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Abstract

During installation of subsea power cables in high ocean currents, significant vibrations
might occur. These vibrations are called vortex induced vibrations (VIV) and they are result
of the vortex shedding behind the cables. Significant forces may arise due to VIV which can
compromise the cable’s integrity limits and further introduce problems to the installation
procedure. The main objective of this research is to assess the effects of the VIV on the
cables and provide solutions to improve workability.

In this thesis a coupled wake-structure model was created in order to study the interaction
between the vortices and the cable. The model is based on the phenomenological model of
the wake oscillator which can capture well the self-exciting, self-limiting behavior of VIV,
therefore estimating accurately enough the lock-in region and vibration amplitude. A wake
oscillator with acceleration coupling is used and different sets of tuning parameters tuned to
1DOF and 2DOF free vibration experiments are examined. The structure has been modeled
in the finite element software OrcaFlex and the wake oscillator model was implemented as
an external function in the programming language Python.

To confirm the validity of the above mentioned model two experiments were used. Firstly,
the model was tested against the Delft flume experiment where the case of a vertical riser
is examined and further the São Paulo experiment where the case of a steel catenary riser
(SCR) is studied. The model was also compared with the Milan wake oscillator model from
OrcaFlex’s VIV toolbox. The model showed good agreement with the experimental results
and found to be superior of OrcaFlex’s VIV model.

Next, VIV analysis was performed for a case study. The analysis was done for different current
speeds and directions and the effects of the VIV on the tension and the bending radius of the
cable were determined. For lower current velocities, lock-in response and standing waves
along the cable were observed, while for higher velocities multifrequency response, beating
behavior and traveling waves were observed.

An important conclusion of this research is that the coupled wake-structure model used in
this thesis is suitable for assessing VIV effects on catenary shaped cables. Furthermore, the
analysis showed that catenary shaped cables with remaining length on the seabed exhibit
smaller crossflow vibration amplitudes than straight cylinders.
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1
INTRODUCTION

1.1. Background
The last years the demand for renewable energy has rapidly increased as the results of the
climate change are becoming more evident. In December 2015, at the Paris Climate Change
Conference (COP21), 195 countries adopted the first-ever universal, legally binding global
climate agreement to put the world on track to avoid climate change by limiting global warm-
ing to well below 2°C. To achieve this, a 230 GW offshore wind capacity target for 2045 is
estimated for the North Seas countries. As the renewable energy from the offshore industry
is growing fast, the industry is facing new challenges. Wind farms are pushed towards more
harsh environments, such as high current areas among others. In addition to wind energy,
tidal energy from tidal turbine farms is under development. Prior to commissioning, installa-
tion of the turbines and the subsea power cables has to be made. Installation of power cables
in high current seas can be very challenging. In order to maintain the structural integrity
of the power cables and of the installation equipment, the dynamic behavior of the subsea
cables has to be assessed.

During installation in high ocean currents, Vortex-Induced Vibrations (VIV) can occur. VIV
is a result of vortices shedding behind the structure. These vortices can introduce vibrations
that are perpendicular (crossflow) and parallel (in-line) to the flow direction. As a result,
significant forces may arise, which can result in damage of the cable or compromising the
installation procedure.

Figure 1.1: Vortex shedding behind a cable

Although a lot of research has been done regarding VIV on straight cylinders, not much work
has been contacted on catenary shaped cables. Therefore, the aim of this thesis is to give an
insight on the effects of VIV on the cables.

1
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1.2. Research Objective
“To determine the influence of the VIV during subsea cable installation, ensure the cable
integrity limits and provide solutions to improve workability”

1.3. Research Methodology
In order to tackle the above-mentioned challenge a research methodology was established
and followed:

i. Literature Study

Background information is needed in order to gain a deep understanding on the phenomenon
thus it can successfully analyzed lated on. Information on influencing parameters and pre-
vious work conducted is required to advance our research.

ii. Modeling

From the knowledge gained during the literature study, a suitable model to investigate the
problem should be selected. At this stage a model needs to be created in a software, a
programming language, etc., thus a tool will become available to analyze the problem.

iii. Model Validation

Before using the model in a case study, the model needs to be tested against experimen-
tal data or against other models and thus its validity can be assessed. Only after having
successfully validated the model one can proceed in the next step.

iv. Case study

Finally a case study will be analyzed and numerous conclusions will be drawn.

1.4. Thesis outline
The current thesis report comprises of 6 chapters and is organized as follows:

Chapter 1, briefly gives a research background together with thesis problem description,
objective and thesis outline.

