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Abstract. This study aims to provide useful information on the fatigue assessment of a top-tensioned riser
(TTR) subjected to vortex-induced vibration (VIV) by performing parametric study. The effects of principal
design parameters, i.e., riser diameter, wall thickness, water depth (related to riser length), top tension,
current velocity, and shear rate (or shear profile of current) are investigated. To prepare the base model of
TTR for parametric studies, three (3) riser modelling techniques in the OrcaFlex were investigated and
validated against a reference model by Knardahl (2012). The selected riser model was used to perform
parametric studies to investigate the effects of design parameters on the VIV fatigue damage of TTR. From
the obtained comparison results of VIV analysis, it was demonstrated that a model with a single line model
ending at the lower flex joint (LFJ) and pinned connection with finite rotation stiffness to simulate the LF]J
properties at the bottom end of the line model produced acceptable prediction. Moreover, it was suitable for
VIV analysis purposes. Findings from parametric studies showed that VIV fatigue damage increased with
increasing current velocity, riser outer diameter and water depth, and decreased with increasing shear rate
and top tension of riser. With regard to the effects of wall thickness, it was not significant to VIV fatigue
damage of TTR. The detailed outcomes were documented with parametric study results.
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1. Introduction

The marine riser plays a recognized role as a bloodline, which is the principal component to
transport the produced hydrocarbon from subsea wells to the offshore platforms and vice versa.
This riser experiences vortex-induced vibration (VIV) caused by currents and this phenomenon
may lead fatigue failures due to repeated cumulative fatigue damages. In this regard, the
estimation of VIV fatigue damage is essential in designing a feasible and operable riser, especially
for risers operating in deep water regions with severe environmental conditions. In the case of riser,
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currents may be considered as the main loader that cause fatigue damage by VIV.

Understanding the influence of design parameters of TTR on the VIV fatigue damage of the
riser is essential for efficient design process of the riser. Parametric or sensitivity studies are
commonly performed to investigate the effects of each parameter. DNV (2010) advised users to
perform sensitivity studies as great differences in the calculated fatigue damage results can be
observed when the design parameters are varied. Sensitivity studies should be carried out for all
possible parameters that may vary during the design life of the riser. Sensitivity studies can also be
conducted to determine the factors that affect the fatigue damage results the most. By performing
sensitivity studies, the effects of variation of design parameters on the VIV fatigue damage can be
quantified by listed several parameters (Bai and Bai 2005). All these parameters may affect the
accuracy of the estimation of fatigue damage of riser such as current profile, structural properties,
frequency and magnitude of lift force, hydrodynamic damping and excitation and correlation
length. Among all, current profile is the most significant parameter (Wong and Kim 2018). Design
parameters that are related to riser geometry and loading applied to riser are the main interest when
designing risers considering VIV fatigue. A number of studies have been conducted to analyse the
effects of these parameters.

Wang (2008) analysed the effects of top tension, inner fluid density, current velocity profile,
outer diameter, riser wall thickness, and elastic modulus on the VIV fatigue damage of deep-water
risers. From his studies, top tension, outer diameter, elastic modulus, and current profile had a
greater influence on fatigue damage than inner fluid density and wall thickness of riser. VIV
fatigue damage may decrease with increasing top tension and lower elastic modulus of riser
material. A larger outer diameter contributed to greater VIV fatigue damage. Effects of inner fluid
density and riser wall thickness were less important as the variation of both parameters were
limited. The relationship of the variation of riser outer diameter with VIV was consistent with the
results from Zahari and Dol (2015) where the VIV amplitude of the cylinder increased with
increasing cylinder diameter. Xu et al. (2017) also demonstrated a similar trend for the fatigue
damage when the outer diameter of riser was increased. However, they discovered that the trend
changes when the outer diameter of riser reached 0.6 m, at which they observed a decrease in
fatigue damage when the outer diameter was 0.6 m due to decrease of vibration orders. The
authors, however, did not provide the fatigue damage results for outer diameters greater than 0.6 m,
hence it is unclear if the fatigue damage increases or decreases for risers with outer diameters
beyond 0.6 m. The effects of current velocity and top tension on riser fatigue life were similar to
the results by Wang (2008).

Roveri and Vandiver (2001) performed parametric studies on the SlenderEx system, which is a
low-cost drilling system, using SHEAR7 to determine the effects of main parameters on the
fatigue damage induced by VIV. Their study showed that an increase in bottom effective tension
might contribute to a decrease in fatigue damage, whereas an increase in current velocities can
lead to an increase in fatigue damage. The results of the influence of user-defined input parameters
in SHEAR7 on the VIV fatigue damage of drilling riser in 1,900 m water depth by Roveri (2007)
in later years agreed with results by Roveri and Vandiver (2001). Xue et al. (2014) used
Han@tangen’s riser model (Lie and Kaasen 2006) to conduct parametric studies. Similar to
previous studies, risers with a higher top tension had higher natural frequencies, hence lower order
modes may be excited which causes lower bending stress, cycle counting frequency, and lower
fatigue damage. Sensitivity studies by Schiller ef al. (2014) and Komachi ef al. (2017) also showed
that variation in top tension causes changes in excited modes. Vibration frequency increased with
increasing top tension when the same mode was excited. Moreover, Xue et al. (2014) found that
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fatigue damage of riser generally increased with internal fluid density. However, due to variation
of excited modes, it was observed that the trend of fatigue damage was less regular and limited in
certain ranges. Since their studies focused on the sheared current, it was found that fatigue damage
was highly sensitive to top velocities in sheared current, as they observed a great increase in VIV
fatigue damage when top velocity increased due to excitation of higher order nodes.

