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Abstract

Based on the literature reviewed, few studies have analysed the vortex-induced vi-
bration response of a low-aspect-ratio computational fluid dynamics riser model,
and the use of dynamic properties derived from a global riser model appears to be
largely unexplored. A realistic deepwater drilling riser with buoyancy modules is
modelled in OrcaFlex, an extensively-used offshore industry software, using a wake
oscillator model. Separately, a short segment of this riser is modelled in CFD using
Star-CCM+ in a two-way fluid-structure interaction setup. The segment’s physical,
environmental, and dynamic properties are derived from a selected segment in the
full-scale riser model in OrcaFlex. The dynamic current-induced VIV response of
the segment is compared between OrcaFlex and Star-CCM+ to determine whether
the responses are comparable. It is seen that both models display similar dominant
response, dominant lift frequencies, and lock-in behaviour across a range of current
velocity cases. The RMS cross-flow displacement and lift coefficient present a similar
trend across cases, except in cases with significant changes in top tension, in which
the RMS values diverge significantly between the full-scale riser model in OrcaFlex
and the riser segment model in Star-CCM+-. These results indicate that high-fidelity
modelling of short riser segments can reproduce the VIV response metrics of a global
wake oscillator riser model under various conditions, except in cases where the top
tension is changed significantly and complicates global riser dynamics.

Keywords: computational fluid dynamics, drilling riser, fluid-structure interaction,
lock-in, riser segment, vortex-induced vibrations
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Introduction

The purpose of this chapter is to describe the relevance of this study in the context
of offshore drilling. The core objectives and structure of the study are presented, as
well as the bounds which characterise the study’s scope.

1.1 Background

1.1.1 The top-tensioned drilling riser

An offshore riser is a conduit used in the oil and gas industry to carry operating
fluids between the wellhead and the floating vessel or platform. Production risers
carry crude oil, while drilling risers carry drilling fluids to remove drilling debris
from the bore hole and provide a pathway to lower drilling tools into the well.

Drilling risers are equipped with a tensioner system, shown in Figure 1.1, com-
posed of tensioner cylinders which can be hydropneumatic, hydraulic, or mechanical
in nature, which keeps the riser under nearly constant axial force by acting as a
controlled spring-damper mechanism. Such a system prevents riser motion due to
vessel heave, and acts primarily as a means to balance riser weight and to prevent
compression and buckling. Through applied tension, it also influences the riser’s
geometric stiffness, which can shift the riser’s natural frequencies.

As shown in Figure 1.2, the tensioner cylinders are attached to the tensioner ring
which, integrated with the outer barrel of the telescoping joint, transfers the axial
loads from the riser and the applied tension from the tensioners.

The wellhead, located above the bore hole, is fitted with a blowout preventer (BOP),
which prevents uncontrolled flow from the well system, and lower marine riser pack-
age (LMRP), which allows the drilling rig to disconnect quickly and safely from the
BOP during an emergency.

The upper flex joint and lower flex joint provide controlled rotation to the top and
bottom ends of the riser. Though the surface vessel typically has a dynamic position-
ing system to remain within close range of its initial position, the riser nevertheless
experiences bending loads which, if not transferred effectively, can damage the riser
at the top end and damage the BOP and LMRP at the bottom end.
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Figure 1.1: Drilling rig tensioner system
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Figure 1.2: Drilling riser design
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Buoyancy modules, composed of low density syntactic foam, are installed along a
section of the riser to reduce the amount of top tension required to support the weight
of the riser, riser components and the riser’s internal contents, usually drilling fluid.
Figure 1.3 shows the arrangement of a drilling riser joint with buoyancy modules
encasing the riser and auxiliary lines.

Figure 1.3: Riser joint with buoyancy module

In addition to buoyancy modules, VIV suppression devices such as fairings and
helical strakes, shown in Figure 1.4, are usually installed along the riser to disrupt
and minimise vortex formation.

(a) Fairing (b) Helical strake

Figure 1.4: VIV suppression devices

The vortex formation, also called vortex shedding, along a top-tensioned drilling riser
induces a structural response called vortex-induced vibration, and it can become
especially problematic when the vortex shedding frequency synchronises with the
riser’s natural frequency in a resonant phenomenon called lock-in, further described
in detail in chapter 2.

1.1.2 Vortex-induced vibrations in drilling risers

In the deepwater environment, the susceptibility to vortex-induced vibrations arises
from the riser’s long, slender geometry, which causes it to behave as a flexible cylin-
der. Though the top tensioners and buoyancy modules act together to increase
the riser’s geometric stiffness, the riser is nevertheless subject to the effects of its
complex environmental conditions, which include forces due to waves, wind, and
current. Ocean currents vary in magnitude depending on the location of the drilling
operation, but they typically have a sheared profile due to the differences in water
density in relation to depth. Surface currents are driven by global wind systems,



1. Introduction

while deep ocean currents arise from global differences in water density (NOAA,
2025).

Drilling risers are continuously monitored for structural integrity by using simulation
software to assess the structural dynamics of the riser in response to environmental
loads. Drilling operators can therefore be better informed about the safety of the
equipment with regards to the local environmental conditions of the drilling opera-
tion. Among the various tools that may be used to assess riser structural dynamics,
OrcaFlex, developed by Orcina, is regarded as an industry standard tool because
it can capture the dynamics of a large, complex system with sufficient accuracy
and within a relatively short simulation time compared to CFD tools which are too
expensive computationally for the large nature of the drilling riser.

OrcaFlex version 11.6b is used in this study. To simulate vortex-induced vibra-
tions, OrcaFlex offers wake oscillator models and vortex tracking models, which are
both reduced order models developed from empirical data and experiments, and
the simulation results can be exported to software such as Shear7 and VIVANA
for specialised VIV fatigue assessments. OrcaFlex’s wide array of robust features is
also a reason it is used frequently for global VIV analysis. In local, critical sections,
however, such as connector regions, buoyancy module transition regions, or regions
with installed VIV suppression devices, OrcaFlex may not be the most suitable tool
because it cannot capture the underlying fluid flow interaction with the structure’s
surface. In such a case, a higher fidelity modelling approach using a computational
fluid dynamics tool such as Star-CCM+ may be warranted to capture the detailed
fluid-structure interaction of vortex shedding.

The modelling of vortex-induced vibrations using a CFD tool is not by any means a
novel idea. For instance, in a research project conducted by Chen et al. (2006), two-
dimensional and three-dimensional simulations of flow past an elastically supported
riser of low aspect ratio were performed and compared to assess the accuracy of
CFD modelling of VIV in high Reynold’s number flows. The low aspect ratio refers
to the riser’s length to diameter ratio, though the aspect ratio used in this research
initiative was 1400, which is still considerably high. The VIV response of cylinders of
lower aspect ratios has been studied, as well, for low Reynold’s number flows (Cajas
et al., 2023), but to a limited degree and not within the high Reynold’s number
regime of offshore current flow.

The novelty of this thesis lies not in the CFD modelling of a riser which has been
thoroughly researched, nor does it lie in the CFD modelling of a low aspect ratio
cylinder. However, the development of an independent CFD model of a short riser
segment with derived environmental, physical, and dynamic properties from a global
riser model to analyse the CFD model’s response to VIV has not been attempted
in the past. This study evaluates the suitability of CFD modelling of a low aspect
ratio cylinder with dynamic similarity to a global riser model for VIV prediction. A
model of this nature is particularly relevant due to the high computational cost of
a CFD riser model of high aspect ratio.

Star-CCM+ is a multi-physics, computational fluid dynamics software from Siemens
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used in many engineering fields to simulate fluid flow scenarios, and it is the CFD
tool of choice to model the riser segment in this study due to its advanced features

and its ability to model two-way FSI within the same computational environment.
Star-CCM+ version 2506.0001 is used in this study.

1.2 Objectives

The general objective of this thesis is to investigate the vortex-induced vibrational
response of both a high-fidelity CFD model of a short riser segment and a low-fidelity,
global drilling riser model.

To achieve this aim, the specific research objectives were defined as follows:

1. Develop a realistic, low-fidelity drilling riser model in OrcaFlex using a wake
oscillator to simulate VIV.

2. Select a VIV-sensitive segment of the riser in OrcaFlex and develop a high-fidelity
CFD model of the segment in Star-CCM+ using a two-way FSI interface.

3. Run both models under the same conditions and compare the predicted VIV
amplitudes and dominant frequencies.

4. Investigate the influence of velocity profile and magnitude and the variation of
riser top tension on the VIV predictions of both models.

5. Evaluate the ability of the high-fidelity CFD model to capture the local riser
dynamic VIV response predicted by the low-fidelity drilling riser model.

6. Identify the strengths and limitations of the high-fidelity model and the low-
fidelity model.

1.3 Thesis structure

The thesis begins with an introduction to the project with the chosen scope and
limitations aligned with the thesis objectives. Chapter 2 presents a literature review
and the theory required to understand the underlying physics of vortex shedding, fol-
lowed by an in-depth characterisation of the global riser model defined in OrcaFlex
and the fluid-structure interaction model defined in STAR-CCM+. Chapter 3 de-
scribes the methodology employed in building the two models, including modelling
choices and simulation parameters. In chapter 4, the results are extracted from both
model simulations with a sensitivity analysis to assess model behaviour in response
to current inflow conditions. Chapter 5 proceeds with a discussion of results and
their significance with respect to riser design and analysis. In chapter 6, conclu-
sions of the thesis work are presented with key findings and how they answer the
research objective stated in section 1.2. Finally, in chapter 7, recommendations for
future work are proposed with a discussion of possible modelling improvements and
methods to increase the reliability of high-fidelity simulation of short riser segments.

5
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1.4 Scope and limitations

This thesis examines to what extent a short segment model derived from a full-
scale deepwater riser model can reproduce an equivalent vortex-induced vibrational
response in a two-way fluid-structure interaction configuration using computational
fluid dynamics. The study presents certain limitations which must be addressed to
clarify the scope.

First, the deepwater riser model in OrcaFlex ignores the effect of torsion, as well as
the effects of wind and wave forces, and only includes current forces in the environ-
ment. Second, the Iwan and Blevins wake oscillator model is used in OrcaFlex to
generate the vortex-induced vibrational response of the structure using the model
default coefficients, which Orcina advises to remain unchanged. The wake oscillator
coefficients have been developed using empirical and experimental data, but may
in this regard limit or dampen the riser’s response to VIV in certain conditions.
The general findings are applicable to the simplified drilling riser configuration in
OrcaFlex, including the use of default coefficients in the Iwan and Blevins wake
oscillator model, and should not be generalised to full-scale, offshore drilling riser
conditions until the model has been validated using field data.

The high-fidelity model in Star-CCM+ derives its properties, boundary conditions,
and local environmental conditions from the drilling riser model in OrcaFlex; there-
fore, the results of this study are dependent on the simplified riser physical configu-
ration in OrcaFlex. Furthermore, the CFD model is limited to 2-DOF motion which
applies to the lateral x and y planes, and it is constrained in the axial direction.
The axial stiffness is magnitudes of order higher than the lateral stiffnesses, which
may reduce the impact of this limitation. Another important limitation of the CFD
model is its low aspect ratio, which makes the VIV behaviour sensitive to free end ef-
fects. The model’s lock-in behaviour is still tied to the structural vibration dynamic
properties derived from the global riser model, but the free end effects still alter
the wake mechanism behind the cylinder. The general findings in this model are
applicable to the simplified 2-DOF riser model of a low aspect ratio and should not
be generalised to high aspect ratio riser models or riser models with higher degrees
of freedom.
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Literature review and theory

This chapter achieves two purposes. The first is to present how this study fits
into and contributes to past research of vortex-induced vibrations. The second
is to provide the important theory and principles of VIV, which are necessary to
understand the underlying physics that the study aims to represent in the simulation
models.