Chapter 2, contains theory about VIV on straight,inclined and curved cylinders and the gov-
erning parameters which are involved.

Chapter 3, introduces the wake-structure model, which is based on the phenomenological
model of the wake oscillator.

Chapter 4, includes the validation of the model against experimental data. Also, a a compar-
ison between the wake-structure model and the Milan wake oscillator model from OrcaFlex’s
VIV toolbox is presented.

Chapter 5, presents the VIV analysis of a case study.

Chapter 6, summarizes the conclusions of this thesis and provides recommendations for
further research.



2
LITERATURE STUDY

2.1. Introduction
Vortex induced vibration (VIV) is a phenomenon that cylindrical structure may experience
due to interactions between the structure and the flow. In this chapter, theory about the VIV
and the important parameters which control it are described.

2.1.1. Fluid flow past cylinder
When fluid flows past a cylinder or other bluff body, it will be forced to change its original
flowing path and move around the cylinder resulting in separated flow in the wake of the
cylinder. Due to two layers of fluids moving in different velocities, vortices are formed. The
different types of flow that can exist due to the flow separation are characterized by the
Reynolds number, which is defined as following:

𝑅𝑒 = 𝑉 𝐷
𝑣 (2.1)

In which: 𝑉 is the flow velocity [𝑚/𝑠]
𝐷 is the cylinder’s diameter [𝑚]
𝑣 is the kinematic viscosity of the fluid [𝑚ኼ/𝑠]

The different regimes of flow around a cylinder in a steady current can be seen in Figure
2.1. For Re values smaller than 40 there is no separation of the flow. In the range of 40 <
𝑅𝑒 < 150 the first vortices are created and the vortex street remains laminar. In the range of
300 < 𝑅𝑒 < 3 ∗ 10኿ the vortex street is fully turbulent and it is known as the sub-critical flow
regime.

3
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Figure 2.1: Regimes of flow around a smooth cylinder in steady current [Lienhard, 1966]

The vortices shed alternatively from both sides of the cylinder at a certain frequency. This
frequency is known as the shedding frequency [Hz] and is defined as:

𝑓፬ =
𝑆𝑡 𝑉
𝐷 (2.2)

In which: 𝑆𝑡 is the Strouhal number [-]

The Strouhal number is an empirically derived value and it is depended on the Reynolds
number. Their relation can be seen in Figure 2.2. In the sub-critical flow regime the Strouhal
number is almost constant and equal with 0.2. For Re numbers higher than 3 ∗ 10኿ the 𝑆𝑡
is increasing a bit for cylinders with rough surface and it is increases radically for cylinders
with smooth surface.

Figure 2.2: Relation between Strouhal number and Reynolds number [Lienhard, 1966]
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2.2. Vortex forces on a cylinder
When the vortices shed alternately behind a cylinder, pressure variation occurs in the wake
which results in an oscillating force. This force can be decomposed in two components; the
in-line force, 𝐹፱ which is the force in the flow direction and the cross flow force, 𝐹፲ which is the
force perpendicular to the flow direction . These forces differ in the case of a fixed-stationary
cylinder and in the case of a free to move cylinder and will be discussed in the following
section.

2.2.1. Stationary cylinder
In the case of a stationary rigid cylinder, the in-line force 𝐹፱ is approximately the same with
the drag force 𝐹ፃ፨ and the cross flow force 𝐹፲ is approximately the same with the lift force 𝐹ፋ፨.
An illustration of the forces resulting from the pressure variation can be seen in Figure 2.3
expressed in terms of force coefficients. Additional to the force resulting from the pressure
variation, there are also viscous forces due to the friction on the surface of the cylinder but
their contribution is small compared to the pressure forces and it is neglected. The lift force
oscillates at the vortex shedding frequency 𝑓፬, while the drag force oscillates at twice the
vortex shedding frequency.

Figure 2.3: Pressure fields and wake forms [Drescher, 1956]

The drag and lift force can be expressed as a relation of non-dimensional coefficients in the
form of Equation 2.3, respectively.