Schiller ef al. (2014) studied the sensitivity of VIV of deep-water risers to current profile, shear
and directionality. Their findings showed that uniform currents produced the largest response.
Even with a large surface velocity in sheared currents, uniform currents with similar velocity still
produced a larger response. The order of excited mode increased with the increasing uniform
current velocity. In the sheared current, more modes were excited than in the uniform current.
Number of excited modes increased with shear parameters. They deduced that velocity plays a
more significant role in VIV response than intensity of the shear of currents. Xue et al. (2011) also
suggested that strongly sheared currents excited more vibrating modes but did not always cause
larger VIV fatigue damage. Fu et al. (2017) indicated that the effect of shear rates on the dominant
vibration mode is less significant. General trends suggested that the dominant mode number
increased with increasing shear rate, which may be caused by a larger maximum velocity in
currents with a large shear rate. VIV is also very sensitive to riser lengths. Risers with longer
lengths have a lower natural frequency, thus the velocity of current required to induce VIV is lower.
Higher mode of vibration is induced in deep water risers than in shallow water risers. Higher
modes have higher natural frequencies, hence the riser will have longer power-in regions which
lead to greater VIV fatigue damages (Bai and Bai 2005, Xue et al. 2011, Low and Srinil 2016,
Park et al. 2016). Luo et al. (2015) reported that longer cables have higher excitation frequencies
and generally have more severe fatigue damage.

In the present study, the individual effect of each TTR design parameter was investigated. To
prepare the base model of TTR for the parametric study, three riser-modelling techniques in
OrcaFlex were investigated and validated against the reference model. The selected riser model
was used to perform parametric studies to study the effect of design parameters on the VIV fatigue
damage of TTR.

2. Modelling techniques of TTR

At the beginning of the analysis, TTR data was collected from several literatures to determine
the suitable base model for a detailed VIV fatigue analysis. To perform a VIV analysis, the riser
needs to be modelled. OrcaFlex which is well-known numerical code for offshore pipeline and
riser engineers (Park et al. 2015, Ziwa et al. 2017), was selected to model the chosen TTR system
from the literature. After the TTR was modelled, static analysis was carried out in OrcaFlex. Static
analysis was performed to compute the global equilibrium configuration of the riser system upon
the exertion of static loading such as weight, buoyancy of and hydrodynamic drag of the riser. The
computed equilibrium configuration would be the starting position for VIV analysis. Upon
completion of static analysis of TTR, VIV analysis of TTR was performed. The main aim when
performing VIV analysis was to determine the VIV fatigue damage of the given riser configuration
under the design current load. In this study, SHEAR7 was used to perform VIV analysis as it is
commonly used by the industry for VIV prediction. A similar VIV analysis technique by adopting
OrcaFlex and Shear7 software has been applied to steel catenary risers (Park et al. 2015, Kim et al.
2018, 2019).
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To determine the best model for VIV analysis, three modelling approaches were developed and
tested. To select the most appropriate modelling approach, the VIV fatigue results of each model
were compared with the results of literature of the chosen TTR system. The models with a
percentage difference of more than 10% were eliminated. The modelling approach that produces
the lowest percentage difference of result with original literature result was selected. The selected
TTR model was used for parametric studies to determine the effects of design parameters, which
included riser outer diameter, wall thickness, top tension, water depth, current velocity and shear
rate, on the VIV fatigue damage of TTR.

2.1 Riser model description

The base configuration without a strake riser system in the thesis by Knardahl (2012) was used
as the reference model for the VIV analysis of the top tensioned riser. The riser is based on Aker
Solution’s workover riser system located northwest of Hammerfest in the Barents Sea. The water
depth is 321 m.

Fig. 1 shows the riser stack-up configuration. The riser is modelled from diverter up to
wellhead fixed to the seabed. The diverter is connected to the platform. A UFJ connecting
telescopic joint to the diverter reduces the bending stresses and loads transmitters to the riser
during platform motions. A telescopic joint, or also known as a slip joint, offsets the heave motion
of the platform. Components following the telescopic joint are spacer joint and pup joint, which
are shorter joints used to provide sufficient space-out.