2.1 Literature review

As mentioned previously in subsection 1.1.2, the physics of vortex-induced vibrations
has been the subject of extensive research in past decades. Griffin et al. (1973) per-
formed a series of experiments to examine the vortex-excited oscillations of circular
cylinders in cross flow, followed by Sarpkaya (1977) who sought to estimate exper-
imentally the in-line and transverse forces of cylinders in oscillatory flow. Nearly
three decades later, Jauvtis and Williamson (2003) studied the VIV response of an
elastically mounted cylinder, free to move in two degrees of freedom, in an experi-
mental water channel facility. The 2-DOF XY cylinder motion has been of particular
interest lately. As noted by Williamson and Jauvtis (2004) in a separate study, for
bodies of mass ratio m* > 6, the in-line oscillations have a negligible effect on the
cross-flow oscillations, and in many cases the Y-only motion may be sufficient for
the study of VIV; however, for bodies of mass ratio m* < 6, the oscillations in the
in-line direction begin to have an important effect on the cross-flow behaviour. The
mass ratio is expressed as m* = ﬁ, where m is the mass of the cylinder and the

denominator is the mass of displaced fluid. In hydrodynamic applications such as in
this study, the mass ratio is typically quite low, often below 10, which necessitates
the study of VIV in two degrees of freedom.

More recently, in the context of offshore riser modelling, Chen et al. (2006) conducted
research on using computational fluid dynamics to simulate three-dimensional flow
past an elastically supported riser of low aspect ratio at high Reynold’s numbers,
which is more consistent with offshore fluid dynamics. Due to the high computa-
tional cost of CFD simulations, cylinders of lower aspect ratio have been the subject
of further research to decrease the aspect ratio while minimising the cylinder end
effects on VIV behaviour. Cajas et al. (2023) studied the influence of cylinder aspect
ratio on VIV behaviour at low Reynold’s numbers, testing aspect ratios of 2, 3, 5,
and 7, and concluded that the free ends have an important influence on the VIV

7
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behaviour of a cylinder of low aspect ratio. Zhao and Cheng (2014) conducted a
similar study and concluded that for a finite cylinder with an aspect ratio of 1 and 2,
the free end effects strongly affect the cylinder’s wake structure and can even alter
lock-in behaviour. However, the paper also states that, though the wake mechanism
changes due to the free end effects, the peak vibration frequency remains close to
the structural natural frequency. This is an important limitation that must be un-
derstood regarding simulations of finite cylinders of low aspect ratio: though the
free end effects alter the vortex formation behind the cylinder, the lock-in behaviour
remains closely tied to the structure’s vibration dynamics.

2.2 Theory

2.2.1 Vortex shedding

Vortex shedding occurs when flow separation across a bluff body causes alternating
vortices to form downstream of the body in a pattern known as a von Karman vortex
street (Huang et al., 2022). Flow separation depends on both the fluid velocity and
the fluid’s kinematic viscosity; therefore, vortex shedding cases are categorised using
the Reynold’s number, expressed as Re = ?, where U is the flow velocity in m/s, D
is the outer diameter of the cylindrical body in m, and v is the kinematic viscosity
in m?/s. Vortex shedding across an oscillatory cylinder can be expressed in the
Strouhal relation as St = £22 where St is the Strouhal number which takes a value

U
of 0.2 for 300 < Re < 300 000, considered the subcritical flow regime.

2.2.2 Drag and lift

Due to the unsteady pressure distributions around the cylinder, vortex shedding
generates both lift and drag forces, which are defined as fluctuating and expressed
in Equation 2.1 and Equation 2.2 (Modarres-Sadeghi, 2022).

1

Fr(t) = 5pDU2 7 sin(wst + @) (2.1)
1

Fp(t) = 5pDU2 b sin(2wst + ) (2.2)

where w, = 27 fs, C', and Cp are the lift and drag coefficients, and o and 3 represent
the phase of the signal.

The terms « and [ are usually not equal because there exists a lag between the lift
acting on the cylinder and the cylinder’s response. In addition, the drag’s frequency
is defined as twice the shedding frequency only for certain cases, for instance during
cylinder resonance. In other cases, the drag frequency may be defined differently.
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2.2.3 Mass-spring-damper system vibration

The equation of motion for a forced vibration, damped 1-DOF Mass-spring-damper
system is expressed in Equation 2.3.

my + cy + ky = F(t) (2.3)

where F(t) is the excitation force expressed in N.

In matrix form:

) {i} + e {o} + 6] {} = {R0) 2.4)

In a 2-DOF uncoupled system, the motion takes the following matrix form:

my; 0| |Z e, 0 [z ky O] [z F.(t)
.t ¢+ = 2.5
l 0 my] {y} lO cy] {y} [0 ky] {y} {Fy<t)} 2
In a 2-DOF fully coupled system, the off-diagonals are non-zero, at which point

the stiffness matrix takes on the form expressed in Equation 2.6, and the damping
matrix takes on the form expressed in Equation 2.7.

(ks K
K = | "o 2.6
| kya kyy] (2:6)
o[ o o
|Cyz  Cyy

In fluid-structure interaction, the system is fully coupled through the hydrodynamic
forces; however, the structural supports at either end may be uncoupled. Such a
system would be defined by the matrix form in Equation 2.8.

m, 0| |Z c: 0| [z ky 0| [z Fp(x,y,2,9,t)
.t Lot = Lo 2.8
lo my] {y} lo Cy] {y} [0 k"y] {y} {FL@?yv:”?yvt) (28)
In this matrix form, the lift and drag forces that define the excitation forces both

depend on motion in x and y, which make them coupled; however, the left-hand side
is decoupled. This represents the structural equation of motion.

In the overall fluid-structure interaction system, there is hydrodynamic coupling.
To represent the overall system behaviour, not just the structural representation,
the matrix form is written as the following:

9
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5 2000 )6 -9

where C}, is the hydrodynamic damping matrix and K, is the hydrodynamic stiffness
matrix.

2.2.4 Fluid-structure interaction

Fluid-structure interaction can be defined as either one-way or two-way. In one-
way FSI, the fluid forces act on the structure, and the fluid loads induce structural
deformation, but the structure’s motion does not affect or significantly alter the fluid
flow. The FSI interface is a one-way exchange of information from the fluid to the
structure, and can be used reliably in applications where the structural motion is
small and the FSI coupling is weak. On the other hand, two-way FSI is necessary in
applications such as VIV modelling, in which the FSI coupling is strong and affects
whether or not the structure enters resonance.

The dynamics of vortex-induced vibrations and the onset of frequency lock-in are
affected and enabled by the two-way fluid-structure interaction coupling, shown in
Figure 2.1, between the solid body and the surrounding fluid.

Fig. 1.1 A fluid-structure
interaction system fluid forces

displacement

—E

%
(a) V) ©

Fig. 1.2 (a) Flow around a fixed cylinder combined with (b) a mass-spring-damper constitutes a
(¢) fundamental FSI problem

Figure 2.1: Fluid-structure interaction simplified diagram

In Star-CCM+-, this interface allows for the exchange of data between the solid
displacement and the mapped FSI traction, where the latter represents the transfer
of fluid loads from the computational fluid dynamics solver to the structural solver.
In two-way FSI, the coupling typically involves the following steps for each time
step:

1. Wall pressure and shear forces computed from fluid loads

2. Mapped FSI traction

10
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3. Solid deformation

4. Solid displacement mapped back to fluid mesh
5. Fluid mesh morphing

6. Repeat iterations until solution converges

Solution convergence refers to a state in the simulation in which successive solver
iterations in both the fluid and solid domains satisfy the governing equations with
negligible changes. When the interface displacement, force, and residuals, satisfy
the convergence criteria, the simulation advances to the next time step.

2.2.5 Vortex-induced vibrations

The vortex-induced vibrations of a circular cylinder represent the cylinder’s dy-
namic response to the fluctuating lift and drag forces due to vortex shedding. The
fluid-structure interaction between the cylinder and the wake enables the lock-in
phenomenon, in which the vortex shedding frequency aligns itself with the cylin-
der’s nearest natural frequency. In such a case, the vortex shedding does not follow
the Strouhal relation, and instead remains equal or close to the cylinder’s natural
frequency; lock-in is also characterised by large amplitudes of cylinder motion.

The lock-in range depends on two dimensionless parameters: the reduced velocity
parameter expressed as V, = fLD, where f,, is the cylinder’s natural frequency, and
the mass ratio expressed as m* = %, where m is the mass of the cylinder and the

4
denominator is the mass of displaced fluid.

2.3 Vortex-induced vibration prediction models

The modelling of vortex-induced vibrations has been a topic of great interest. Apart
from computational fluid dynamics (CFD) model which will be discussed in sec-
tion 2.5, phenomenological models have been developed based on the van Der Pol
equation expressed as:

G+e(q?—1)¢+wiq=Aj (2.10)

where ¢ is the wake oscillator variable and A and e are constants derived from
experimental data, and ¢ is the structural acceleration. The non-linear damping
term € (¢> — 1) ¢ enforces the limit cycle behaviour of the wake, which represents the
self-limiting aspect of the system.

The wake oscillator represents the wake being a cylinder using a single degree of
freedom, represented by ¢ in Equation 2.10. When the wake oscillates, it generates
a lift force inducing cylinder motion; in response, the cylinder’s acceleration feeds
back into the wake, which creates a coupled non-linear system. The wake oscillator

11
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also only models the force in the transverse direction. The drag force is considered
separately using the Morison’s equation expressed as:

1
f = C’mAaf+prdA|vf|Uf (211)
—_— 2
inertia M
drag

f : fluid force (per unit length) on the body
C,, : inertia coefficient for the body
A : mass of fluid displaced by the body
ay : fluid acceleration relative to earth
p : density of water
Cy : drag coefficient for the body
A : drag area

vy : fluid velocity relative to earth

2.4 The OrcaFlex wake oscillator models

The wake oscillator models available in OrcaFlex include the Milan model and the
Iwan and Blevins model. The Iwan and Blevins model is a classical wake oscillator
model used to model vortex shedding and frequency lock-in. The model was cal-
ibrated using test data from fixed and forced cylinders, then compared to results
from spring-mounted cylinders (Orcina, 2025). Unlike the Milan model, the Iwan
and Blevins model transverse force accounts for the Morison drag force in the trans-
verse direction; conversely, the Milan model does not include the drag force in the
transverse direction. The two models are developed using different sets of empirical
and experimental data, and the choice of the model depends on the application.

To understand the wake oscillator model in OrcaFlex, it is important to first un-
derstand that the riser model is a line type, which means that it is discretised into
a finite element, lumped mass model, described by Orcina as "a series of lumps of
mass joined together by massless springs' (Orcina, 2025). The lumps are denoted
as nodes, and the springs are denoted as segments. The segments define the line’s
axial, bending, and torsional stiffnesses via spring-damper elements, whereas the
nodes define the mass, weight, buoyancy, and drag properties of the line. When
the Iwan and Blevins model is implemented, a flow velocity is required, provided
by current, waves, or both. The wake oscillator is then applied to each segment
along the riser. The spatial resolution of VIV depends on the level of segmentation,
and a sensitivity analysis must be performed to ensure the model captures the VIV
behaviour sufficiently in relation to the number of segments along the line. For
each segment, OrcaFlex applies the wake oscillator, then calculates the generated
lift force over the segment length.

12
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2.5 High-fidelity CFD modelling for VIV predic-
tion

2.5.1 The fluid volume

Star-CCM+, as many other computational fluid dynamics software, operates based
on the fundamental laws of conservation of mass and conservation of momentum in
the realm of continuum mechanics (Siemens, 2026), which can be described using
the Navier-Stokes equation for incompressible fluids, written as:

0
p (8‘75/ +v- Vv) =—Vp+uV’v+f (2.12)

where:
o pis the fluid density.
e v is the velocity vector.
e 1 1is time.
e p is the pressure.
e 1 is the dynamic viscosity.
o V?2v is the viscous diffusion term.
o f represents body forces acting on the fluid.

The equation is integrated over a discretised fluid volume using the finite volume
method, a numerical method which uses the general transport equation shown in
Equation 2.13 over a control volume V. This equation also uses the conservation of
energy law, which is important in heat transfer problems.

