (Ay/D) of riser 1, 2 and 3 were around 0.0004, 0.001 and 0.002 at —6 m, 0.0005, 0.0018 and
0.003 at —12.5 m and 0.0002, 0.0006 and 0.0013 at —19 m, respectively. For velocities equal to 1.22 m/s,
the maximum ranges of displacements in cross-flow direction/outside diameter (Ay/D) of risers 1,
2 and 3 were 0.005, 0.014 and 0.024 at —6 m, 0.006, 0.017 and 0.026 at —12.5 m and 0.003, 0.0075 and
0.012 at —19 m, respectively. For velocities equal to 2.13 m/s, maximum ranges of displacements in
cross-flow direction/outside diameter (Ay/D) of risers 1, 2 and 3 were 0.018, 0.035 and 0.059 at —6 m,
0.022, 0.043 and 0.073 at —12.5 m and 0.009, 0.018 and 0.033 at —19 m, respectively. To summarize: (1)
In the cases with the same current velocity, the vibration range of riser 3 was the largest, followed by
riser 2, and riser 1 was the smallest for all locations of the three risers. (2) With the increase of current
velocity, the Ay /D rose for all three risers. Take riser 3 at 12.5 m for an example, the Ay/D(s) was
about 9 times (1.22 m/s) and 24 times (2.13 m/s) of that at 0.36m/s. (3) the end support conditions
affected the displacement significantly, i.e., the simple support lead to larger vibration. Using riser 3 at
2.13 m/s as an example, the Ay/D(s) were about 0.059 at —6 m (6 m to the simple support end) and
0.033 at —19 m (6 m to the fixed support end).
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3.3. Maximum Displacements and Von Mises Stresses of All Three Risers

Similarly, the time history of displacements in in-line flow direction (X), cross flow direction (Y)
and von Mises stresses for all locations of risers can be acquired. According to these data, the maximum
displacements and stresses at different locations of risers are obtained and presented in Figures 8-12.

Figure 8a shows the maximum Ax/D for a velocity of 0.36 m/s, Figure 8b presents the maximum
Ax/D for velocity of a 1.22 m/s, and Figure 8c illustrates the maximum Ax/D for a velocity of 2.13 m/s.
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Figure 8. Maximum displacements/outside diameter (Ax/D) in in-line flow direction (X) of all
three risers.

From Figure 8, for all cases riser 3 had the maximum Ax/D and riser 1 had the minimum
Ax/D. Also it could be found that the maximum Ax/D occurred above the middle point of each riser,
which indicated the simple support lead to larger displacement compared with the fixed support.
Based on Figure 8 and the procedure of creating it, the maximum Ax/D for risers 1, 2 and 3 for 0.36 m/s
were 0.0023 at —11 m (60.6 s), 0.0039 at —11 m (74.6 s) and 0.0085 at —11 m (62.6 s), respectively.
The maximum Ax/D for risers 1, 2 and 3 for 1.22 m/s were 0.0263 at —11 m (71.0 s), 0.0455 at —11 m
(28.8 s) and 0.100 at —11 m (68.0 s), respectively. The maximum Ax/D for risers 1, 2 and 3 for 2.13 m/s
were 0.0805 at —11 m (46.6 s), 0.140 at —11 m (39.8 s) and 0.290 at —11 m (54.4 s), respectively.

Figure 9a shows the maximum Ay /D for velocity of 0.36 m/s, Figure 9b presents the maximum
Ay /D for velocity of 1.22 m/s, and Figure 9c illustrates the maximum Ay/D for velocity of 2.13 m/s.
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Figure 9. Maximum displacements cross flow direction (Y) of all three risers.

From Figure 9, for all cases riser 3 had the maximum ranges of Ay /D and riser 1 had the minimum
ranges of Ay/D. Also it could be found that the maximum ranges of Ay/D occurred above the middle
point of each riser, which indicated the simple support lead to larger vibrations compared with the
fixed support. Based on Figure 9 and the procedure of creating it, the maximum ranges of Ay /D for
risers 1, 2 and 3 for 0.36 m/s were 0.00048 at —11 m, 0.0019 at —11 m and 0.003 at —11 m, respectively.
The maximum ranges of Ay /D for risers 1, 2 and 3 for 1.22 m/s were 0.0063 at —11 m, 0.018 at —11m
and 0.0282 at —9 m, respectively. The maximum ranges of Ay /D for risers 1, 2 and 3 for 2.13 m/s were
0.0233 at —10 m, 0.044 at —11 m and 0.076 at —11 m, respectively. Here it is noted that the maximum
Ay/D and the minimum Ay/D occurred at different times, and therefore no time was measured for
the maximum range of Ay/D.