Drill floor
Diverter
UF) 5
Telescopic joint ! Meansea level
Spacer joint
Pup joint

Bare riser joint

Buoyant joint

Bare riser joint
with adapter

LRI 3
LMRP _ {
BOP

XMT |
Wellhead

Fig. 1 Riser stack-up system
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Table 1 Riser stack-up data (Knardahl 2012)

Component Length Quantit Outer Buoyancy Inner Mass
P (m) Y diameter (m) diameter (m) diameter (m) (kg)
Diverter 6.18 1 1.575 - 1.511 3410
UFJ 1.525 1 0.612 - 0.495 5210
Telescopic joint 31.24 1 0.660 - 0.483 40131
Spacer joint 12.87 1 0.556 - 0.495 10520
Pup joint 7.63 1 0.556 - 0.495 6230
Bare riser 22.86 2 0.533 - 0.495 13910
Riser with buoyancy ), g¢ 7 0.533 1.397 0.495 13910
module
Bare riser with adapter ~ 23.86 3 0.533 - 0.495 13910
LFJ 1.525 1 0.612 - 0.495 5210
LMRP 3.0 1 0.737 - 0.476 85409
BOP 9.0 1 0.737 - 0.476 194591
XMT 2.4 1 0.737 - 0.476 55000
Wellhead 3.2 1 1.000 - 0.452 60000

Following the pup joint is riser joint, with approximately 50% of the riser joint covered with
buoyance modules to reduce the required top tension. Adapters at the bottom end of the riser
provide crossover from the riser joint to lower flex joint (LFJ). LFJ connects the lower end of the
riser joint to the lower marine riser package (LMRP) and reduces the bending force acting on the
LMRP. LMREP is fixed to the blowout preventer (BOP) which in turn is fixed to the Christmas Tree
(XMT). The whole riser stack-up is fixed to the wellhead. Table 1 shows the geometry properties
and masses of the components of the riser stack-up. Steel is used as the material of the riser, with a
density of 7,860 kg/m* and Young’s modulus of 210 GPa. The bending stiffness, axial stiffness and
torsional stiffness for each component are presented in Table 2.

The platform is assumed to be still at mean position of 0 for VIV analysis; hence drift-off is
neglected. Since VIV analysis using SHEAR7Y solely considers current load without considering
wave-induced VIV, wave load and wind load is assumed to be zero (0). The current profile used
for VIV fatigue analysis is presented in Fig. 2. The current heading direction is assumed to be 0
degree. TTR has same configuration in all directions, hence a single direction current load is
assumed to be sufficient. The current direction along the water depth is assumed to be
unidirectional. There is no change in the current heading direction along the water column.

Single slope S-N curve is adopted for fatigue damage calculation. F2 S-N curve for submerged
structures in seawater is used in case stress concentration factor is not applied. The detail of the
S-N curve is presented in Table 3, where ‘a’ is intercept on cycle axis for S-N curve and b is the
slope of the S-N curve (Knardahl 2012).
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Table 2 Bending, axial and torsional stiffness of line component (Knardahl 2012)

Component Bending stiffness Axial stiffness Torsional stiffness
(x10°% (kNm2) (x10% (kN) (x10%) (kNm2)
Diverter 9.791 32.885 7.572
UFJ 0.001140 21.40 100.00
Telescopic joint 1.408 33.686 1.089
Spacer joint 0.369721 10.675 285.94
Pup joint 0.369721 10.675 285.94
Bare riser 0.215096 6.504 166.35
Riser with buoyancy module 0.215096 6.504 166.35
Bare riser with adaptor 0.215096 6.504 166.35
LFJ 0.004020 21.40 100.00
LMRP 2.510 89.59 100.00
BOP 2.510 89.59 100.00
XMT 2.510 89.59 100.00
Wellhead 9.880 164.9 100.00
Current velocity (m/s)
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P U R I B N
100 —
g 4
<
% 200 —
=
2
<
a .
300 —
400

Fig. 2 Current profile
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Table 3 S-N curve parameters (Knardahl 2012)

S-N curve F2
Intercept (a) 11.63
Slope of curve (b) 3

2.2 Boundary condition and modelling assumption

In OrcaFlex, the riser was modelled in line with the lumped mass (Orcina 2012). This study
primarily investigated the VIV fatigue damage of the riser caused by current loads. Several
assumptions and simplifications were made on the riser model to give prominence to the VIV
fatigue due to current load. Listed below are the assumptions made throughout the study. The
modelling of the riser is limited to 2D, with the influence of platform motion to the fatigue damage
of riser being neglected. Hence, the platform is assumed to be still as suggested by Bai and Bai
(2005). Concurring with above preceding assumption, the wave load and wind load effects are
omitted to solely analyze current-contributed VIV (Bai and Bai 2005). The wave-induced VIV is
not investigated in this study.