C‘;t/Vp¢dv+ /Apvgb-da :Arv¢da+/vs¢dv (2.13)

Transient Term Convective Flux Diffusive Flux Source Term

where each term depends on the rate of change of the fluid property ¢.

To model turbulence in the fluid volume, the Reynold’s Averaged Navier-Stokes
(RANS) model is used, in which the Navier-Stokes solution variable ¢ is decomposed
into its mean variable and fluctuating component. The mean mass and momentum
equations can then be written as in Equation 2.14 and in Equation 2.15.

ap L
5% +V-(pv)=0 (2.14)
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0 3 B 3 a _
5 (pv)+ V- (pv®@Vv) ==V " Dnoal + V- (T + TRANS) +f, (2.15)

where:
e p is the density.
e Vv is the mean velocity.

* DPmod =P+ %pk is the modified mean pressure, where p is the mean pressure
and k is the turbulent kinetic energy.

I is the identity tensor.

« T is the mean viscous stress tensor.

o f, is the resultant of the body forces (such as gravity and centrifugal forces).
« E is the mean total energy per unit mass.

e q is the mean heat flux.

Trans is a stress tensor quantity, defined by its magnitude and multi-plane direc-
tionality, that depends on the mean flow quantities of an eddy viscosity model. The
eddy viscosity represents the additional momentum transport from turbulent eddies.

Star-CCM+ uses various eddy viscosity models, of which are the K-Epsilon (k — €
model and the K-Omega (k—w) model. Both models seek to find the turbulent eddy
viscosity by solving a set of transport equations for the turbulent kinetic energy &
and the specific dissipation rate w. The K-Omega model is typically preferred due
to its better performance for boundary layers under adverse pressure gradients; it
is, however, sensitive to w values in the free stream, an aspect that is not present
in the K-Epsilon model. The SST (shear stress transport) k — w model, used later
in the segment model setup, offers a variant of the £ — w model where a K-Epsilon
model is applied in the far-field free stream with a K-Omega model applied near the
wall.

2.5.2 The solid volume

Star-CCM+ uses the finite element method to discretise the continuous space do-
main of the solid into elements defined by shape functions, for instance the tetrahe-
dral shape function, which is later used in the segment model. The solid mechanics
which characterise the solid volume are defined, similarly to the fluid volume, by
the conservation of mass and momentum. The solid displacement of the structure
represents a combination of rigid body motion and solid deformation.

The position of a material point within a finite element in the deformed configuration
is expressed as:

14
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x(X,t) =X +u(X,t) (2.16)

where X is the material point position in the undeformed configuration and u(X, t)
is the displacement between the two points.

A deformation gradient tensor F', which measures how the deformation changes

from point to point, is then used to define the tensors used for stress and strain
assessments.
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3

Methodology and simulation
models

The purpose of this chapter is to present the methodology used to develop the global
riser model in OrcaFlex and the procedure used to determine the segment of interest
in OrcaFlex. The selected segment model is then developed in Star-CCM+ using
the environmental, physical, and dynamic properties of the segment in OrcaFlex.

3.1 Global riser model

The global riser modelling methodology covers multiple steps and is summarised in
Figure 3.1. Once the riser model reaches its final configuration, the riser segment
selection methodology follows another set of steps, summarised in Figure 3.2.

Derive riser properties and configuration
from a deepwater riser reference model

S

Develop a simplified model from a drilling
riser model published by Orcina

@

Modify buoyancy material thickness and
riser boundary conditions for simplified
model configuration

Figure 3.1: Modelling methodology steps in OrcaFlex

3.1.1 Structural model

OrcaFlex is an offshore industry specific software from Orcina frequently used to
simulate the structural response of complex systems that combine the environmental
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Run a static simulation to examine the
transverse modes along the riser

VU

Compare the modal frequencies with
separately calculated vortex shedding
frequencies to identify the excited modesin
the VIV lock-in phenomenon

U

Run a dynamic simulation with enabled VIV
wake oscillator model to confirm excited
modes and riser regions that display the

highest transverse VIV offsets

v

Select riser segment located at highest
transverse VIV offset and at corresponding
mode shape anti-node

Figure 3.2: Riser segment selection methodology in OrcaFlex

effects of wind, waves, and current forces on surface vessels, as well as on connected
lines and risers. Building a industry representative model in this software requires
knowledge of the configuration of drilling risers, which can either be acquired based
on real riser data or on previous research. Due to customer privacy agreements
and limitation of use of ongoing project data, Kongsberg Maritime was not able to
provide detailed configuration data for this thesis.

However, the research paper Drilling Riser Analysis During Installation of a Well-
head Equipment, published by Sevillano et al. (2013) in the ASME 32nd International
Conference on Ocean, Offshore and Arctic Engineering (OMAE 2013), specifies data
for a drilling riser of 2000 meter length with buoyancy modules. The riser model in
OrcaFlex reflects the overall configuration of this publication including placement
of the buoyancy modules and other components, as shown in Figure 3.3.

It must be understood that the riser above is in the installation mode with the BOP
hovering over the seabed. The thesis model assumes that the riser is the operating
mode with the BOP sitting on the seabed. The difference in operational mode
determines the values of the riser parameters, as well as the components used. For
instance, the spider and gimbal, which are normally used to support the riser weight
during installation and retrieval, have been omitted from the model and replaced
with a tensioner system and an upper flex joint. Both configurations apply tension
and allow some degree of rotational stiffness at the top end of the riser; however,
the rotational stiffness provided by the gimbal is considerably higher than the flex
joints. In the referenced model, the gimbal provides 600 kN - m/degree rotational
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\_ = Spider - Gimbal
w~ || T ] l!. 20 m
—_— - '_'I ,— e
Sea Surface
$00 m €——— Rizer+Buoyancy
Module
2000m |
2050m <€— BareRiser
< <« FlexJoint
<— BOP+LMRP
Y
N

Seabed

Figure 3.3: 2000-meter riser configuration

stiffness compared to 56.5 kN - m/degree lower flex joint stiffness. The referenced
model does not provide a specific rotational stiffness value for the upper flex joint.
Instead, due to the simplified nature of the drilling riser model, the lower flex joint
rotational stiffness value is applied to upper flex joint as well.

The global riser model skeleton is developed using an available drilling riser model
provided on the Orcina website (Orcina, 2026) then subsequently simplified to isolate
the required components for an analysis of vortex induced vibrations due to current.
The Orcina model consists of a 1000-meter riser with a drill string, as well as choke
and Kkill lines, descending from a floating semi-submersible platform. For the purpose
of this thesis, the auxiliary lines and the semisub are removed, along with any wave
or wind interaction. The components of the model can be visualised in Figure 3.4.

v Model
>~ | Shared data
v - Riser Group
v - Tensioner
- Tens AFT
& Tens_FWD
&% Tens_STBD
& Tens_PORT
1/ Riser Slip Joint
6 Tensioner Ring
1] Riser
6 Lower Flex Joint

&9 BOP stack

Figure 3.4: List of riser components in OrcaFlex

A set of four tensioners, shown in Figure 3.5, are each fixed at the top end and
connected to the tensioner ring at the bottom end. The slip joint, which typically
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serves as the telescoping joint to absorb heave and other motions in the z-direction,
is fixed at the top end and also connects to the tensioner ring.

Upperﬂexjoint‘l/

Fixed ends

I e «——— Tensioner
Slip joint

Riser segment {

|
|
|
|
|
|
|
|
|
|
|
|
[

~

—————

g Tensioner ring
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Figure 3.5: Drilling riser top tensioning system in OrcaFlex

The drilling riser connects to the tensioner ring at its top end and to to the lower
flex joint at its bottom end. The lower flex joint is fixed to the BOP stack which
sits on the seabed. The riser is further divided into three sections from the top end:
91 m of bare riser, 899 m of riser with buoyancy modules, and 1010 m of bare riser.
The riser properties are summarised in Table 3.1.

Table 3.1: Main data for 2000-meter drilling riser

Parameter Unit Bare Riser Riser with Buoyancy Modules
Outer Diameter m 0.5343 0.8743

Inner Diameter m 0.4889 0.4889

Linear Mass in Air  kg/m 286.4 436.9

Young’s Modulus GPa 210

Poisson Ratio - 0.3

Bending Stiffness ~ kN-m?  2.51 x 10° 2.51 x 10°

Axial Stiffness kN 7.66 x 10° 7.66 x 10°
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The buoyancy modules have a thickness of 0.17 m and a density of 400 kg/m3.
Such a density is typical of syntactic foam buoyancy modules installed in deepwater
environments (Matrix composites & engineering, 2026). The riser material is high
strength low alloy steel, commonly used in offshore oil and gas applications, with a
density of 7850 kg/m3 and an intrinsically high yield strength of 448 MPa.

In the drilling riser model, there are two representative flex joints, one installed at
the bottom on the BOP and the other one at the top end of the slip joint. The
lower flex joint rotational stiffness value, shown in Table 3.2, is derived from the
referenced research paper (Sevillano et al., 2013), and is applied to the top flex joint
as well. The slip joint is assigned a very low axial stiffness and high bending stiffness
to enable the axial motion during the simulation (Orcina, 2026).

Table 3.2: Other components

Component Unit Value
Flex Joint Stiffness kN-m/degree  56.5
Slip Joint Stiffness kN (axial) 1
Tensioner Stiffness kN/m 3000

3.1.2 Top tension requirement

To ensure that the tensioning system delivers the top tension to support the riser, a
minimum top tension value must be calculated. Palfy (2017) defines the minimum
top tension of a drilling riser as "the minimum top tension required to prevent
global buckling of the riser in the event of the sudden loss of pressure in a tensioner
or tensioner pair." Equation 3.1 for the minimum slip ring tension and Equation 3.2
for the minimum top tension, which can also be found in the API RP-16(Q) American
Petroleum Institute’s Recommended Practice for the Design, Selection, Operation
and Maintenance of Marine Drilling Riser Systems, outline the method used to
calculate the riser minimum top tension.

TSR = stwt - anbt + Az (dem — dew) (31>

min

The riser steel submerged weight is given by Wy = gL, (mgteel — pwgD(%) where
Mo 1S the dry mass of the riser.

The net buoyancy material uplift is given by B, = gL, (pwng — m{auoy) where
Miyey 18 the dry mass of the buoyant material. The last component is the submerged
weight of the drilling fluid, where A; = %D?.

Tsg. ... N
SRmm (32)

T =
MIN Rf(N —_ n)

The values used in the above equations are summarised in Table 3.3. The tolerance
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factors and the reduction factor are estimated based on the suggestions given by
Palfy (2017).

Table 3.3: Summary of variables used in minimum tension calculations

Variable Unit Definition Value
L, m steel riser length 2000
Ly m buoyant section length 899
St — weight tolerance factor 1.05
St - buoyancy tolerance factor 0.96
dm, kg/m3 drilling fluid density 1500
H, m drilling fluid column 2000
dy kg/m? seawater density 1025
H, m seawater column 1974
Mool kg/m riser dry mass 286.4
Pw kg/m3 seawater density 1025
D, m buoyant section outer diameter 0.8743
D, m outer diameter 0.5343
Moy kg/m buoyancy dry mass 150.5
D; m inner diameter 0.4889
N - number of tensioners 4

n - number of failed tensioners 1
Ry - reduction factor 0.95
g m /s? gravitational acceleration 9.81

The minimum slip ring tension value Tsg, ;. is 6.90 MN and the minimum top tension
value Tyn is 9.68 MN.

The tensioner system is composed of four distributed tensioners oriented at a six
degree angle towards the tensioner ring. Orcina’s original riser model has a non-
linear tensioner system, but to simplify the model and allow easier modification of
the riser top tension, a linear stiffness is used.