From Figures 8 and 9, the in-line displacement was much larger than the cross flow displacement.
Based on the time when the maximum Ax/D occur for all cases, Figure 10 presents the total
displacement distributions of riser 3 at those specified times. Here we have to note, the displacement
distributions of risers 1 and 2 were similar to those of riser 3, and the only difference was the specific
maximum displacement value for each riser. More specifically, the maximum displacements for riser 1
were 0.00071 m at 60.6 s, 0.0079 m at 71 s and 0.024 m at 46.6 s for flow velocities of 0.36 m/s, 1.22 m/s
and 2.13 m/s respectively, the maximum displacements for riser 2 were 0.0013 m at 74.6 s, 0.015 m at
28.8 s and 0.046 m at 39.8 s for flow velocities of 0.36 m/s, 1.22 m/s and 2.13 m/s respectively, and the
maximum displacements for riser 3 were 0.0027 m at 62.6 s, 0.031 m at 68 s and 0.090 m at 54.4 s for
flow velocities of 0.36 m/s, 1.22 m/s and 2.13 m/s respectively.
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Figure 11 shows the maximum von Mises stresses of all three risers for the velocity of 0.36 m/s,

1.22m/s, and 2.13 m/s, respectively.
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From Figure 11, for all cases riser 3 had the maximum von Mises stresses and riser 2 had the
minimum von Mises stresses. Here we have to note that, only the von Mises stresses for steel riser
(riser 1) could be utilized to verify the failure, more specifically, the 67% of the yield stress of X80 steel
(371 MPa) was identified as the allowable stress according to American Bureau of Shipping (ABS)
standard [45]. Therefore, for all cases, steel risers would not incur stress failure. The minimum factors
of safety, which are defined as allowable strength/stress, were 82.4, 31.6 and 12.1 for steel riser 1 with
current velocities of 0.36 m/s, 1.22 m/s and 2.13 m/s, respectively. However, the von Mises stresses
for FRP composite risers (risers 2 and 3) could not be utilized to verify the failure because the global
stresses could not represent the stress distributions in each composite laminae. If the equivalent stresses
of a composite riser is required, the effective modulus method (EMM) rather than the layered-structure
method (LSM) should be utilized [19]. In this paper, the global stress distributions for FRP composite
risers here were only used to find the locations and time of the maximum stresses occurred, and this
information was used for failure verification of FRP composite risers in the next section.

For all cases, the maximum von Mises stresses occurred at the top/bottom end of all risers,
followed by the middle parts (above the middle point) of the risers, while at about —19 m, the minimum
von Mises stresses happened. The reasons for this trend were that the fixed support at the bottom lead
to the maximum stresses and the middle parts had the largest deformation attributed to large stresses
as well. For the small velocity situation, top-tension force lead to the maximum von Mises stress at
the top end, especially for the steel riser whose tension force was the largest. For the location around
—19 m, all risers had comparatively small deformation and it was relatively far from the fixed support,
therefore, minimum von Mises stresses occurred.

Based on Figure 11 and the procedure of creating it, the maximum von Mises stresses for risers 1,
2 and 3 for 0.36 m/s were 4.5 MPa at 0 m (72.6 s), 3.0 MPa at —25 m (30.6 s) and 5.7 MPa at —7 m (24.6 s),
respectively. The maximum von Mises stresses for risers 1, 2 and 3 for 1.22 m/s were 11.7 MPa at
—25m (71.0 s), 11.3 MPa at —25 m (52.6 s) and 22.7 MPa at —25 m (68.0 s), respectively. The maximum
von Mises stresses for risers 1, 2 and 3 for 2.13 m/s were 30.7 MPa at —25 m (46.6 s), 29.4 MPa at —25m
(39.8 s) and 59.2 MPa at —25 m (54.4 s), respectively.

According to the time when the maximum von Mises stresses occurred for all cases, Figure 12
presents the stress distributions of all risers at those specified time.