The flow rate of internal fluid is not considered in the study to eliminate the effects of slugging
and flow of internal fluid in the riser. The telescopic joint can be modelled as a pipe in a pipe
model to account for the relative motion between the inner barrel and outer barrel of the telescopic
joint due to heave motion from the platform. However, the heave motion of the platform is not
considered in this study as mentioned in the scope of study. Therefore, it is acceptable to model
the telescopic joint as a single pipe. Since the riser is modelled as a simple cylinder in OrcaFlex,
the diameters of the auxiliary lines (kill and choke lines) are included in the equivalent outer and
inner diameter of the main riser pipe.

The masses of auxiliary lines and operational fluids in the auxiliary lines are counted in the
total mass of the riser joint. The bending and axial stiffness of the riser pipes are calculated as the
multiple of moments of inertia of the riser pipe cross-section and the Young’s modulus of steel.
The stiffness of the auxiliary lines is deemed to be small and negligible (1SO 2009).

The focus of this study is the VIV fatigue of the riser pipe. In the following modelling method
sub-section, the lower stack of the system including the LMRP, BOP, XMT and wellhead is either
omitted or modelled as a circular cylinder with equivalent cross-section that simulates the bending
and axial stiffness of the lower stack (ISO 2009). Soil-structure interaction is not considered in this
context. For the detailed pipe or riser and soil interaction matters, following research outcomes
may be referred (Yu et al. 2013, 2015, 2017, Kim et al. 2017). Linear soil response modelled as a
constant linear stiffness is adopted in the model, which is current industry practice (Quéau 2015).

In compliance with the assumptions, the riser model is designed as a fixed-free condition. The
bottom end of the riser model is set to be fixed at the seabed in all translation and rotation. The top
end of the riser model is set to be free to move in the vertical direction. The tension force of
5,500kN is applied as an axial force at the top end of riser. The tension force is determined based
on the effective weight of the riser with approximately 400kN effective tension at the end of the
riser (Knardahl 2012).
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2.3 Modelling approaches

Literature has presented multiple ways of modelling the top tensioned riser in OrcaFlex, each
with different aims and focus of study. Unlike SCR, TTR consists of stack-up of different
components. Depending on the problem of study and the available input data, the modelling of
each section along riser differs. In some literature, the riser model ends at the LFJ with pinned
condition while others model the complete riser stack-up up until the wellhead is fixed on the
seabed (Vafin 2015, Xu ef al. 2017). In fact, ISO (2009) suggests several modelling approaches to
conform with various concerns and accessible model data. To determine the suitable model for
VIV analysis, three modelling methods were studied and validated against the VIV response
results from Knardahl (2012).

2.3.1 Model 1

In the first approach, the riser is modelled until the LFJ. The bottom boundary conditions of the
riser in this model is different from the other two approaches. The bottom end of the riser is pinned
at the connection to lower stack. The top end of the riser provided constant tension force. A similar
simplification is used by Cunff et al. (2002) and Xu et al. (2017). Fig. 3 illustrates Model 1 which
was created in OrcaFlex. Tension is applied at the top end of the riser as a constant point load since
the tension system data and stroke-out information is not provided. A single line model is used to
construct the riser in the OrcaFlex. The line starts with the diverter and ends with the LFJ. Diverter,
telescopic joint, spacer joint, pup joint, bare riser, riser with buoyancy module and bare riser with
adapters are modelled as homogeneous pipes, as they are assumed to made from single
homogeneous material. UFJ and LFJ are modelled as general lines since axial and bending
stiffness can be inputted directly. The bottom end of the LFJ is set to be pinned connection with
rotation stiffness of 46 kNm/deg (Knardahl 2012).

Model 1 Model 2 Model 3

Top tension Top tension Top tension 4

Diverter @ Diverter @ Diverter @ yL—' X
h A4
Mean sea level =
Bare riser Bare riser Bare riser
Riser with buoyancy Riser with buoyancy Riser with buoyancy
module module module
Riser with adapter Riser with adapter Riser with adapter
T SS PRl e S P SS
(" R . l/ ™ (," LFJ \\
1 1 1
N\ Wellhead ," “\Wellhead & i \ Wellhead i
~, id 2N 7 S 7

-~ ~
- ~o, —— ~o -

Fig. 3 Assumed top-tensioned riser models in OrcaFlex
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2.3.2 Model 2

For the second model, riser is modelled until the wellhead, as portrayed in Fig. 3. The bottom
end of the model is fixed on the seabed in all directions. All the components in the riser stack-up
are modelled as a single line model, which is the same approach used by Jang (2016). LMRP, BOP,
XMT and wellhead are included in the line model and modelled as a general line with bending and
axial stiffness inputted directly. These lower stacks are represented as circular cylinders with
cross-sections that provide equivalent stiffness and mass. Like the previous model, top tension is
modelled as a single point load. In this model, lower stacks are also included in the VIV analysis.
As the result, the stiffness and diameter of the lower stacks will also influence the fatigue damage
distribution along the riser pipe.