To ensure that the minimum riser tension criterion is satisfied, the tensioner linear
stiffness is calibrated based on the effective tension at the top of the riser. In
OrcaFlex, the effective tension is defined as T, = T, — (p;a; — poa,), where p;a;
represents the internal pressure effect, p,a, represents the external pressure effect,
and T, is the wall tension. In this case, the external pressure is zero at the top
of the riser, and the internal pressure is zero as well. Therefore, the top tension is
considered equivalent to the effective tension at the top of the riser. The effective
tension along riser length is plotted in Figure 3.6 with a top tension value of 9955
kN, approximately 10 MN, which is considered acceptable.
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Figure 3.6: Riser effective tension plot

The tensioner force is defined as F; = k(L — Ly) where k is the tensioner stiffness
set to 3600 KN/m, L is the stretched length equal to 4.9 m in the static state , and
Ly is the unstretched length set to 4 m.

3.1.3 Modal analysis

The objective of the modal analysis is to evaluate the excited modes and associated
modal frequencies that pertain to the structural configuration of the riser model.
The modal behaviour changes with the selected riser parameters, which is why it
is important to first ensure the top tension parameter is accurately assessed. The
modal analysis is carried out once the riser model is in the static state in which
the system reaches a force equilibrium without motion. For the baseline model, the
current velocity profile is set to a uniform profile of 0.6 m/s, which causes the riser
to bend slightly in the x-direction, as seen in Figure 3.7.

The lock-in phenomenon represents a vibrational state in which the vortex shedding
frequency is pulled towards the structure’s natural frequency, and it is typically
characterised by large motion amplitudes and an unchanged shedding frequency
with respect to velocity fluctuations. The Strouhal relation is expressed as f; =
St% where St is the Strouhal number, U is the current velocity, and D is the
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Riser bottom end

Seabed |
i

Figure 3.7: Riser configuration in the static state

outer diameter of the structure. The Strouhal number for a smooth cylinder in the
subcritical flow regime can be estimated at a value of 0.2 (Potts et al., 2022). The
subcritical flow regime upper bound is a Reynold’s number of 10°. The Reynold’s
number is expressed as Re = ? where v is the kinematic viscosity of seawater set
to 1.36 x 107 m? /s for seawater at 10°C. The Reynold’s number for the bare riser
section is 2.36 x 10° and 3.86 x 10° for the buoyant section, which sits slightly above
the upper bound of the subcritical flow regime.For the purpose of mode prediction, a
Strouhal number of 0.2 is deemed reasonable. Using the Strouhal relation, a vortex
shedding frequency of 0.2246 is calculated for the bare riser section and a shedding
frequency value of 0.1373 for the buoyant section. Figure 3.8 confirms the separately
calculated shedding frequency values.

Among the modal frequencies outlined in Table 3.4, mode 11 is selected as the
excited mode for the buoyant section, and mode 19 is selected as the excited mode
for the bare riser section. These modes are not by any means the definite excited
modes of the riser in lock-in, but they provide useful information with regards to the
structural natural frequencies when the riser sections enter lock-in, at which point
fshed = fn. The mode shapes can be visualised in Figure 3.9 and Figure 3.10.

Table 3.4: Transverse modal periods and frequencies

Mode number Period (s) Frequency (Hz)

9 9.103 0.110
11 7.498 0.133
13 6.480 0.154
15 5.610 0.178
17 5.021 0.199
19 4.476 0.223
21 4.093 0.244
23 3.719 0.269
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Figure 3.8: OrcaFlex riser Strouhal frequency
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Figure 3.9: Mode shape for mode 11

3.1.4 Segment selection

The selected criterion for determining the segment of interest to model in Star-
CCM+ is the transverse VIV offset, which represents the cross-flow amplitude of
the riser due to vortex-induced vibrations. To assess the transverse VIV offset, an
explicit time-domain dynamic simulation using the Iwan and Blevins VIV oscillator
model is performed for a duration of 200 seconds, with plotted results shown in
Figure 3.11.
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Figure 3.10: Mode shape for mode 19
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Figure 3.11: Riser maximum transverse VIV Offset

The riser displays a variation of transverse VIV offset along its length, which is
caused by the multi-modal aspect of the riser. As shown in the modal analysis,
the buoyancy section’s excited mode in lock-in is associated with a lower modal
frequency than the bare riser’s excited mode. Each mode has a different mode shape,
and the modes compete along the riser, which causes the variation in the transverse
VIV offset. The VIV offset exhibits a maximum value at 1108 m from the top of
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the riser, which corresponds to the bare riser section, for which we had identified
mode 19 as the excited mode in the modal analysis. Comparing the maximum
value location with the anti-mode locations in Figure 3.10, it can be noted that the
identified maximum VIV offset corresponds to a mode 19 anti-node at 1150 m from
the top of the riser. Consequently, the segment selected for high-fidelity modelling
in Star-CCM+ belongs to the bare riser section, located at 1108 m from the top of
the riser.

3.2 High-fidelity segment model

3.2.1 Fluid and solid domain geometry

In Star-CCM+, the fluid domain is represented by a block part with six boundaries.
Using the boolean subtract feature, the fluid domain is separated from a cylinder
part with an outer diameter of 0.5343 m derived from the bare riser section outer
diameter in OrcaFlex. To minimise boundary effects on the solution, the boundaries
are positioned in the following manner, as shown in Figure 3.12 and Figure 3.13.
The velocity inlet boundary is positioned 2.5 m, or approximately 2.5D, upstream
from cylinder centre, and the pressure outlet boundary is positioned 5D downstream.
The side walls, both positioned 2.5D from the cylinder centre, are assigned as slip
walls which ensures that, unlike the nature of symmetry planes, they allow non-
normal flow to continue downstream rather than being mirrored back into the fluid
domain. The top and bottom boundaries are positioned 1D from the top and bottom
ends of the cylinder, and they are assigned as slip walls as well. This fluid domain
configuration is based on the fluid domain setup in a published research paper on
the CFD modelling of low aspect ratio cylinders (Cajas et al., 2023). The fluid
domain does not use the exact domain size as in the research paper; however, after
experimenting with different boundary distances, especially regarding the side walls
and pressure outlet, the current domain size was selected as the most reasonable
setup with respect to the quality of vortex shedding and lack of influence of the
boundary conditions on vortex formation.

IO‘S m

IO.S m

Figure 3.12: Dimensions of the fluid domain in Star-CCM+
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Figure 3.13: Boundaries of the fluid domain in Star-CCM+

The riser segment, represented by a computer-aided designed part created in Star-
CCM+, is a short, three-dimensional pipe, with an outer diameter of 0.5343 m,
an inner diameter of 0.4889 m, and a length of 1 m. The outer dimensions must
match the inner dimensions of the cylinder fluid boundary to ensure a consistent
fluid-structure interface between the fluid and solid domains.

3.2.2 Regions, continua, and meshing

The fluid domain is assigned to a fluid region, and the solid domain, represented by
the solid pipe, is assigned to a solid region. Each region enables a different set of
physics models, as shown in Table 3.5.

Table 3.5: Physics models used in Star-CCM+

Continuum Physics Models

Physics 1 (Fluid) | Constant Density, Gravity, Implicit Unsteady, K-Omega
Turbulence, Liquid, Remeshing, Reynolds-Averaged
Navier-Stokes (RANS), Segregated Flow, Solution Inter-
polation, SST (Menter) K-Omega, Three Dimensional,
Turbulent

Physics 2 (Solid) | Gravity, Implicit Unsteady, Material Law Models, Solid,
Solid Stress, Solution Interpolation, Three Dimensional

The representation of the total segment mass, including the structural mass and the
internal contents mass, was a technical challenge in this thesis work. To define a third
separate fluid region for the drilling fluid within the inner bore of the segment also
meant setting up a second fluid-structure interface, which would both increase the
model’s complexity and increase the simulation time. Instead, the constant density
defined in the segment physics model setup represents the equivalent density of the
drilling fluid and the structural steel within the segment wall thickness, allowing the
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internal fluid inertia to be counted with the segment inertia, and is calculated as
follows:

_ T2 N2
A= (D2 - D) (3.3)
Ay = D2 (3.4)
4
psAs + prA
Peq = A—” (3.5)

7850(0.03648) + 1500(0.18773)
0.03648

Peqg = = 15560 kg/m® (3.6)

where A, and Ay are the cross sectional areas for the steel and drilling fluid respec-
tively, ps is the steel density of 7850 kg/m?, and p; is the drilling fluid density of
1500 kg/m?3.

Besides the equivalent constant density of 15560 kg/m?, the Poisson ratio is kept
at 0.3, and the Young’s modulus is 210 GPa. The adverse effect of the equivalent
density modelling decision is that it has a small, yet important effect on the seg-
ment’s fatigue life, since the higher inertia contributes to higher stresses within the
segment’s wall thickness. However, in this thesis, the focus is on the fluid-structure
interaction, rather than the induced stresses and fatigue, so this equivalency method
is considered acceptable. If the purpose were to model the stresses and fatigue, the
equivalent density would be put into question, and the internal contents would need
to be modelled differently.

The computational fluid domain is discretised using a predominantly polyhedral
mesh with local mesh refinement applied around the cylinder wall and wake mesh
refinement downstream of the cylinder. The solid domain is discretised using a tetra-
hedral mesh. The mesh configuration is shown using a plane section in Figure 3.14.

3.2.3 Fluid-structure interface and segment boundary con-
ditions

To allow the fluid and structure to interact and exchange data, a mapped-contact
fluid-structure interface is created between the solid and fluid regions. Such an
interface requires a strong contact surface between the cylinder outer diameter and
the segment outer diameter, which is set up using the boolean imprint operation.

The segment boundary condition configuration is one of the most important steps in
the model development because it dictates to what extent the segment responds to
the flow which has a direct impact on vortex formation. Due to the riser’s high axial
stiffness, the segment’s motion in the axial direction is excluded in this model with
the top and bottom ends of the segment being constrained in the axial direction.
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Figure 3.14: Mesh in Star-CCM-+

The segment’s motion is defined by two degrees of freedom in the lateral planes, and
the segment is elastically supported in both x and y at the top and bottom ends, as
shown in Figure 3.15, to represent the lateral bending stiffness of the overall riser
at the top and bottom of the segment.

:g
Top Elastic
Support kx
z
¥
Segment
X

Bottom Elastic
‘kg

Figure 3.15: Segment elastic supports

In subsection 2.2.3, we defined the 2-DOF uncoupled matrix form on the left-hand
side of Equation 2.5, which represents the structural supports of the cylinder. Here,
the top and bottom elastic supports are defined as field functions in a force vector
representation shown in Equation 3.7 where the off-diagonal terms are zero.

k c k c
F—(_ 2=y _ %y v, %9 .
( 5 Uy 5 Vg, 5 Uy 5 Uy, O> (3.7)
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In this equation, the structural forces are uncoupled: the force in the x-direction
does not depend on the force in the y-direction and vice versa.

We earlier defined the structural system as 2-DOF uncoupled. Alternatively, the
structural system can be written as two independent 1-DOF systems, as follows:

mlil + Clji'l —+ klﬂfl = FL(t> (38)

mgjg + CQ(iZ’Q + k’gl’g = FD(t) (39)

The stiffness values k, and k, are derived from the stiffness-frequency relation for
a simple harmonic 1-DOF oscillator given by Equation 3.10; further simplified, the
stiffness is calculated using Equation 3.11.

w= Z (3.10)
k=m(2nf)? (3.11)

As discussed earlier in subsection 3.2.2, the segment physical properties are derived
from the riser model in OrcaFlex. In a similar manner, the modal frequency corre-
sponding to the segment’s excited structural mode, mode 19 in this case, is derived
from the modal analysis in OrcaFlex with a value of 0.24434 Hz.

It is important to differentiate the modal frequency, modal stiffness, and modal mass
from the structural frequency, stiffness, and mass. The modal mass represents the
portion of mass that vibrates at its associated modal frequency, and is therefore dif-
ferent from the structural mass. However, the purpose in this case is to reproduce
a similar response in the segment as in the riser location. This means that we want
the segment to vibrate at the same frequency as the specific riser location without
forcing the segment frequency to match the riser’s response frequency. Instead, we
match the segment’s structural frequency to match the riser’s natural frequency,
derived from the modal analysis, closest to its vortex shedding frequency. This ap-
proach ensures that the segment displays an equivalent stiffness to match the riser’s
natural frequency. Since the segment’s stiffness is calculated using a "matched" fre-
quency, the modal frequency of the riser does not have to be scaled down for the
segment stiffness.