Y
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Figure 12. Maximum von Mises stresses of the risers (a) riser 1 at 72.6 s with 0.36 m/s, (b) riser 2 at
30.6 s with 0.36 m/s, (c) riser 3 at 24.6 s with 0.36 m/s, (d) riser 1 at 71.0 s with 1.22 m/s, (e) riser 2 at
52.6 s with 1.22 m/s, (f) riser 3 at 68.0 s with 1.22 m/s, (g) riser 1 at 46.6 s with 2.13 m/s, (h) riser 2 at
39.8 s with 2.13 m/s, (i) riser 3 at 54.4 s with 2.13 m/s.

3.4. Stress Distributions in Every Layer of the FRP Composite Risers

For each case, there were two significant times, when the maximum displacement occurred and
the maximum stresses occurred. Comparing the stresses in the FRP composite layers at these two time
points, the maximum stresses in every lamina of FRP composite risers (risers 2 and 3) were obtained
and the factor of safety (FS) are presented in Figures 13-15. Here, the factor of safety was defined as
allowable strength /stress.

In composite riser design, the factor of safety was utilised to verify the stress failure. In this
paper, the maximum stress failure criterion [47] considered failures in the fiber direction, transverse
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direction and in-plane shear separately for all composite layers. The minimum FS required was 1.53
for composite layers and 1.68 for titanium liner [46].

For cases with velocity of 0.36 m/s for riser 2, the maximum von Mises stress in the titanium
liner is 3 MPa and FS = 293. Figure 13a,b, respectively, show the minimum FSs in the fiber and
transverse directions for all the layers of riser 2. Here, it was noted that for the riser geometry with only
orthotropic reinforcements (riser 2), the shear stresses in all layers were small enough to be neglected.
The minimum FS in the fiber direction was 493 (layer 20 in Figure 13a) while that in the transverse
direction is 168 (layers 21 in Figure 13b). It is evident that, for riser 2 with 0.36 m/s, the in-plane
transverse stresses were the most critical stresses and they were far away from the failure stresses.

For cases with velocity of 0.36 m/s for riser 3, the maximum von Mises stress in the titanium liner
was 5.2 MPa and FS = 169. Figure 13c—e, respectively, show the minimum FSs in the fiber, transverse
and shear directions for all the layers of riser 3. The minimum FS in the fiber direction were 304 (layer
3 in Figure 13c¢), 73.7 (layer 17 in Figure 13d in the transverse direction and 273 in shear direction (layer
13 in Figure 13e). It was evident that, for riser 3 with 0.36 m/s, the in-plane transverse stresses were
the most critical stresses and much smaller than those in riser 2. They were, however, far away from
the failure stresses.

Comparing the FS (s) in riser 2 and riser 3, it was obvious that the tailor-designed composite riser
3 could take advantage of the fiber strength more efficiently.
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Figure 13. Factor of safety of composite layers for 0.36 m/s in (a) riser 2-fiber direction, (b) riser
2-transverse direction, (c) riser 3-fiber direction, (d) riser 3-transverse direction and (e) riser
3-shear direction.

For cases with velocity of 1.22 m/s for riser 2, the maximum von Mises stress in the titanium
liner was 11.2 MPa and FS = 78. Figure 14a,b, respectively, show the minimum FSs in the fiber and
transverse directions for all the layers of riser 2. Here, it was noted that for the riser geometry with only
orthotropic reinforcements (riser 2), the shear stresses in all layers were small enough to be neglected.
The minimum FS in the fiber direction was 120 (layer 20 in Figure 14a) while that in the transverse
direction was 43.7 (layers 21 in Figure 14b). It was evident that, for riser 2 with 1.22 m/s, the in-plane
transverse stresses were the most critical stresses and they were far away from the failure stresses.

For cases with velocity of 1.22 m/s for riser 3, the maximum von Mises stress in the titanium liner
was 22.4 MPa and FS = 39. Figure 14c—e, respectively, show the minimum FSs in the fiber, transverse
and shear directions for all the layers of riser 3. The minimum FS in the fiber direction were 71.4 (layer
3 in Figure 14c), 24.2 (layers 17 in Figure 14d) in the transverse direction and 60.3 in the shear direction
(layer 13 in Figure 14e). It was evident that, for riser 3 with 1.22 m/s, the in-plane transverse stresses
were the most critical stresses and much smaller than those in riser 2. But they were far away from the
failure stresses.