𝐹ፃ፨ =
1
2 𝜌፰ 𝐷 𝐿 𝐶ፃ፨ 𝑉

ኼ

𝐹ፋ፨ =
1
2 𝜌፰ 𝐷 𝐿 𝐶ፋ፨ 𝑉

ኼ
(2.3)

In which: 𝐶ፃ፨ is the drag coefficient for a stationary cylinder [-]
𝐶ፋ፨ is the lift coefficient for a stationary cylinder [-]
𝜌፰ is the fluid density [𝑘𝑔/𝑚ኽ]
𝐷 is the diameter of the cylinder [𝑚]
𝐿 is the length of the cylinder [𝑚]

In the following graphs the relation between the drag and lift coefficients and the Reynolds
number is illustrated.
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Figure 2.4: Mean drag coefficient against Reynolds number

Figure 2.5: R.M.S of lift coefficient against Reynolds number

In the sub-critical region (300 < 𝑅𝑒 < 3∗10኿) which is the regime of interest in this study, the
mean value for the drag coefficient for a stationary cylinder is about 1.2. In the same regime
the R.M.S of the lift coefficient lies between 0 and 0.4.

2.2.2. Moving cylinder
When the motion of the cylinder is significant, it affects the dynamics of the wakes, resulting
in different drag and lift forces than for a stationary cylinder.

Drag force

For an oscillating cylinder a significant increase in the mean drag force is noticed, which can
be related to the vibration amplitude. [Blevins, 1990] has proposed the following relation in
order to account for drag amplification due to VIV for rigid cylinders:

𝐶፝ = 𝐶ፃ፨[1 + 2.1
𝐴፲
𝐷 ] (2.4)

Where 𝐴፲ is the maximum amplitude of the cross flow vibration.

For flexible risers the relationship proposed by [Vandiner J.K, 1983] is in good correspon-
dence with experimental data:
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𝐶፝ = 𝐶ፃ፨[1 + 1.043(
2𝐴፫፦፬
𝐷 )

ኺ.ዀ኿
] (2.5)

where 𝐴፫፦፬ is the root mean square of VIV amplitude.

The maximum amplitude of crossflow vibrations can be up to 1.2𝐷 which results in 3.5 times
amplified drag coefficient in compasion with the one for a stationary cylinder. In Figure 2.6
the drag amplification due to VIV is plotted against the reduced velocity. The reduced velocity
is a widely used parameter which can be defined as:

𝑉፫ =
𝑉
𝑓፧ 𝐷

(2.6)

Where 𝑓፧ is the 𝑛፭፡ natural frequency of the cylinder.

Figure 2.6: Drag amplification due to VIV [Khalak and Williamson, 1999]

Lift force

The lift force can be decomposed into a component in phase with the cylinder acceleration and
a component in phase with the cylinder velocity. The lift force in phase with the acceleration
provides an effective addedmass for the system and the one in phase with velocity provides an
effective damping. The latter determines if energy is transferred by the flow to the structure
(if positive) or the other around if negative. This determines if the amplitude of oscillations
increases or decreases and thus governs the self-limiting behavior of VIV. In Figure 2.7 the
rms of the lift coefficient is plotted versus the reduced velocity.
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Figure 2.7: Lift variation due to VIV [Khalak and Williamson, 1999]

2.3. Vibration amplitude for a vertical cylinder
According to [Blevins and Coughran, 2009] three regimes of reduced velocities can be iden-
tified to assess the amplitude of the VIV. In Figure 2.8 the relationship between the in-line
and cross flow vibration amplitude and the reduced velocity is illustrated. The three regimes
can be defined as following:

• For 𝑉፫ < 3 the vibration amplitude is small, the Strouhal equation is valid. The maximum
vibration amplitude is about 0.1𝐷 and is a result of in-line VIV.
• For 4 < 𝑉፫ < 11 lock-in occurs, the vibration amplitude is maximized and the Strouhal
equation is not valid anymore. The maximum vibration amplitude is about 1.2𝐷 at a reduced
velocity of 7 and is a result of cross flow VIV. Lock-in is a complex phenomenon and is ex-
plained in more detail in Section 2.3.2.
• For 𝑉፫ > 11 the shedding frequency unlocks from the natural frequency and the Strouhal
equation becomes valid again. At these values of reduced velocities VIV is not present any-
more.

Figure 2.8: Vibration amplitudes as a function of reduced velocity [Blevins et al, 2009]
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2.3.1. VIV response branches
There are three distinct VIV response branches as have been established by [Khalak and
Williamson, 1999] in 1 DOF free vibration experiments for lowmass-damping cylinders (cylin-
der is allowed to move only in the cross-flow direction). Namely, the initial branch, the lower
branch and the upper branch. These branches have been also confirmed by [Jauvtis and
Williamson, 2003] in 2 DOF free vibration experiments (cylinder is allowed to move both in
the in-line and cross-flow direction). In Figure 2.9 one can observe the distinct branches.
Black dots (●) represent the results when the cylinder is allowed to vibrate only in the cross
flow direction and white dots (∘) represent the results when the cylinder is allowed to move
in both the in-line and cross flow direction.