However, the mass of the segment must include not only the structural and the
mass of internal contents, but also the hydrodynamic added mass to account for the
additional stiffness required to counteract the added inertia.

_ Z 2 2
Msteel = Psteel A ({DO Dl) L (312)
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™

Minternal = Pinternal 4 DZQL (3 ].3)

™

4D§L (3.14)

Madded = Ca Pluid

Miotal = Mesteel T Minternal T Madded = 797.5 kg (315>

where pgee = 7850 kg/m3, pinternal = 1500 kg/m3, paua = 1025 kg/m3, D, =
0.5343 m , D; = 0.4889 m, L =1 m, and C, = 1.0.

Using Equation 3.11 and the calculated mass and derived modal frequency, the
stiffness is calculated as shown below.

k = T797.5 (21 x 0.24434) (3.16)

k=1571.71N/m (3.17)

In the undamped modal analysis in OrcaFlex, each mode shape is associated with a
modal frequency that has transverse and inline components. Therefore, the trans-
verse and inline modal frequencies are identical, which is typical of symmetric sys-
tems. The stiffness k is thus applied to both k, and &,,.

The model needs to also consider the structural and hydrodynamic damping effect of
the rest of the riser, which is derived from performing a free decay test in OrcaFlex,
plotted in Figure 3.16 from an initial position of 0.001 m in the y-direction from
the riser’s unperturbed position, and using the logarithmic decrement, denoted 4, to
calculate the damping ratio of the surrounding structure in the transverse direction.
The logarithmic decrement method was derived from the NTNU marine dynamics
course compendium (Carl M. Larsen, 2024).

1 Yn
0=—1In 3.18
N (yn-‘rN) ( )

where n is the index of a peak, N is the number of cycles between the two peaks, 1,
is the amplitude at peak n, and v,y is the amplitude N cycles later.
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Logarithmic decrement peak selection
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Figure 3.16: Free decay test and logarithmic decrement peak selection

The mean of the logarithmic decrements between peaks is taken to calculate the

)

damping ratio defined for lightly damped systems as ¢ ~ 5-.

. 0.04197
- ™

¢ = 0.00668 (3.19)

The damping coefficient is derived from the standard second order system formula-
tion ma + c& 4+ kx = 0 and expressed in Equation 3.20.

¢y = 20Vkm (3.20)

where the mass m is the total mass, including the added mass, used earlier to find
the segment’s support stiffness.

¢, =2 x 0.00668/1571.71 x 797.5 = 14.96 N -s/m (3.21)

The same method is applied in the inline direction to estimate the damping coef-
ficient c¢,, but the results are found to be almost identical; therefore, the damping
coefficient ¢, and ¢, are given the same values. The field function for the top and
bottom ends of the segment can then be expressed as shown in Equation 3.22.

1571.71 14.96 1571.71 14.96
F— (— - - L o) (3.22)

o T g o T
3.3 Simulation setup

3.3.1 OrcaFlex

The simulation in OrcaFlex begins with a static simulation in which the system
attempts to achieve static equilibrium given the forces due to current and the weight
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of the riser. Once the statics is complete, the dynamic simulation begins using an
explicit time domain solution method in which the solver uses a semi-implicit Euler
scheme with a constant time step to compute the equations of motion in the system
from the initial static state. The time step is automatically set by OrcaFlex at the
beginning of the simulation.

The Iwan and Blevins wake oscillator model used to reproduce vortex-induced vi-
brations in the riser, as well as other wake oscillator models, require the use of the
explicit time domain method because it is a strongly coupled, dynamic system which
works more efficiently when aligned with the step-by-step evolution of the explicit
solver. In this setup, the default values of the Iwan and Blevins wake oscillator
are retained, as recommended by Orcina (Orcina, 2025), shown in Table 3.6. In
addition, the Iwan and Blevins model is defined conceptually in Equation 3.23.

G+ agd + a1q + a2q® + asg® = auj (3.23)

Table 3.6: Iwan and Blevins wake oscillator model parameters

Symbol Description Value
ag Linear damping coefficient 0.48
ay Linear restoring coefficient 0.44
as Non-linear stiffness coefficient 0.20
as Non-linear damping coefficient 0.00
ay Coupling coefficient 0.38
St Strouhal number 0.20
qo Initial value of wake oscillator variable  0.10

The values of the Iwan and Blevins wake oscillator model are derived from experi-
mental observations of cylinder vibration and lock-in behaviour.

3.3.2 Star-CCM-+

The simulation in Star-CCM+ uses an implicit unsteady solver, which is a solution
method used for transient simulations that involve turbulent models. Unlike the
explicit method explained earlier in OrcaFlex, the implicit unsteady method solves
the flow equations at each time step using unknown future values and iterates in-
ternally until the solution converges. For the purpose of fluid-structure interaction,
the segment model must use the implicit unsteady solver for both the fluid and solid
continua. The time step must be selected carefully with a second order temporal
discretisation to improve the response of the transient response predictions.

Besides the system solver, the solid stress solver uses a backward differentiation sec-
ond order integration method, and the mesh morpher solver allows the fluid mesh to
deform smoothly according to the segment’s structural motion. The mesh morpher
allows for small mesh deformations, and it is required for fluid-structure interaction
simulations; however, remeshing must be disabled because the mesh cannot deform
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and remesh simultaneously, which is a limitation when large structural motion is
involved. To capture the complex flow features of FSI, the SST k — w turbulence
model is used, which creates a balanced, accurate representation of the turbulent
flow near walls and in the free stream. To enable the solvers to act in each region,
the motion specification must be set to solid displacement in the solid region and
set to morpher in the fluid region. The fluid-structure iterative solver forms the link
between the solid and fluid solvers via the FSI interface created in the structural
setup.

The FSI interface spans the entire length of the segment. However, the vortex
shedding and instabilities created by flow over and across the top and bottom ends
of the segment can influence the lift coefficient of the segment to the point where
the lift coefficient is not representative of the actual lift generated by the straight
profile of the segment alone. Therefore, a threshold derived part was created in Star-
CCM+ that limits the FSI interface within a specified segment span for a Z position
between 0.2 m and 0.8 m of the total segment length. To ensure that results were
consistent with the defined threshold section, the lift coefficient monitor reference
values were specified as 1025 kg/m? for the reference fluid density, 0.6 m/s for the
reference velocity, and 0.32058 m? for the reference area defined as the product of
the evaluated segment length, in this case 0.6 m, and the segment outer diameter of
0.5343 m.

3.4 Data extraction and analysis

The simulation data from both OrcaFlex and Star-CCM+ is exported as a CSV file
and post-processed using Python in Jupyter Lab. In Star-CCM+-, the lift coefficient
and cross-flow displacement are reported and plotted as the simulation runs. In
OrcaFlex, the cross-flow displacement can be plotted; however, the lift coefficient
must be calculated separately in Jupyter Lab using the transverse vortex force using
Equation 3.24.

Fr

Cr=1rarr
P LuDL

(3.24)

To produce comparable and quality-driven representations, the response metrics in-
cluding the RMS lift coefficient and RMS cross-flow displacement are post-processed
and plotted in Jupyter Lab, as well as the Fourier frequency transforms utilised to
assess the dominant frequencies from the lift coefficient and cross-flow displacement
signals.

The RMS (root-mean-square) displacement is computed using Equation 3.25 and the
RMS lift coefficient is computed using Equation 3.26. The RMS metric represents
the vibrational energy of the signal, which provides a better representation of the
signal’s strength and makes it more suitable for comparison between the two models.
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LS g 3.25
YRMS = N 2 (?Jz - ?J) ( . )
1 N2
CLrms = I Z:ZI (CL,i - CL) (3.26)

The discrete fast fourier transform for a sample set of data is computed using Equa-
tion 3.27.

N-1
X =Y m, e 2N (3.27)
n=0

where:
e X} is the complex Fourier coefficient at frequency bin k,
e 1, is the sampled signal value at sample index n,
e N is the total number of samples,
e n is the time-domain sample index,
e k is the frequency-bin index,
e i is the imaginary unit satisfying i = —1.

The frequency bin f; expressed in Equation 3.28 is a discrete frequency value of the
spectrum, and the dominant frequency is calculated as faom = fr,..-

ok
 NAt

fr is the frequency corresponding to frequency bin k,

T (3.28)

o k is the frequency-bin index,
e N is the total number of samples,

o At is the sampling interval between consecutive samples.
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Results

The methodology presented in chapter 3 is used to configure the drilling riser anal-
ysis primary baseline case, which represents a 0.6 m/s uniform current velocity
profile with 9.955 MN applied top tension. Before extracting results, a mesh sensi-
tivity analysis and segmentation sensitivity analysis are conducted in Star-CCM+
and OrcaFlex respectively. The purpose of this preliminary sensitivity analysis in
both models is to ensure that the models are refined sufficiently enough to capture
the physics of VIV: once the selected parameters remain relatively unchanged in
increased refinement, the mesh or segment length can be deemed sufficiently refined
for reliable simulation results.

Following the sensitivity analysis, the optimal setup of both models is used to run
the simulations in the primary baseline case. The structural response to vortex-
induced vibrations is evaluated in OrcaFlex at 1108 m from the top of the riser,
since this is the location that exhibits the highest amplitude in the modal region
corresponding to mode 19. In parallel, the simulation results for the developed
fluid-structure interaction model in Star-CCM+ are presented. Furthermore, the
two models are tested in equivalent velocity and tension conditions in a sensitivity
analysis to confirm whether the results agree in varying conditions. Four parameters,
including the RMS cross-flow displacement, RMS lift coefficient, dominant response
frequency, and dominant lift frequency, are used to represent the simulation results
and together form the basis of comparison discussed in greater detail in chapter 5.

4.1 Star-CCM--+ mesh sensitivity

For accurate results and optimised simulation duration, a mesh sensitivity was con-
ducted in Star-CCM+, and it was performed first in the fluid domain and later
in the solid domain. While keeping the solid mesh base size fixed at 0.5 m (3980
cells), the fluid mesh was run through four cases going from coarse to extra fine,
as Table 4.1 summarises. The sensitivity response parameters were selected based
on the important VIV metrics, which include the cross-flow displacement and the
dominant response and lift frequencies. Since the segment motion is both in the
transverse and in-line directions, the mean drag was also included as a sensitivity
response parameter.

To evaluate the effect of solid mesh refinement, the solid mesh base size is reduced
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Table 4.1: Mesh sensitivity study results

Parameter Coarse Medium Fine Extra Fine
Total cell count 29561 63117 157112 293237
Base size (m) 0.5 0.3 0.2 0.2
Surface/Volumetric/Wake Refinement 0.1 0.06 0.04 0.03
Timestep (s) 0.05 0.05 0.05 0.05
Y-displacement Maximum (m) 0.048 0.043 0.076 0.124
Dominant response frequency (Hz) 0.2 0.2 0.2 0.2
Dominant lift frequency (Hz) 0.2 0.2 0.2 0.2
Mean Drag 0.597 0.604 0.577 0.660

from 0.5 to 0.1 m, which represents a cell count of 123 256. Using the refined solid
mesh, three cases are tested using the fine fluid mesh configuration, with results
shown in Table 4.2.

Table 4.2: Effect of solid mesh refinement and time-step reduction

Parameter Fine Fine (At =10.02 s)
Total cell count 157112 157112

Base size (m) 0.2 0.2
Surface/Volumetric/Wake Refinement  0.04 0.04
Timestep (s) 0.05 0.02
Y-displacement Maximum (m) 0.101 0.118
Dominant response frequency (Hz) 0.2 0.2
Dominant lift frequency (Hz) 0.2 0.2

Mean Drag 0.602 0.712

From these results, the most feasible and accurate mesh configuration is as follows:
fine fluid mesh using a lower time step of 0.04 seconds with a solid mesh of 0.1 m base
size. Lowering the time step further may help, but the difference is quite minimal
compared to the nearly doubled increase in computational time. Refining the fluid
mesh further also increases the computational time for little added benefit, given
the unchanging dominant frequencies and a small difference in maximum cross-flow
amplitude.