2.3.3 Model 3

Model 3 follows the drilling riser example provided by the OrcaFlex software. A similar
modelling approach is also adopted by Vafin (2015). Model 3 uses a two-line model connected
with a 6D buoy. The first line model consists of a diverter, UFJ, telescopic joint, spacer joint, pup
joint, riser joint, buoyant joint and LFJ. Modelling of the first line is the same as Model 1. Top
tension is applied at the end of diverter as point load. The lower end of LFJ is connected to the 6D
Buoy with negligible properties. The 6D buoy functions as a connection point with six degrees of
freedom for first and second lines. The translation and moment are transmitted from the first line
to the second line through the 6D buoy. The top end of the second line connects to the 6D buoy
with infinity rotational stiffness, as the lower stacks are large and have very high stiffness. The
second line model is composed of LMRP, BOP, XMT and wellhead, which are modelled as
general line. The bottom end of the wellhead is fixed to the seabed in all directions. Fig. 3 shows
the riser model 3 in OrcaFlex.

3. Selection of modelling technique

All three models presented were previously designed with the same current load applied to all
three models. After completing the models, static analysis was performed in OrcaFlex to calculate
the initial configuration of riser at equilibrium under the weights, buoyancy and current loads.
Modal analysis was carried out to determine the natural frequency of the riser, which was then
used by SHEAR?7 to analyse the VIV response of the riser. The process was iterated until the static
position of the riser converged. Fatigue damage was then computed from the VIV response. VIV
analysis results were presented and compared with the results from Knardahl (2012). This paper
focuses on the VIV response of riser pipes up to LFJ, whereas Knardahl investigated the VIV
response of the whole riser stack-up. Hence, only the VIV response of the section from diverter to
LFJ of the riser stack-up in Knardahl’s paper was used to compare with the results of the three
models.

The maximum fatigue damage of risers starting from the diverter to the LFJ in Models 1, 2, 3
and Knardahl’s model are presented in Table 4. The percentage of differences of the fatigue
damage between Model 1, 2, 3 and Knardahl’s model are listed in the last column of Table 4.
Fatigue damage of riser in Model 3 showed the lowest percentage difference (2.962%) from
Knardahl’s model, followed by Model 1. Model 2 showed a very high fatigue damage in risers
compared to other three models. Hence, the modelling approach for Model 2 was not appropriate
in this application.
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Table 4 VIV amplitude and percentage difference of models

Model Maximum fatigue damage (1/yr) Percentage difference (%)
Model 1 8.709 x 1073 3.13
Model 2 8.030 94,990.01
Model 3 8.695 x 1073 2.96
Knardahl (2012) 8.445 x 107 -

Knardahl

Fatigue damage (1/yr)

A E—————

g.

0 100 200 300 400
Riserarc length (m)

Fig. 4 Comparison of fatigue damage distribution along the riser between models

Fig. 4 shows the comparison of fatigue damage distribution along the riser for Model 1, 3 and
Knardahl’s model. A similar trend of fatigue damages was observed by above three models (1, 3
and Knardahl's). The fatigue damage peaked at the buoyant joint and increased again near the end
of LFJ. All three models had maximum fatigue damage at the buoyant joint. The location of the
maximum peaks of the fatigue damage of Model 1 and 3 were offset from Knardahl’s model, but
the maximum value of the fatigue damage is close. At the end of LFJ, fatigue damage in Model 1
and 3 increased much higher than in Knardahl’s model. The deviation of the result may be caused
by different calculation methods applied by SHEAR7 used for Model 1 and 3 compared to
calculation methods applied by VIVANA software used in Knardahl’s model.

Judging from the comparison results of mode frequency, VIV amplitude and fatigue damage of
three developed models with Knardahl’s model, both Model 1 and Model 3 produced results that
were similar to Knardahl’s results. Between the two, Model 3 had the smallest difference in results
from Knardahl’s model. In terms of simulation time, Model 1 required less computational time
than Model 3 because Model 1 contained only a single line model whereas Model 3 contained a
two-line model and one buoy model which required more time to calculate the equilibrium
position. Considering the time required to generate all the simulation results for the parametric
study, Model 1 is deemed to be the most appropriate model for further study. Furthermore, the
result difference between Model 1 and Model 3 was insignificant. For these reasons, Model 1 was
selected as the final model for subsequent study. To conclude, the modelling approach in Model 1
was validated against Knardahl’s model and thus it is suitable for VIV analysis purposes.
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Fig. 5 Result comparison between risers of different outer diameters

4. Fatigue design considerations by parametric studies

Parametric studies were performed on the TTR model to understand the significance of each
design parameter in affecting the VIV fatigue damage of riser. To study the individual effects of
the variation in the outer diameter and wall thickness of the riser pipe, the base riser configuration
was simplified to a single bare riser as to eliminate other possible factors or interactions affecting
the results comparison. Current profile in the base model was set to a uniform current of 0.7 m/s to
concentrate on the individual effects of current velocity and shear profile. The design parameters
investigated were geometrical properties of the riser, tension and current profile properties.