Figure 2.9: Distinct branches for low mass damping systems [Jauvtis and Williamson, 2003]

2.3.2. Lock-in
When the vortex shedding frequency is close to one of the natural frequencies of a structure,
lock in or else synchronization can occur and the vibration amplitude is maximized. As
the shedding frequency approaches the natural frequency of the structure, the Strouhal
Equation 2.2 is not valid anymore and the shedding frequency becomes almost equal with
the natural frequency. The reason that the shedding frequency is not exactly the same with
the natural frequency is because of the interaction of the structure with the vortex shedding
which consequently affects the added mass. Fluctuations in the added mass values result
in fluctuations of the natural frequencies values.
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If the lock-in happened when the natural frequency is exactly equal with the Strouhal fre-
quency then:

𝑉፫ =
𝑉
𝑓፧ 𝐷

= 𝑉
𝑓፬ 𝐷

= 𝑉
𝐷
𝐷
𝑆፭𝐷

= 1
𝑆𝑡 = 5 (2.7)

However, lock-in usually occurs for the range of reduced velocities; 4 < 𝑉፫ < 11. Although this
boundary is not fixed and depends on the mass ratio of the structure, as will be explained in
Section 2.3.3.

2.3.3. Mass Ratio
One of the parameters that influence the amplitude and the lock in range of the VIV is the
mass ratio. It can be defined as the mass 𝑚 divide by the added mass 𝑚ፚ.

𝑚∗ = 𝑚
𝑚ᎎ

= 𝑚
𝐶ፚ ᎝ኾ𝐷ኼ𝜌፰

(2.8)

Where, 𝐶ፚ is the potential added mass coefficient, equal to 1 in still water. When the cylinder
oscillates, it forces the fluid particles to accelerate resulting in a force acting on the cylinder.
This force is represented by the added mass. The 𝐶ፚ is a function of time, the shape of the
body and its surroundings, the type of motion and orientation of the body through the fluid
[Sarpkaya, 2003]. In Figure 2.10 from [Blevins and Coughran, 2009] the vibration amplitude
and lock-in range dependence on the mass ratio can be seen.

Figure 2.10: Vibration amplitudes for different mass ratios

From the above graph it can be observed that as the mass ratio decreases, the vibration
amplitude and lock-in range become larger. The explanation of the latter lies on the variation
of the added mass coefficient with the reduced velocity. In Figure 2.11 one can observe that
the added mass coefficient reduces monotonically with increasing reduced velocity. As a
result, as the reduced velocity increases, the natural frequency of the cylinder is increasing
as well. Therefore the ratio of the shedding frequency divided by the oscillation frequency
remains closer to 1 (synchronization) over a broader range of flow speeds. For lower mass
ratio the contribution of added mass on the natural frequency is bigger resulting in extended
lock-in ranges.
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Figure 2.11: Added mass coefficient versus reduced velocity [Vikestad et al., 2000]

2.4. VIV on inclined cylinders
In the majority of studies on VIV the flow direction is perpendicular to the long axis of the
structure. However, in the case of a subsea power cable and many other offshore engineering
applications, the direction of the flow is not usually perpendicular to the structure.

Figure 2.12: Inclined cable motion [Facchinetti et al., 2003]

[Jain and Modarres-Sadeghi, 2013] performed experiments on a flexibly mounted inclined
rigid cylinder up to an angle of inclination of 𝜃 = 75° and Reynolds range of 𝑅𝑒 = 500 − 4000
to study the influence of inclination on the resulting vortex induced vibrations. From this
research the following observations have been made:

• Angles of inclination up to 45° (𝜃 < 45°) do not result in any deduction in the maximum
amplitude of oscillations. For angles 𝜃 > 45° the peak amplitude is decreased with increasing
angle of inclination.
• As the angle of inclination is increased the lock-in range starts at higher reduced velocities
or else the lock-in region delays.
• Negative angles of inclination result in increased width of the lock-in region. (A cylinder
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inclined away from the oncoming flow is considered to have a positive angle of inclination)
• The vortex shedding is forced to be parallel to the movement of the cylinder (Figure 2.13).