4.2 OrcaFlex segmentation sensitivity

In OrcaFlex, a sensitivity study was needed to evaluate the effect of higher segmen-
tation. This quality refers to how finely the riser is discretised along its length, and
it can change the behaviour of the riser due to bending and curvature mechanics.
In Table 4.3, three cases from coarse to fine segmentation are evaluated in terms of
the maximum cross-flow amplitude and the dominant response frequency.

The fine segmentation case gives a slightly higher amplitude and the dominant
response frequency remains nearly unchanged from the medium case. Therefore,
the medium segmentation of 2 m configuration was selected for analysis.
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Table 4.3: Segmentation sensitivity results

Segmentation Y-displacement Maximum Dominant response frequency

Coarse (5 m) 0.098 0.225
Medium (2 m) 0.114 0.23
Fine (1 m) 0.116 0.231

4.3 Computational time for both models

The computational time was earlier mentioned in section 4.1 as a limiting factor in
Star-CCM+ for determining the final mesh discretisation. The simulation duration
was selected with the purpose of capturing a time window of steady VIV oscillations
after the initial simulation transient phase. Using the final selected mesh setup,
each CFD simulation required approximately 6 hours of wall-clock time on a 12-
core workstation. In sensitivity cases where the VIV oscillation periods were larger,
the wall-clock time was further increased to capture a sufficient number of steady
VIV oscillation cycles.

In OrcaFlex, the computational time was not considered a limiting factor for the
level of segmentation. Each simulation using the final selected segmentation setup
required approximately 2 hours of wall-clock time on the same workstation; how-
ever, unlike Star-CCM+-, the number of cores could not be specified. This was
not considered a setback, though, compared to the higher computational cost in
Star-CCM+-.

In both simulations, the objective was to capture a large enough time window of
5 to 10 steady VIV oscillation periods. In OrcaFlex, achieving this objective was
reasonable; however, in Star-CCM+-, the larger VIV oscillation periods made it very
time-consuming to extract reliable results from multiple simulations. A time window
of 5 steady VIV oscillations in Star-CCM+ was nevertheless considered reasonable
due to the comparatively steadier oscillations than the oscillations in OrcaFlex.

4.4 Results of the primary baseline simulation

The results of the baseline simulation are summarised in Table 4.4 in which the
results in both OrcaFlex and Star-CCM+ can be visualised side by side.

Table 4.4: Baseline case: comparison between OrcaFlex and Star-CCM+

Parameter OrcaFlex Star-CCM-+
RMS cross-flow displacement [m] 0.0750 0.0716
Dominant response frequency [Hz| 0.2196 0.1998
RMS lift coefficient |- 0.3942 0.5243
Dominant lift frequency [Hz| 0.2196 0.1998
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4.4.1 Cross-flow displacement and lift coefficient

In OrcaFlex, the riser cross-flow displacement, plotted in Figure 4.1a, was sampled
for a duration of 50 seconds of simulation time starting at 350 seconds with the
purpose of getting past the transient phase of the simulation during which the os-
cillations were unsteady, and the amplitude was still in a growth phase. Though
the signal captures a steadier phase of the simulation, the oscillations are neverthe-
less unsteady yet approximately periodic in nature. The cross-flow displacement of
the segment in Star-CCM+, plotted in Figure 4.1b, was sampled for a duration of
50 seconds of simulation time starting at 90 seconds, and displays a comparatively
steadier, periodic oscillatory signal. The RMS metric of the cross-flow displacement
is only 4.5% lower in Star-CCM+ than in OrcaFlex, as shown in Table 4.4.

Crossflow Displacement Crossflow Displacement

Crossflow displacement (m
°
°
8

Crossflow displacement (m)
°
°
8

Time (s) Time (s)

(a) Displacement in OrcaFlex (b) Displacement in Star-CCM-+

Figure 4.1: Baseline case: cross-flow displacement comparison

As discussed in section 3.4, the generated transverse vortex force in OrcaFlex was
post-processed to compute the non-dimensional lift coefficient plotted in Figure 4.2a
and evaluated within the same simulation time frame as the cross-flow displacement
signal in Figure 4.1a. The lift coefficient in Star-CCM+, as well, is evaluated within
the same simulation time frame as the cross-flow displacement in Figure 4.1b. The
RMS lift coefficient metric is 33% higher in Star-CCM+ than in OrcaFlex.
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(a) Lift coefficient in OrcaFlex (b) Lift coefficient in Star-CCM+

Figure 4.2: Baseline case: lift coefficient comparison
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4.4.2 Dominant response and lift frequencies

Although the amplitude of lift and displacement are of great importance with respect
to riser analysis, their respective frequencies can provide further information, namely
the lock-in phenomenon and the presence of other vibration modes. The riser model
model in OrcaFlex indeed exhibits a multimodal response characterised by the two
peaks in Figure 4.3a. Both peaks align well with the modal analysis values estimated
in chapter 3 of 0.223 Hz for mode 19 and 0.154 Hz for mode 11. In comparison,
the segment model in Star-CCM+ exhibits a unimodal response, characterised by
the single peak in Figure 4.3b. The difference in model behaviour is attributed to
the modelling methodology. In OrcaFlex, the entire riser’s response is accounted
for, including the vibrational contribution of the buoyant section. In Star-CCM+,
however, the model is built and tuned to the natural frequency closest to the vortex
shedding frequency of the bare section. The model’s response is therefore expected
with only a 9% difference with the dominant frequency in OrcaFlex.
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(a) Response frequency in OrcaFlex (b) Response frequency in Star-CCM+

Figure 4.3: Baseline case: dominant response frequency comparison

As for the lift frequencies shown in Figure 4.4, both signals display a single peak
that align precisely with the dominant response peaks in Figure 4.3. Such a be-
haviour is characteristic of the lock-in phenomenon, in which the lift frequency,
otherwise known as the vortex shedding frequency, locks onto the structure’s domi-
nant response frequency. This observation, along with the significant RMS cross-flow
displacement, confirms that the behaviour of both models is consistent with lock-in.

4.5 Sensitivity analysis

A comprehensive sensitivity analysis was conducted to determine the behaviour of
both models in varying conditions. The baseline case serves as a robust primary
evaluation of model behaviour in lock-in conditions and with a uniform velocity
profile. However, in realistic offshore conditions, the current velocity magnitude at
the studied depth is usually lower, and the current velocity profile is not uniform in
nature. Table 4.5 summarises the studied sensitivity cases.

41



4. Results
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Figure 4.4: Baseline case: dominant lift frequency comparison

Table 4.5: Sensitivity analysis cases

Case Description Velocity (m/s) Top tension (MN)
Baseline Uniform velocity profile 0.6 9.955
1 Uniform velocity profile 0.4 9.667
2 Linearly sheared velocity profile 0.6-0 9.638
3 Linearly sheared velocity profile 0.6-0 7.964
4 Linearly sheared velocity profile 0.6-0 11.946

In sensitivity cases 1 and 2, the riser model in OrcaFlex experiences a decrease in
top tension, as seen in Table 4.5 due to the decrease in current velocity and current
loads. In cases 2 and 4, the top tension is deliberately changed to assess the effect
of top tension. In all cases, the result of the change in top tension is a change in the
modal behaviour of the riser. The excited modes and modal frequencies are different,
as shown in Table 4.6, and affects the derived stiffness and damping coefficients used
to define the segment model’s boundary conditions in Star-CCM+. The dynamic
properties in Star-CCM+ are updated for each of the cases.

Table 4.6: Dynamic properties for each Star-CCM+ case

Case Nat. Frequency (Hz) Stiffness (N/m) Damping coefficient

Baseline 0.22343 1571.71 14.96
1 0.15151 722.72 10.14
2 0.10765 364.85 7.21
3 0.09514 284.98 6.37
4 0.09938 310.95 6.65

The Strouhal relation is expressed as St = £ ;']D, and the reduced velocity is expressed
as U, = fnLD, as covered earlier in chapter 2. In lock-in conditions, f,, = fs, and so

the two equations can be re-written as U, = é For a Strouhal number of 0.2, the
reduced velocity is 5, but realistically the Strouhal number may fluctuate during the
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simulation. The lock-in is likely around U, = 5, but may also occur under lower or
higher reduced velocities. The reduced velocity parameter is defined in Table 4.7
for each case.

Table 4.7: Reduced velocity estimation for each case

Case Reduced Velocity U (m/s) D (m)

Baseline 5.03 0.6 0.5343
1 4.94 0.4 0.5343
2 4.57 0.2627 0.5343
3 5.17 0.2627 0.5343
4 4.95 0.2627 0.5343

At the beginning of each case description, a summary table of results is presented,
which forms the comparison basis to evaluate the difference in results between Or-
caFlex and Star-CCM+.

4.5.1 Case 1

The results of the case 1 simulation are summarised in Table 4.8 in which the results
in both OrcaFlex and Star-CCM+ can be visualised side by side.

Table 4.8: Case 1: comparison between OrcaFlex and Star-CCM+

Parameter OrcaFlex Star-CCM+
RMS cross-flow displacement [m] 0.0547 0.0633
Dominant response frequency [Hz| 0.1499 0.1399
RMS lift coefficient [-] 0.1607 0.4452
Dominant lift frequency [Hz| 0.1499 0.1399

In case 1, the velocity profile remains uniform in OrcaFlex, but the current velocity
is decreased to 0.4 m/s. In Star-CCM+, the inlet boundary condition velocity
magnitude is changed to 0.4 m/s. The cross-flow displacement, plotted in Figure 4.5,
displays an RMS metric in Star-CCM+ that is 15.7% higher than in OrcaFlex.

The lift coefficient, plotted in Figure 4.6, displays an RMS metric in Star-CCM+
that is 177% higher than in OrcaFlex.
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Figure 4.5: Case 1: cross-flow displacement comparison
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Figure 4.6: Case 1: lift coefficient comparison

Similarly to the baseline case, the riser model in OrcaFlex exhibits a multimodal
response, as shown in Figure 4.7a with lower associated frequencies than the baseline
case due to the change in riser top tension. The segment model in Star-CCM+
expectedly displays a single dominant response frequency with only a 6.7% difference
from the dominant response frequency in OrcaFlex.
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Figure 4.7: Case 1: dominant response frequency comparison
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The dominant lift frequency in both models, shown in Figure 4.8, is equal to the
dominant response frequency. Along with the significant, relatively unchanged RMS
cross-flow displacement magnitude, lock-in behaviour can be confirmed for both
models.
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Figure 4.8: Case 1: dominant lift frequency comparison

4.5.2 Case 2

The results of the baseline simulation are summarised in Table 4.9 in which the
results in both OrcaFlex and Star-CCM+ can be visualised side by side.