4.1 Effect of riser outer diameter

The effect of the outer diameter was studied by varying the outer diameter of the riser with a



376 Do Kyun Kim, Eileen Wee Chin Wong and Mala Konda Reddy Lekkala

10%, 20% and 30% increase and decrease from the base case. In the base case, the riser had an
outer diameter of 0.533 m. 7 cases were formed. In all cases, the risers had same wall thickness of
19 mm. A constant top tension of 5,500 kN was applied at the top end of the risers. The maximum
fatigue damage results are compared by considering the effect of outer diameter changes in Table 5.
For all cases, it is observed that a single mode is excited and mode 3 is the dominant excited mode.
Fig. 5(a) shows that an increase in the outer diameter of riser increases the maximum vibration
amplitude, which is consistent with results by Zahari and Dol (2015). As the result, the maximum
VIV fatigue damage of the riser increases with the outer diameter, as shown in Figs. 5(b) and 5(¢),
which agrees with results discovered by Wang (2008) and Xu et al. (2017).

4.2 Effects of riser wall thickness

Six (6) parametric cases were constructed by 10%, 20% and 30% increase and decrease from
base case, as listed in Table 6. In all cases, the risers had the same dimension and constant top
tension. Maximum VIV fatigue damage of each pipe of different wall thickness is shown in Table
6 and the percentage difference between each case and base case were computed. Mode 3 is
excited for all cases of wall thickness. The maximum fatigue damage of the riser decreases as the
wall thickness increases and then, it increases with the wall thickness as illustrated in Fig. 6(a).

Table 5 Comparison results of TTR with varying outer diameters

Riser outer . Dominant Maximum Percentage difference
. Parameter Dominant .
Case  diameter . mode fatigue damage  (Compared to Base
difference mode No.
(m) frequency (Hz) (1/yr) case)

1 0.3731 -30% 3 0.249 0.579 -86.9%

) 0.4264 -20% 3 0.249 1.229 -72.1%

3 0.4797 -10% 3 0.249 2.399 -45.6%
Base 0.5330 0 3 0.249 4.407 _

4 0.5863 10% 3 0.249 7.684 74.4%

5 0.6396 20% 3 0.249 12.856 191.7%

6 0.6929 30% 3 0.249 20.771 371.3%

Table 6 Comparison result of TTR with varying riser wall thickness

Case Riser wall Parameter ~ Dominant Dominant Maximum Percentage difference
thickness (m) difference  mode No. mode fatigue damage  (Compared to Base
frequency (1/yr) case)
(Hz)
1 0.0133 -30% 3 0.249 4.4941 2.0%
2 0.0152 -20% 3 0.249 4.4425 0.8%
3 0.0171 -10% 3 0.249 4.4140 0.2%
Base 0.0190 0 3 0.249 4.4072 -
4 0.0209 10% 3 0.249 4.4205 0.3%
5 0.0228 20% 3 0.249 4.4538 1.1%
6 0.0247 30% 3 0.249 4.5074 2.3%




A parametric study on fatigue of a top-tensioned riser subjected to vortex-induced vibrations 377

Table 7 Comparison result of TTR with varying water depth

Parameter . Dominant Maximum Percentage difference
Water . Dominant .
Case depth (m) difference mode No. mode fatigue (Compared to Base
frequency (Hz) damage (1/yr) case)
1 192.6 -40% 2 0.268 4.2717 -3.1%
2 2247 -30% 2 0.230 1.6807 -61.9%
3 256.8 -20% 2 0.201 0.7452 -83.1%
4 288.9 -10% 3 0.284 8.2858 88.0%
Base 321.0 0 3 0.254 4.4072 B
5 353.1 10% 3 0.228 2.4923 -43.4%
6 385.2 20% 3 0.208 2.2821 -48.2%
7 4173 30% 4 0.262 8.0378 82.4%
8 449 4 40% 4 0.239 5.2659 19.5%
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Fig. 6 Result comparison between risers of different wall thickness

However, Fig. 6(b) shows that fatigue damage increases with wall thickness along the risers,
except at the last peak where fatigue damage is nearly equal in all cases. The increase of fatigue
damage with increase in wall thickness from thickness of 0.019 m to 0.0247 m is consistent with
findings by Li et al. (2010), but not for the case of 1 to 3. Table 6 shows that the percentage
difference between each case is small, less than 3% in all cases. This indicates the effect of wall
thickness is less significant, as agreed by Wang (2008).

4.3 Effect of water depth

The effect of water depth on VIV fatigue damage of the riser was studied by varying the water
depth while keeping other parameters fixed. Risers had the same outer diameter of 0.533 m, wall
thickness of 19 mm and constant top tension of 5,500 kN at the top end of the risers. Eight
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parametric cases were constructed with a 10%, 20%, 30% and 40% increase and decrease from the
base case, as listed in Table 7. Extra two (2) more cases were added to investigate the effect of
water depth compared to other effects, in order to study the trends at the boundary.