Figure 2.13: Flow visualization in the wake of a 45° inclined cylinder [Jain and Modarres-Sadeghi, 2013]

To assess the vortex shedding behind a cylinder the Independence Principle (IP) is widely
used. The IP neglects the axial component of the flow and considers only the component of
the velocity normal to the cylinder axis.

Figure 2.14: Inclined cylinder with the normal and axial components of the flow velocity [Jain and Modarres-Sadeghi, 2013]

In the case of an inclined cylinder the Strouhal frequency or shedding frequency reads as:

𝑓፬ =
𝑆𝑡 𝑉 cos𝜃

𝐷 (2.9)

As regards the validity of the IP it was observed that:

• The width of the lock-in region is the same for 𝜃 < 45°, and decreases significantly for
𝜃 > 45°.
• For 𝜃 > 45° the lock-in range changes its pattern and the relatively wide plateau of the large
amplitude oscillations observed for the lower angles of inclination disappears, and instead,
the large amplitude oscillation occurs over a very short range of normalized reduced velocities.

2.5. VIV on curved cylinders
[Assi et al., 2014] conducted 2D VIV experiments to investigate the response of a rigid curved
circular cylinder with low mass-damping ratio (𝑚∗ = 2.1,𝑚∗𝜁 = 0.0042). The flow profile was
uniform and Reynolds number ranged between 750 and 15000. Two curved configurations,
a concave and a convex, were tested regarding the direction of the flow and the results were
compared with a reference straight cylinder. Convex configuration is when the plane of cur-
vature of the body is aligned to the flow direction such that the outer part of the ring is the
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body’s stagnation face. Similarly, concave configuration is when the inner part of the ring is
the body’s stagnation face.

Figure 2.15: Flow visualization for a curved cylinder in uniform flow parallel to the plane of curvature ፑ፞ ዆ ኻኺኺ [Miliou et al.,
2003]

In this study among other, the following conclusions were made:

• A curved rigid cylinder presents lower peak of amplitude of vibration in both the crossflow
and in-line direction when compared to a straight cylinder.

• Although the peak amplitude is reduced, a curved cylinder may present a significant level of
vibration that is sustained for higher values of reduced velocity beyond the end of the typical
synchronization range.

The above conclusions are presented graphically in Figures 2.16 and 2.17.

Figure 2.16: Crossflow and in-line amplitude of vibration versus reduced velocity for a straight cylinder and convex
configurations varying the vertical section length [Assi et al., 2014]
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Figure 2.17: Crossflow and in-line amplitude of vibration versus reduced velocity for a straight cylinder and concave
configurations varying the vertical section length [Assi et al., 2014]

2.6. Chapter summary
In this chapter the basic principles which govern the VIV have been presented. As illustrated
VIV is a complex phenomenon which depends significantly on the structure properties, the
flow characteristics and the interaction between them. Cross flow vibration amplitudes can
be up to 10 times higher than the in-line ones. Also, there are significant differences between
VIV on vertical and on inclined and curved cylinders. In the next chapter a model capable of
predicting the VIV amplitude and frequency response is presented.



3
VIV MODEL

3.1. Wake oscillator
The fluctuating nature of the vortex street is modeled by a non-linear oscillator satisfying
the Van der Pol equation. The latter can capture well, self-limiting, self-exciting phenomena
which include a lock-in regime, such as the VIV. The modified Van der Pol model is given by
the equation:

𝑞̈ + 𝜖𝜔፬(𝑞ኼ − 1)𝑞̇ + 𝜔ኼ፬𝑞 = 𝐹(𝑡) (3.1)

Where: 𝑞 is the wake variable [-]
𝜖 is a tuning parameter [-]
𝜔፬ is the natural frequency of the oscillator [𝑟𝑎𝑑/𝑠]
𝐹(𝑡) is the forcing term

The dimensionless wake variable q is associated to the fluctuating lift coefficient 𝐶ፋ. The nat-
ural frequency of the oscillator is chosen to be the same with the vortex shedding frequency,
as defined in Equation 2.2.

The self-limiting, self-exciting behavior of the VIV is controlled by the damping term: 𝜖𝜔፬(𝑞ኼ−
1)𝑞̇. When 𝑞ኼ − 1 < 0 the damping term is negative, there is energy input in the system and
the q increases. When 𝑞ኼ − 1 > 0 the damping term is positive then the 𝑞 decreases. If the
oscillator is unforced (𝐹(𝑡) = 0), then it provides a quasi-harmonic oscillation with amplitude
𝑞 = 2 at the angular frequency 𝜔፬. Appendix A gives examples on how a Van del Pol oscillator
works.