Table 4.9: Case 2: comparison between OrcaFlex and Star-CCM+

Parameter OrcaFlex Star-CCM-+
RMS cross-flow displacement [m] 0.0119 0.0119
Dominant response frequency [Hz| 0.1299 0.0800
RMS lift coefficient [-] 0.0706 0.0936
Dominant lift frequency [Hz| 0.0999 0.0800

In case 2, the velocity profile is defined as linearly sheared in OrcaFlex, in which
the current velocity at the surface is 0.6 m/s and decreases linearly to 0 m/s at
the bottom of the riser. In Star-CCM+, the inlet boundary condition velocity
magnitude reflects the local conditions of the selected segment, which requires a
linear interpolation resulting in a constant span-wise velocity magnitude of 0.2627
m/s. The cross-flow displacement, plotted in Figure 4.9, displays an RMS metric in
Star-CCM+ that is actually the same as in OrcaFlex.
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Figure 4.9: Case 2: cross-flow displacement comparison

The lift coefficient, plotted in Figure 4.10, displays an RMS metric in Star-CCM-+
that is 32.6% higher than in OrcaFlex.
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Figure 4.10: Case 2: lift coefficient comparison

In contrast with the two previous cases, the riser model in OrcaFlex exhibits a
nearly unimodal response, as shown in Figure 4.11a. The segment model in Star-
CCM+ displays a single dominant response frequency with a 38.4% difference from
the dominant response frequency in OrcaFlex.
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Figure 4.11: Case 2: dominant response frequency comparison
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The dominant lift frequency in OrcaFlex, shown in Figure 4.12a, is different from
the dominant response frequency, while in Star-CCM+ it is observed that they are
both equal. The segment model in Star-CCM+ is consistent with lock-in behaviour,
albeit weaker lock-in due to the lower RMS cross-flow displacement magnitude, while
the same cannot be said for the riser model in OrcaFlex in which the frequency
synchronisation is absent. It is also worth noting in the Star-CCM+ model that,
compared to the narrow dominant response and dominant lift frequency peaks in
the baseline case and case 1, the peaks in case 2 are broader in nature, which may
be attributed to the model’s end effects.
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Figure 4.12: Case 2: dominant lift frequency comparison

4.5.3 Case 3

The results of the baseline simulation are summarised in Table 4.10 in which the
results in both OrcaFlex and Star-CCM+ can be visualised side by side.

Table 4.10: Case 3: comparison between OrcaFlex and Star-CCM-+

Parameter OrcaFlex Star-CCM-+
RMS cross-flow displacement [m] 0.0086 0.1139
Dominant response frequency [Hz| 0.0999 0.0800
RMS lift coefficient [-] 0.0717 0.7367
Dominant lift frequency [Hz] 0.0999 0.0800

In case 3, the velocity profile is linearly sheared in OrcaFlex, and the riser top
tension is decreased by 17% relative to the top tension in case 2. In Star-CCM-+,
the model still experiences an inlet velocity magnitude of 0.2627 m/s. The cross-flow
displacement, plotted in Figure 4.13, displays an RMS metric in Star-CCM+ that
is significantly higher than in OrcaFlex by approximately one order of magnitude.

The lift coefficient, plotted in Figure 4.14, displays an RMS metric in Star-CCM-+
that is, similarly to the cross-flow displacement comparison, approximately one order
of magnitude higher than in OrcaFlex.
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Figure 4.13: Case 3: cross-flow displacement comparison
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The riser model in OrcaFlex now exhibits a completely unimodal response, as shown
in Figure 4.15a. The segment model in Star-CCM+ also displays a single dominant
response frequency with a 19.9% difference from the dominant response frequency
in OrcaFlex.
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Figure 4.15: Case 3: dominant response frequency comparison

The dominant lift frequency in both models, shown in Figure 4.16, is equal to the
dominant response frequency. The behaviour of both models is consistent with
lock-in, though the segment model in Star-CCM+ experiences a stronger version of
lock-in due to its significantly higher RMS cross-flow displacement magnitude. It is
worth noting in the Star-CCM+ model that the dominant response and dominant
lift frequency peaks are quite narrow with a broadband area in the higher frequency
range.
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Figure 4.16: Case 3: dominant lift frequency comparison

4.5.4 Case 4

The results of the baseline simulation are summarised in Table 4.11 in which the
results in both OrcaFlex and Star-CCM+ can be visualised side by side.
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Table 4.11: Case 4: comparison between OrcaFlex and Star-CCM+

Parameter OrcaFlex Star-CCM-+
RMS cross-flow displacement [m] 0.0122 0.0826
Dominant response frequency [Hz| 0.0899 0.0999
RMS lift coefficient [-] 0.0716 0.5652
Dominant lift frequency [Hz] 0.0999 0.0999

In case 4, the velocity profile is linearly sheared, and the riser top tension this time
is increased by 19 % relative to the top tension in case 2. In Star-CCM+, the
model still experiences an inlet velocity magnitude of 0.2627 m/s. The cross-flow
displacement, plotted in Figure 4.17, displays an RMS metric in Star-CCM+ that
is, in this case too, significantly higher than in OrcaFlex by nearly one order of
magnitude.
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Figure 4.17: Case 4: cross-flow displacement comparison

The lift coefficient, plotted in Figure 4.18, displays an RMS metric in Star-CCM-+
that is, similarly to the cross-flow displacement comparison, nearly one order of
magnitude higher than in OrcaFlex.
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Figure 4.18: Case 4: lift coefficient comparison
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The riser model in OrcaFlex exhibits a unimodal response, as shown in Figure 4.19a.
The segment model in Star-CCM+ also displays a single dominant response fre-
quency with an 11.1% difference from the dominant response frequency in OrcaFlex.

FFT of Crossflow Displacement FFT of Crossflow Displacement

0.08

o
°
S

de
Amplitude (m)
o
2

0.004

0.02
0.002
0.000 0.00
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Frequency (Hz) Frequency (Hz)

(a) Response frequency in OrcaFlex (b) Response frequency in Star-CCM+

Figure 4.19: Case 4: dominant response frequency comparison

The dominant lift frequency in OrcaFlex, shown in Figure 4.20a, is different from
the dominant response frequency, while in Star-CCM+ it is observed that they are
both equal. The segment model in Star-CCM+ is consistent with strong lock-in
behaviour, while the same cannot be said for the riser model in OrcaFlex in which
the frequency synchronisation is absent and the RMS cross-flow displacement is
low in magnitude. It is worth noting in the Star-CCM+ model that the dominant
response and dominant lift frequency peaks are narrow in nature, nearly consistent
with the peak characteristics of the baseline case and case 1.

FFT of Lift Coefficient FFT of Lift Coefficient
06

o
o
@

o

o

°

°

S
o
=

Amplitude
°
g
Amplitude
o
&

o
~

°
S
N

°

e

0.00 J 0.0

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Frequency (Hz) Frequency (Hz)

(a) Lift frequency in OrcaFlex (b) Lift frequency in Star-CCM+

Figure 4.20: Case 4: dominant lift frequency comparison

51



4. Results

52



O

Discussion

The results of the baseline simulation case have been presented and discussed briefly.
However, the results from the sensitivity cases have yet to be analysed and discussed,
and a comparison between the results in OrcaFlex and the results in Star-CCM+ is
required to form a basis on the conditions of similarity and on the implications for
riser design and analysis.

5.1 Limitations of the study

This study is limited to two degrees of freedom behaviour of the riser segment in
Star-CCM+, which is not inherently different from the behaviour of the riser in
OrcaFlex in which the wake oscillator primarily focuses on the transverse vortex
force with an inline Morison drag force approximation. Furthermore, torsion effects
are not included in OrcaFlex, which makes the two models more comparable. The
two degree of freedom aspect of the Star-CCM+ model does limit the use of the
model for asymmetric modelling purposes, in which the effects of rotational inertia
must be considered.

5.2 Comparison between the models

5.2.1 Baseline case

Both OrcaFlex and Star-CCM+ models in the 0.6 m/s uniform case present a nearly
identical RMS cross-flow displacement. The RMS lift coefficients differ, which points
to a difference in coupling strength between the segment motion and the wake. Lock-
in however, is achieved in both simulations, though the dominant frequencies differ.
The wake behaviour in lock-in can be visualised in Figure 5.1.

5.2.2 Casel

Both models in the 0.4 m/s uniform case exhibit similar RMS cross-flow displace-
ments, but the RMS lift coefficients differ substantially. The fluid-structure coupling
in Star-CCM+ is indeed stronger, as noted in the baseline case. The RMS lift coef-
ficient only decreased by 15 % from the baseline case in Star-CCM+-, compared to a
59 % decrease in OrcaFlex. The dominant frequencies in both models, however, are
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Figure 5.1: Baseline case: vortex street behind segment in Star-CCM+

much closer than in the baseline case, and both models exhibit lock-in behaviour
with the matching response and lift frequencies. Figure 5.2 displays a weaker vortex
formation in Star-CCM+-, but the alternating vortex shedding pattern is still very
visible.

Figure 5.2: Case 1: vortex street behind segment in Star-CCM+

5.2.3 Case 2

Both models in the linearly sheared case have an identical RMS cross-flow dis-
placement, and their RMS lift coefficients are quite similar, more so than in case
1. Their dominant frequencies, however, diverge, and an interesting aspect can be
noted about the lock-in behaviour. The OrcaFlex model does not display lock-in
behaviour due to the 0.2 Hz gap between the response and lift frequencies, whereas
the Star-CCM+ model displays lock-in behaviour with matching frequencies. Fig-
ure 5.3 shows the weak vortex formation in Star-CCM+ without the alternating
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vortex shedding pattern of a segment in lock-in and a rather symmetric shedding.
In chapter 4, the reduced velocity table shows a drop in reduced velocity in case 2
to a value of 4.57, which may indicate the lower bound of the lock-in range. The
OrcaFlex model appears to respond faster to non lock-in conditions compared to
the Star-CCM+ model.

Figure 5.3: Case 2: vortex street behind segment in Star-CCM-+

5.2.4 Case 3

In the linearly sheared low top tension case, it is normally expected that both models
respond with higher cross-flow displacement amplitudes than in case 2, since the lack
of top tension reduces the riser’s effective stiffness. The Star-CCM+ model reacts
accordingly with an RMS cross-flow displacement of 0.1139 m, approximately 10
times the RMS value in case 2 and larger than the RMS value in the baseline case.
The RMS lift coefficients display a similar difference with an RMS value in Star-
CCM+ 7 times greater than the RMS value in OrcaFlex. Both models are in lock-in,
though the dominant frequencies differ. Figure 5.4 shows stronger vortex formation
in the segment’s wake than in case 2.

5.2.5 Case 4

In the linearly sheared high top tension case, it is expected that the higher tension
would increase the riser’s effective stiffness, thereby inducing lower cross-flow ampli-
tudes. The Star-CCM+ model has an RMS cross-flow displacement 8 times greater
than in case 2, and the OrcaFlex model RMS cross-flow amplitude value remains
quite close to the RMS value in case 2. The RMS lift coefficient in OrcaFlex re-
mains unchanged compared to cases 2 and 3, but the RMS value in Star-CCM+ is
5 times greater than in OrcaFlex. Overall, it appears that the OrcaFlex RMS lift
coefficient and displacement do not change significantly between cases 2, 3, and 4,
but in Star-CCM+ they do. However, the dominant frequencies in all cases are very
similar between the two models. Figure 5.5 shows stronger vortex formation than
both cases 2 and 3.
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Figure 5.4: Case 3: vortex street behind segment in Star-CCM+

Figure 5.5: Case 4: vortex street behind segment in Star-CCM+
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5.3 Overview of key findings

The following figures summarise the key findings of the sensitivity analysis by show-
ing how each relevant parameter changes for each case.

The first key finding is that both models display very similar dominant response
and dominant lift frequencies, as shown in Figure 5.6 and Figure 5.7.

The second key finding is that both models display lock-in behaviour, in which the
dominant lift frequency aligns with the dominant response frequency, in all cases
except for case 2. In case 2, only the Star-CCM+ model indicates lock-in, though
comparatively weaker, as shown in the vortex street representation. In the lower
bound of the lock-in range, OrcaFlex may not indicate lock-in, unlike Star-CCM+-.
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Figure 5.6: Summary of dominant response frequency for all cases

The third key finding is that the RMS cross-flow displacement and the RMS lift
coefficient display a similar trend in the baseline case and cases 1 and 2. However,
when the top tension is modified in cases 3 and 4, the RMS values between the two
models diverge significantly from the previous trend, as shown in Figure 5.8 and
Figure 5.9.