Table 7 and Fig. 7(b) show that there are three (3) kinds of different dominant excited modes. It
is found that mode 2 is dominant in cases 1 to 3, mode 3 dominates in cases 4 to 6, whereas mode
4 dominates in case 7 and 8. As water depth increases, the length of riser required increases.
Longer risers have lower natural frequencies as portrayed in Fig. 7(a), which is consistent to
observations made by Xue et al. (2011).

Since current velocities and outer diameters of risers are constant in all cases, the Strouhal
frequency is 0.227 for all cases. With lower natural frequencies and constant Strouhal frequencies
as riser length increases, a higher mode is excited. The result is consistent with statement by Bai
and Bai (2005).

The dominant excited mode frequency decreases as water depth increases but jumps when there
is a shift in the dominant mode as illustrated in Fig. 7(b). A similar trend is observed in fatigue
damage changes with water depths in Fig. 7(c). After considering all assumed scenarios, maximum
fatigue damage increases as water depth increases because a higher mode is excited, similar to
results presented by Luo et al. (2015). Fig. 7(d) shows the distribution of fatigue damage along the
risers in all cases. A significant percentage difference between case 4 and the base case suggests
the importance of variation of water depth in contributing to changes in VIV fatigue damage.

4.4 Effect of top tension

The top tension applied at top end of riser varied from 2,750 kN to 6,050 kN for risers with
outer diameters of 0.533 m and wall thickness of 19 mm. Fig. 8(a) shows that maximum vibration
amplitude decreases until the top tension is 3,850 kN. When tension exceeds 3,850 kN, the
maximum amplitude abrupt jumps to a peak at a tension of 4,400 kN and decreases gradually with
top tension. The reason behind the discontinuation in the maximum amplitude graph is the change
in the dominant excited mode. Like the observation made by Schiller et al. (2014) and Komachi et
al. (2017), the natural frequency of the riser varies when the top tension of riser is changed.
Likewise, the mode that is excited by the constant vortex shedding frequency varies depending on
the top tension. For case 1 to 3, the dominant mode is mode 4.

When the top tension is 4,400 kN or higher than this, the dominant mode shifts to lower mode 3
as demonstrated in Table 8. Fig. 8(c) shows that the maximum fatigue damage of the riser
decreases as the top tension increases with a sudden downtrend after 3,850 kN. Upon exceeding
4,400 kN, the maximum fatigue damage decreases slowly. The discontinuation is also caused by a
shift of the dominant excited mode to the lower mode, which can be observed from the shift in the
fatigue damage distribution in Fig. 8(d).

As the top tension increases, a lower mode number is excited, leading to a lower maximum
RMS stress as seen in Fig. 8(b). These results agree with those by Wang (2008), Roveri and
Vandiver (2001) and Li et al. (2010). The percentage difference of the fatigue damage between
each case with the base case in Table 8 is large when the dominant mode No. changes. This shows
that the influence of top tension to VIV response of riser is significant and the top tension should
be carefully designed.
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Fig. 7 Results comparison between cases of different water depths

Table 8 Comparison result of TTR with varying riser top tension

Riser top . . Maximum Percentage difference
Case tension Pgrameter Dominant - Dominant mode fatigue (Compared to Base
(kN) difference mode No. frequency (Hz) damage (1/yr) case)

1 2,750 -50% 4 0.262 52.7460 1096.8%

2 3,300 -40% 4 0.262 44.4940 909.6%

3 3,850 -30% 4 0.262 29.3280 565.5%

4 4,400 -20% 3 0.254 4.5060 2.2%

5 4,950 -10% 3 0.254 4.4332 0.6%
Base 5,500 0 3 0.254 4.4072 _

6 6,050 10% 3 0.254 4.4042 -0.1%
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Table 9 Comparison result of TTR with varying current velocities

Maximum Percentage
Case qurent Pgrameter Dominant Dominant mode fatigue difference
velocity (m/s)  difference mode No. frequency (Hz) damage (Compared to Base
(1/yr) case)

1 0.49 30% 2 0.160 0.1833 -95.8%
) 0.56 20% 2 0.160 0.1880 -95.7%
3 0.63 -10% 3 0.254 4.2737 -3.0%
Base 0.70 0 3 0.254 4.4072 -
4 0.77 10% 3 0.254 4.5082 2.3%
5 0.84 20% 3 0.254 4.5864 4.1%
6 091 30% 4 0.351 40.2430 813.1%

4.5 Effect of current velocity

To study the effect of the current velocities, six (6) cases with different uniform current
velocities of 10%, 20% and 30% increase and decrease from the base case were constructed
respectively, as shown in Table 9. In all cases, the risers had same dimension, length and constant
top tension. The current profile applied on the riser was uniform. Table 9 shows that different
dominant vibration modes were excited under different current velocities. The dominant excited
mode increased as the current velocity increased, as depicted in Fig. 9(a). From Figs. 9(b)-9(c), it
is observed that maximum VIV fatigue damage of riser increases with the increasing current
velocity. The fatigue damage along the risers in Fig. 9(c) also shows the change in the distribution
shape when there is a shift in the dominant excited mode. As presented by Schiller ez al. (2014),
higher modes are excited in higher current velocity conditions, leading to a greater modal
curvature and greater fatigue damage.