Comparing the FS (s) in riser 2 and riser 3, it was obvious that tailor-designed composite riser 3
could take advantage of the fiber strength more efficiently.
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Figure 14. Factor of safety of composite layers for 1.22 m/s in (a) riser 2-fiber direction, (b) riser
2-transverse direction, (c) riser 3-fiber direction, (d) riser 3-transverse direction and (e) riser
3-shear direction.

For cases with velocity of 2.13 m/s for riser 2, the maximum von Mises stress in the titanium
liner was 29.3 MPa and FS = 30. Figure 15a,b, respectively, show the minimum FSs in the fiber and
transverse directions for all the layers of riser 2. Here, it was noted that for the riser geometry with only
orthotropic reinforcements (riser 2), the shear stresses in all layers were small enough to be neglected.
The minimum FS in the fiber direction was 35.3 (layer 20 in Figure 15a) while that in the transverse
direction was 16.1 (layers 21 in Figure 15b). It was evident that, for riser 2 with 2.13 m/s, the in-plane
transverse stresses were the most critical stresses and they were far away from the failure stresses.

For cases with velocity of 2.13 m/s for riser 3, the maximum von Mises stress in the titanium liner
was 58.1 MPa and FS = 15. Figure 15c—e, respectively, show the minimum FSs in the fiber, transverse
and shear directions for all the layers of riser 3. The minimum FS in the fiber direction were 22.5 (layer
3 in Figure 15c¢), 12.9 (layers 17 in Figure 15d in the transverse direction and 22.8 in shear direction
(layer 13 in Figure 15e). It was evident that, for riser 3 with 2.13 m/s, the in-plane transverse stresses
were the most critical stresses and much smaller than those in riser 2. But they were far away from the
failure stresses.

Comparing the FS (s) in riser 2 and riser 3, it was obvious that tailor-designed composite riser 3
could take advantage of the fiber strength more efficiently.
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4. Conclusions

This paper presents a comparative VIV study of FRP composite risers (AS4-epoxy with titanium
liner) with two geometries ([liner/90/(0/90)10] and [liner/03/(+53, —53)5/904]) using a steel riser
as the benchmark. The CFD simulation with coupled fluid-structure interaction was employed for
nine different study cases considering a combination of different risers, tension forces, buoyancies,
gravities and current conditions to investigate each riser’s VIV characteristics including their natural
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frequencies, global displacements, global stresses and the stress distributions in every layer of the FRP
composite risers. The results showed that:

(1) VIV responses of displacements for all three risers at 2.13 m/s were about 30 times of those
at 0.36 m/s and 3 times of those at 1.22 m/s; VIV responses of global stresses for all three risers at
2.13 m/s were about 10 times of those at 0.36 m/s and 3 times of those at 1.22 m/s; and only in the
100 year loop current condition (2.13 m/s), “lock-in” might occur for steel riser (riser 1) and optimized
FRP composite riser (riser 3).

(2) Displacements in in-line flow direction maintained at a relatively stable value and vibrated
slightly after the initial growth, while the vibration in cross flow direction was obvious. In terms of the
total displacement, that of the optimized FRP composite riser was the largest and that of steel riser
was the smallest, i.e., the maximum total displacement for riser 3 was about three times of that for riser
1 and two times of that for riser 2 at all flow velocities.

(3) End support conditions affected the displacement significantly, i.e., simple support lead to
larger displacement compared to the fixed support.

(4) Maximum von Mises stresses occurred at the top/bottom end of all risers, followed by the
middle parts (above the middle point) of the risers, while at about —19 m, the minimum von Mises
stresses happened. When the maximum von Mises stresses occurred at the top end, the top tension
force played a key role, and when the maximum von Mises stresses occurred at the bottom end,
the bending force was the most significant one. For the middle part, both tension and bending forces
were essential.

(5) The conventional FRP composite riser (riser 2) had the largest FS (168, 43.7 and 16.1 for
0.36 m/s, 1.22 m/s and 2.13 m/s, respectively) while the optimized FRP composite riser (73.7, 24.2 and
12.9 for 0.36 m/s, 1.22 m/s and 2.13 m/s, respectively) and steel riser (82.4, 31.6 and 12.1 for 0.36 m/s,
1.22m/s and 2.13 m/s, respectively) had the similar FS, indicating the optimized composite riser could
take advantage of the fiber strength more efficiently.
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