To understand why the RMS values in cases 3 and 4 are so different from case 2,
Figure 5.10 can be referred to, which shows a similar trend in the reduced velocity
to the trend of the RMS values in Star-CCM+-. In case 3, the reduced velocity is
increased significantly from case 2, which places the model in an increasingly high
chance of lock-in. The lock-in behaviour and vortex formation, as shown in the
vortex street representations, is much stronger in case 3 than in case 2. In case
4, though the top tension is increased compared to case 2, the reduced velocity of
the model remains nearly as high as in case 3. The reduced velocity increases with
decreasing natural frequency. When the top tension was increased in OrcaFlex,
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Figure 5.9: Summary of RMS lift coefficient for all cases

the modal analysis results changed, to the point where the excited mode was now
associated with a lower natural frequency than in case 2. Therefore, the reduced
velocity remained high as compared to the reduced velocity in case 3. As a result,
both cases 3 and 4 display stronger lock-in behaviour than in case 2, which explains
the divergent trend in RMS cross-flow displacement and RMS lift coefficient.
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Figure 5.10: Reduced velocity U, for all cases

5.4 Implications for riser design and analysis

The fact that the two models display similar RMS dominant frequencies and RMS lift
frequencies is important for riser design and analysis for fatigue damage estimations,
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in which the frequency of oscillations has a direct impact on fatigue predictions. In
applications where an engineer would like to estimate the effect of a VIV suppres-
sion device in Star-CCM+, the alignment of frequencies between the global riser
model and the local high-fidelity model ascertains that the VIV suppression device
can accurately disrupt the same vortex formation present in the global model. Fur-
thermore, the bare riser section model may be used reliably as a baseline tool for
comparison to a model with the VIV suppression device.

Similarly, the fact that the RMS cross-flow displacement and RMS lift coefficient
trends align for three cases where the top tension is relatively unchanged shows that
the Star-CCM+ model has similar sensitivity to changes in current velocity, but
may over-predict the RMS lift coefficient due to stronger fluid-structure coupling. In
addition to response frequency, fatigue estimation depends as well on the amplitude
of oscillation. If Star-CCM+ can enable similar amplitude estimation with a slight
over-prediction, the fatigue estimation can be carried out with more confidence.

The divergent trend of the Star-CCM+ RMS values indicates much stronger lock-in
behaviour with respect to reduced velocity. The OrcaFlex model remains relatively
unresponsive to significant changes in top tension. Therefore, the Star-CCM+ model
is considerably more sensitive to these changes, and the results must be handled with
caution because the change in top tension may induce other structural dynamic
effects in OrcaFlex that dampen the response.

Due the global riser’s multi-modal behaviour, the vibrational energy from the bare
riser section mode may be transferred over to the lower mode associated with the
buoyant section, thereby reducing the riser’s response at the selected location. The
dampened response in OrcaFlex may also originate from the semi-empirical wake os-
cillator formulation, which may artificially reduce the wake dynamics via the linear
damping coefficient ay. According to Zhang et al. (2023), the classic wake oscilla-
tor model can accurately predict VIV response of a cylinder at high mass-damping
ratios, but fails to predict the VIV response accurately at low mass-damping ra-

tios. The mass-damping ratio is expressed as m*(, where m* = %> and ( is

the structural damping ratio. Using the combined structural and internal content
mass per unit length of 567.9kg/m, calculated earlier in chapter 3, the mass ratio
m = 2.47, which gives a mass-damping ratio of 0.0163. This value is quite low, and
may be a contributing factor to the decreased response of the full-scale riser model
in OrcaFlex.

This represents an important limitation of Star-CCM+-: the high-fidelity model may
not be able to include all the factors that affect global riser dynamics, and therefore
may over-predict RMS values in the context of complex riser dynamics. However,
the wake oscillator model in OrcaFlex may also under-predict the response due to
the riser’s low mass-damping ratio. In such a case, the wake oscillator may need to
be re-calibrated to accurately predict VIV behaviour at low mass-damping ratios.
Alternatively, a modified wake oscillator model as the model proposed by Zhang
et al. (2023) may be warranted for a more accurate comparison between the two
models.
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Conclusions

The purpose of this chapter is to summarise the study, present the key findings of
the study, and provide a well-rounded answer to the research objectives stated in
section 1.2.

6.1 Summary of the study

In this thesis, an independent, high-fidelity, two-degree-of-freedom model was devel-
oped in Star-CCM+ using the physical properties of the selected riser location in
OrcaFlex. The local current velocity was estimated based on velocity at the equiv-
alent depth, and the dynamic properties of the model, including structural support
stiffness and damping coefficients, were derived from the OrcaFlex riser modal anal-
ysis for the baseline case and subsequently for each sensitivity case. The dynamic
behaviour of both models was assessed with respect to RMS cross-flow amplitude,
RMS lift coefficient, dominant response frequency, and dominant lift frequency.

6.2 Key findings

The key findings of the study are as follows:
1. Both models display similar dominant response and dominant lift frequencies.
2. Both models experience lock-in in most cases.

3. Both models display a similar trend in RMS cross-flow displacement and RMS
lift coefficient values with respect to current velocity magnitude and profile changes.

4. The RMS cross-flow displacement and RMS lift coefficient results between the
two models diverge in cases of significant top tension changes.

6.3 The research objectives
In section 1.2, the general objective was to investigate the vortex-induced vibrational
response of both a high-fidelity CFD model of a short riser segment and a low-fidelity,

global drilling riser model. The specific research objectives were defined as follows:
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1. Develop a realistic, low-fidelity drilling riser model in OrcaFlex using a wake
oscillator to simulate VIV.

2. Select a VIV-sensitive segment of the riser in OrcaFlex and develop a high-fidelity
CFD model of the segment in Star-CCM+ using a two-way FSI interface.

3. Run both models under the same conditions and compare the predicted VIV
amplitudes and dominant frequencies.

4. Investigate the influence of velocity profile and magnitude and the variation of
riser top tension on the VIV predictions of both models.

5. Evaluate the ability of the high-fidelity CFD model to capture the local riser
dynamic VIV response predicted by the low-fidelity drilling riser model.

6. Identify the strengths and limitations of the high-fidelity model and the low-
fidelity model.

6.4 Answer to the research objectives

Objective 1: Development of the low-fidelity drilling riser model

The drilling riser model was developed in OrcaFlex using a drilling riser model
from the software developer’s website, then further simplified, and assigned physical
properties from a reference model included in a published, peer-reviewed research

paper.
Objective 2: Development of the high-fidelity segment model

The riser segment model was developed in Star-CCM+ with a two-way FSI interface
and derived physical, environmental, and dynamic properties from the carefully
selected segment location in the OrcaFlex model. The extraction of properties for
Star-CCM+ implementation followed a logical, well-documented process to ensure
equivalency between both models.

Objective 3: Simulation and baseline case comparison

The explicit, time-domain simulation in OrcaFlex implemented the Iwan and Blevins
wake oscillator model with OrcaFlex default coefficients to simulate the VIV re-
sponse. The implicit unsteady solver in Star-CCM+ was used to simulate the fluid-
structure interaction between the segment and the wake. The baseline case in both
simulations displayed lock-in behaviour and similar response metrics.

Objective 4: Sensitivity analysis using four cases

A comprehensive sensitivity analysis was conducted to evaluate how both models
respond to changes in velocity magnitude and profile and changes in top tension. The
velocity variations in cases 1 and 2 produced a similar trend in response metrics.
The top tension variation, however, produced higher amplitudes in Star-CCM+,
while the amplitudes in OrcaFlex remained relatively unchanged.
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Objective 5: Evaluation of the high-fidelity segment model

The high-fidelity segment model performs well, and can accurately reproduce the
VIV behaviour of the OrcaFlex model in different velocity conditions, though the
stronger FSI coupling may in certain cases induce a stronger response. The high-
fidelity segment model, however, cannot accurately reproduce the VIV behaviour
of the OrcaFlex model in cases of top tension changes because it displays strong
sensitivity to changes in reduced velocity. In addition, the segment model’s dynamic
properties are tied to a specific modal frequency, which does not consider the multi-
modal behaviour of the full-scale riser.

Objective 6: Strengths and limitations of the high-fidelity model and the low-fidelity
model

By explicitly resolving the flow field, the high-fidelity model can accurately capture
the physics of vortex shedding and FSI coupling effects. In doing so, however, it
remains highly sensitive to changes in reduced velocity, and can predict stronger
amplitudes during lock-in. Furthermore, the model’s lock-in behaviour is tied to
its simplified structural vibration dynamics, which cannot capture the full-scale
riser’s multi-modal response. In contrast, the low-fidelity model can efficiently model
the full-scale riser and capture global structural dynamics. It is considerably more
computationally efficient than the high-fidelity model. However, the wake oscillator
model used relies on a semi-empirical formulation, which can dampen the lock-in
response, because it does not explicitly resolve vortex shedding.

6.5 Final remarks

Overall, the study demonstrated that high-fidelity modelling of short riser segments
can reproduce the relevant vortex-induced vibrational response metrics of the deep-
water drilling riser model in OrcaFlex for different current velocity profiles, but
it cannot reliably reproduce the changes in global riser dynamics in different top
tension conditions. Determining whether the difference in response between the
two models is attributed to the high-fidelity segment model’s inability to capture
complex riser dynamics, or to the low-fidelity riser model’s wake oscillator imple-
mentation, requires further analysis and possibly the implementation of a different
wake oscillator model for a more accurate comparison.
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Future work

The purpose of this chapter is to suggest improvements to the models developed
in this study and a wider application of the models to more complex simulation
conditions.

7.1 Model improvements

7.1.1 OrcaFlex

In OrcaFlex, the riser model can be further improved by experimenting with other
VIV prediction models. The Milan wake oscillator model or vortex tracking models
may provide different dynamic riser response predictions under complex conditions,
and such an analysis would be interesting to assess whether a lower vortex-induced
vibrational response is tied to the global riser dynamics or rather the wake oscillator
model type and setup.

7.1.2 Star-CCM-+

In Star-CCM+-, the accuracy of the fluid solver may be improved with finer mesh
refinement, a lower solver time step, and adaptive mesh refinement, but they will
significantly increase the computational time of the simulation. The structural cou-
pling of the supports at the top and bottom ends of the segment can be investigated
to better represent realistic structural behaviour. In addition, the equivalent den-
sity used to account for the inertia of the internal contents of the segment may be
represented in a different manner, which would improve the accuracy of the solid
stress solver, so that structural deformations are tied to the density of the steel only.

A deformable fluid body interaction model using overset mesh may alternatively
be used to capture the VIV behaviour of the segment, in which the segment is
treated as a rigid body. Since the segment is short, its high bending stiffness may
make it suitable for rigid body motion. However, in this setup, the fluid-structure
interaction does not include a solid stress solver, and therefore cannot be used for
fatigue assessment by itself, unless it is coupled to an external FEM solver like
Abaqus.

The FSI morpher setup used in this thesis is limited to relatively small mesh defor-
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mations. In instances of large structural motions, the DFBI with overset mesh may
be particularly useful, since the overset mesh moves with the rigid body without
stretching the surrounding mesh.

7.2 Extension of simulation conditions

Future work should consider the effects of a wider set of environmental conditions,
including combined wave, wind, and current loads and extreme sea states. Long-
term ocean statistics with wave scatter diagrams of the specified location, along
with loop and tidal current velocity magnitudes, may be used to reproduce realistic
local conditions of the sea state. The effect of the motion of the semi-submersible
drilling platform should also be considered within this operating environment.

7.3 Model validation and experimental work

The model in this study was developed from model data used in a published research
paper (Sevillano et al., 2013), but the final model is not the same as the originally
referenced model due to the difference in riser operating conditions. Furthermore,
the referenced research paper analyses fatigue metrics for a riser in the hang-off
operating condition, which is not directly comparable to the results presented in
this study. The results from the OrcaFlex model should then be validated against
available field data. Future work should involve developing a riser model from an
existing drilling riser, then validating the OrcaFlex model results with field data
from the existing site. This is, however, challenging due to the lack of field data
and riser configuration information from existing drilling risers. In Star-CCM+,
experimental testing of a representational riser segment in a controlled environment
should be used to validate VIV response results.

7.4 Application to full-scale riser systems

Future studies should investigate whether the methodology used in this study can
be used reliably in realistic operating conditions, in which the riser experiences
excitation loads at the surface. The modal behaviour of the riser may change, but
if the methodology used to determine the riser segment’s dynamic properties leads
to similar response trends as in the current-only condition, then the methodology
can be used reliably in other applications as well.
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