The forcing term at the right-hand side models the effects of the cylinder motion on the near
wake. Different coupling models have been proposed over the years, such as displacement,
velocity and acceleration coupling. [Facchinetti et al., 2003] concluded that acceleration
coupling can capture the features of VIV better than the rest. Applying the acceleration
coupling, the equation reads as:

𝑞̈ + 𝜖𝜔፬(𝑞ኼ − 1)𝑞̇ + 𝜔ኼ፬𝑞 =
𝐴
𝐷
𝑑ኼ𝑦
𝑑𝑡ኼ (3.2)

Where: 𝐴 is a tuning parameter [-]
𝐷 is the cylinder’s diameter [𝑚]
፝Ꮄ፲
፝፭Ꮄ is the cross-flow acceleration of the cylinder [𝑚/𝑠ኼ]

15
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At the following section the influence of the tuning parameters 𝐴 and 𝜖 on the behavior of the
wake oscillator is explained.

3.2. Influence of the parameters 𝐴 and 𝜖
The behavior of the wake oscillator is determined by the values of the parameters 𝐴 and 𝜖.
The vibration amplitude and the lock-in region depend highly on these values. Some remarks
on how each of the tuning parameters influences the wake oscillator are presented herein:

Parameter 𝜖:

• Larger 𝜖 results in reaching faster the steady state response.
Parameter 𝜖 is associated with the damping term 𝜖𝜔፬(𝑞ኼ−1)𝑞̇. For small initial value of 𝑞 then
the term is negative and there is energy input in the system (negative damping). The bigger
the 𝜖 the higher the energy input in the system, thus the steady state response is reached
faster.

• Larger 𝜖 results in smaller maximum steady state amplitude.
Again, because the parameter 𝜖 controls the damping term, when the steady state is reached
there is higher damping in the system with large values of 𝜖, which results in smaller maxi-
mum steady state amplitudes.

• Larger 𝜖 results in wider lock in range

In Figure 3.1 the above-mentioned influence of the tuning parameter 𝜖 can be seen graphi-
cally.

Figure 3.1: Effect of tuning parameter Ꭸ [Sun, 2017]

Parameter 𝐴:

• Larger 𝐴 results in larger maximum steady state amplitude.
Parameter 𝐴 is associated with the forcing term ፀ

ፃ
፝Ꮄ፲
፝፭Ꮄ , thus the bigger the A the bigger the

external force which finally gives larger amplitudes.

• Larger 𝐴 results in wider lock in range
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In Figure 3.2 the influence of the tuning parameter 𝐴 can be seen graphically.

Figure 3.2: Effect of tuning parameter ፀ [Sun, 2017]

3.3. Tuning of the parameters 𝐴 and 𝜖
To tune correctly the parameters, a comparison with experimental results has to be done
and fitting of the parameters accordingly. [Ogink and Metrikine, 2010] have proposed 2 sets
of parameters after tuning their model with the 1-DOF free vibration experiments of [Khalak
and Williamson, 1999]. Specifically, they determined values for the upper branch “Case U”
and for the lower branch “Case L”. They have concluded that tuning the wake oscillator with
one set of frequency depended parameters for both branches is not yet possible.

[Slingsby, 2015] tuned the wake oscillator parameters against the 2-DOF experiment of
[Blevins and Coughran, 2009]. Instead of two sets of parameters for the upper and lower
branch he attempts to use one set only, which works approximately good for both. Also he
determined different set of parameters for very low mass ratio systems (𝑚∗ < 1.57) and higher
mass ratio systems (𝑚∗ > 1.57). The values used in both researches can be seen in Table 3.1.

Table 3.1: Values of A and Ꭸ according to previous researches

[Ogink and Metrikine, 2010] [Slingsby, 2015]
Parameter Upper Branch Lower Branch 𝑚∗ > 1.57 𝑚∗ < 1.57

A 4.0 12.0 10.0 19.0
𝜖 0.05 0.7 0.07 0.3

The above values will be used further on, in this research. In Appendix G the model fitting
to the experimental results in the above mentioned researches can be found.
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3.4. Coupling of the wake oscillator and the structure
In this research the structural response is obtained by the finite element software OrcaFlex
(ref. Appendix F). However, the simple case of a two degree of freedom (2DOF) elastically
supported rigid circular cylinder will be used here to illustrate the coupling between the
structure and the wake.