This result is consistent with previous studies done by Wang (2008) and Xu ef al. (2017). The
large percentage differences between the cases indicate the significant influence of current velocity
on the VIV response of riser.

4.6 Effect of shear rate

To study the effect of shear profiles of currents, six cases with different linearly sheared current
profiles were created by varying the shear rate, AS from 0 to 0.003s™ with interval of 0.0005s™.
The current profile was defined using the equation provided by Schiller et al. (2014). It was
formulated in such the way that all the linearly sheared profiles shared the same kinetic energy as
the original uniform current with velocity of 0.7 m/s.

2u, —ASz

u(z) =u, 1 oz
(4ufJ —2U,ASL +=AS? Lz)
3 (1)
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Fig. 8 Result comparison between TTR with different top tension

Table 10 Comparison result of TTR with varying shear rates

Case Shear rate ~ Dominant Dominant mode Maximum fatigue Percentage difference
(s mode No. frequency (Hz) damage (1/yr) (Compared to Base case)

Base 0 1 0.079 4.4072 _

1 0.0005 1 0.079 4.4435 0.8%

2 0.0010 1 0.079 4.4853 1.8%

3 0.0015 2 0.160 3.6800 -16.5%

4 0.0020 3 0.254 2.1069 -52.29%

5 0.0025 3 0.254 1.0435 -76.3%

6 0.0030 3 0.254 1.0299 -76.6%

where u is the current velocity along the water column and uo is the corresponding uniform current
velocity. The calculated current profiles are shown in Fig. 10. In all cases, the risers had the same
dimension, length and constant top tension as in Section 4.5.
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Same dominant vibration mode, mode No. 3, is excited under different current profiles. Table
10 shows that as the shear rate increases, the number of excited mode increases. This is consistent
with observation provided by Schiller et al. (2014). In Fig. 11(a), it is observed that the maximum
amplitude of the riser first increases slightly with the shear rate until 0.001s™ and then decreases
greatly with the increasing shear rate. The increasing trend of the amplitude at the beginning is
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Fig. 11 Result comparison between TTR under different sheared current profile

slightly different from the inference. reported by Schiller et al. (2014). The plausible reason behind
the difference in result is the number of excited modes.

In the first three cases, only one mode is excited. Hence, it can be inferred that VIV fatigue
damage depends on the number of excited modes along the risers. The fatigue damage along the
risers in Figs. 11(b) and 11(c) also shows similar trend as the maximum amplitude graph. The
higher the shear rate, the higher modes excites.

Thus, there is a lower maximum V1V fatigue damage in the riser because the fatigue damage is
more distributed along the risers. The percentage difference between the cases are high as
represented in Table 10 indicating the significance of shear rate in VIV fatigue damage prediction.
Variation in current velocities has a greater effect on VIV fatigue damage of riser than shear rate,
as proven by the higher percentage difference between cases with varying current velocities. This
observation agrees with the findings by Schiller et al. (2014).
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5. Conclusions

Parametric studies were performed to investigate the effects of design parameters on VIV

fatigue damage of TTR. Based on the obtained results, the following conclusions were drawn.

e 30% increase in the outer diameter of TTR contributed to a 371.3% increase in maximum
VIV fatigue damage.

e Fatigue damage increased by 2.3% with a 30% increase in wall thickness. Hence, the
difference between different cases of wall thickness was insignificant.

o Deeper water depth required a longer riser length with lower natural frequencies. Maximum
VIV fatigue damage generally increased by 82.4% with a 30% increase in water depth due
to a higher excitation mode.

e The higher the top tension of TTR, lower mode number was excited; hence, TTR had lower
maximum RMS stress and lower maximum VIV fatigue damage. A 30% decrease in top
tension lead to about 500% increase in top tension.

e The maximum VIV fatigue damage increased nearly 800% with a 30% increase in current
velocity due to higher mode numbers being excited.

e The higher the shear rate of the current profile, more modes of the TTR were being excited,
causing the fatigue damage to be more spread out along the riser, hence causing lower
maximum VIV fatigue damage.

Overall, riser outer diameter, water depth, top tension and current profile in term of velocity
and shear rate had great influence on the VIV fatigue damage of TTR. On the other hand, the
effect of wall thickness of riser was less significant. The results of the parametric studies formed
the basis for design consideration during the riser design process.

For future studies, a simplified VIV assessment method can be developed using the defined
function relating each parameter to maximum fatigue damage of riser. It is observed that the
identification of the excited mode is significant to calculate the VIV fatigue damage of riser, hence
it shall be incorporated in the VIV calculation. Continuous validation and improvement shall be
done to enhance the accuracy and precision of the VIV calculation approach.
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