Figure 3.3: Fluid structure model: a very slender tensioned cable in stationary uniform flow. [Facchinetti et al., 2004]

The equation of motion for a rigid cylinder on viscoelastic supports read as:

(𝑚 +𝑚ᎎ)𝑥̈ + 𝑐𝑥̇ + 𝑘𝑥 = 𝐹፱(𝑡)
(𝑚 +𝑚ᎎ)𝑦̈ + 𝑐𝑦̇ + 𝑘𝑦 = 𝐹፲(𝑡)

(3.3)

Where: 𝑚 is the mass per unit length [𝑘𝑔]
𝑚ᎎ is the added mass per unit length [𝑘𝑔]
𝑐 is the damping coefficient [𝑘𝑔/𝑠]
𝑘 is the spring coefficient [𝑁/𝑚]

The forces acting on the in-line and crossflow direction can be expressed as a relation of
non-dimensional coefficients in the form of Equation 3.4, respectively.

𝐹፱ =
1
2 𝜌፰ 𝐷 𝐿 𝐶ፕፗ 𝑉

ኼ

𝐹፲ =
1
2 𝜌፰ 𝐷 𝐿 𝐶ፕፘ 𝑉

ኼ
(3.4)

3.5. Force Decomposition
The in-line force 𝐹ፕፗ is the not the same with the drag force 𝐹ፕፃ and the cross flow force 𝐹ፕፘ is
not the same with the lift force 𝐹ፕፋ as can be seen in Figure 3.4 (in contrast with the case of a
stationary cylinder). The drag force is always in line with the relative flow direction and the
lift force is always perpendicular with the relative flow direction. Therefore a decomposition
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needs to be made in order to express the in-line and crossflow coefficients, 𝐶ፕፗ and 𝐶ፕፘ, into
drag and lift coefficients, 𝐶ፕፃ and 𝐶ፕፋ.

Figure 3.4: Decomposition of the vortex fluid drag force [Ogink and Metrikine, 2010]

Undisturbed flow velocity: 𝑉፱ = 𝑉 cos𝛼, 𝑉፲ = 𝑉 sin𝛼, 𝑉 = √𝑉ኼ፱ + 𝑉ኼ፲

Relative flow velocity: 𝑈፱ =𝑉፱ − ፝፱
፝፭ , 𝑈፲ =𝑉፲ − ፝፲

፝፭

𝑈፱ = 𝑈 cos𝛽, 𝑈፲ = 𝑈 sin𝛽, 𝑈 = √𝑈ኼ፱ + 𝑈ኼ፲

𝛼 is the angle between the undisturbed flow direction and the 𝑋 axis
𝛽 is the angle between the relative flow direction and the 𝑋 axis

Decomposing the forces acting on the cylinder in the 𝑋 and 𝑌 direction reads as:

𝐹ፕፗ = 𝐹ፕፃ cos𝛽 − 𝐹ፕፋ sin𝛽
𝐹ፕፘ = 𝐹ፕፃ sin𝛽 + 𝐹ፕፋ cos𝛽

(3.5)

Substituting the forces with their equivalent expressions results in:

1
2𝜌፰𝐷𝐿𝐶ፕፗ𝑉

ኼ = 1
2𝜌፰𝐷𝐿𝐶ፕፃ𝑈

ኼ cos𝛽 − 12𝜌፰𝐷𝐿𝐶ፕፋ𝑈
ኼ sin𝛽

1
2𝜌፰𝐷𝐿𝐶ፕፘ𝑉

ኼ = 1
2𝜌፰𝐷𝐿𝐶ፕፃ𝑈

ኼ sin𝛽 + 12𝜌፰𝐷𝐿𝐶ፕፋ𝑈
ኼ cos𝛽

(3.6)

Rearranging the equations for the force coefficients in the 𝑋 and 𝑌 direction results in:

𝐶ፕፗ = (𝐶ፕፃ cos𝛽 − 𝐶ፕፋ sin𝛽)
𝑈ኼ
𝑉ኼ = (𝐶ፕፃ𝑈፱ − 𝐶ፕፋ𝑈፲)

𝑈
𝑉ኼ

𝐶ፕፘ = (𝐶ፕፃ sin𝛽 + 𝐶ፕፋ cos𝛽)
𝑈ኼ
𝑉ኼ = (𝐶ፕፃ𝑈፲ + 𝐶ፕፋ𝑈፱)

𝑈
𝑉ኼ

(3.7)

Substituting the above expressions in the force formula gives:
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𝐹፱ =
1
2𝜌፰𝐷𝐿(𝐶ፕፃ𝑈፱ − 𝐶ፕፋ𝑈፲)𝑈

𝐹፲ =
1
2𝜌፰𝐷𝐿(𝐶ፕፃ𝑈፲ + 𝐶ፕፋ𝑈፱)𝑈

(3.8)

At this point, the wake forces acting in the 𝑋 and 𝑌 direction have been formulated in terms
of drag and lift coefficients that are known from experiments instead of lateral and vertical
coefficients that are unknown. The next step is to couple these forces with the wake variable
𝑞.

According to [Facchinetti et al., 2003] the drag component of the vortex force is constant and
the lift component is linearly related to the wake variable 𝑞. The drag coefficient is chosen
the same with the one for a stationary cylinder 𝐶ፕፃ = 𝐶ፃ፨ and the lift coefficient is equal with:

𝐶ፕፋ =
𝐶ፋ፨
2 𝑞 (3.9)

The values for the stationary coefficients can be derived experimentally and have been dis-
cussed in section 2.2.1.

Substituting equation 3.9 in 3.8, the final expression for the wake force has been derived:

𝐹፱ =
1
2𝜌፰𝐷𝐿(𝐶ፃ፨𝑈፱ −

𝐶ፋ፨
2 𝑞𝑈፲)𝑈 =

1
2𝜌፰𝐷𝐿𝐶ፃ፨𝑈፱𝑈 −

1
2𝜌፰𝐷𝐿

𝐶ፋ፨
2 𝑞𝑈፲𝑈

𝐹፲ =
1
2𝜌፰𝐷𝐿(𝐶ፃ፨𝑈፲ +

𝐶ፋ፨
2 𝑞𝑈፱)𝑈 =

1
2𝜌፰𝐷𝐿𝐶ፃ፨𝑈፲𝑈 +

1
2𝜌፰𝐷𝐿

𝐶ፋ፨
2 𝑞𝑈፱𝑈

(3.10)

3.6. Modeling of the wake-structure interaction
In the previous section the coupled wake-structure model was introduced. In this section the
realization of the model is briefly discussed. In Figure 3.5 it is visualized how the coupling
between OrcaFlex (structure) and the external function in Python (wakes) works.

At every time step OrcaFlex gives as an input in the external function the relative velocity in
the X and Y direction (𝑈፱ , 𝑈፲) and the cross-flow acceleration (𝛼፲) for a node. Then inside
the function using an ODE solver, namely “dopri5” based on Runge-Kutta 4 (ref. Appendix
E), the wake variable 𝑞 is calculated and further the wake forces in the in-line and crossflow
direction (𝐹፱ , 𝐹፲) are calculated. Next, python gives as an input in OrcaFlex the latter forces
and the new position of the node is calculated. This process is repeated for every node of the
line for the current time step and then the whole process is repeated for every time step.
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Figure 3.5: Coupling between OrcaFlex and the external function in python

𝑈፱(𝑖, 𝑡፧) is the relative velocity in the X direction of the node i at the timestep 𝑡፧
𝑈፲(𝑖, 𝑡፧) is the relative velocity in the Y direction
𝛼፲(𝑖, 𝑡፧) is the acceleration in the Y direction
𝑞(𝑖, 𝑡፧) is the wake variable
𝐹፱(𝑖, 𝑡፧) is the force generated by the wake in the in-line direction
𝐹፲(𝑖, 𝑡፧) is the force generated by the wake in the crossflow direction
𝑖 is the node for which the external function is called, 𝑖 = 1, ..., 𝑛 where 𝑛 is the total number of nodes
𝑡፧ is the current timestep, 𝑡፧ = 0,…, 𝑡፦ፚ፱

3.7. Chapter summary
In this chapter a wake oscillator model capable of representing the VIV phenomenon was
introduced. This phenomenological model is based on the Van der Pol equation and it is
coupled with the structure through the structure’s acceleration. The tuning parameters
controlling the model have been discussed and suitable values have been chosen. Also,
the modeling of this couple wake-oscillator model has been briefly presented. In the next
chapter, model validation is done by comparison with experimental results and OrcaFlex’s
VIV models.





4
MODEL VALIDATION

After creating the coupled structure-wake oscillator model, it is important to validate it
against real data. For this purpose, the model is tested against the results of two experi-
ments. First, the case of a vertical riser is examined (Delft Flume experiment), and secondly
the more complex case of a catenary riser is examined (Instituto de Pesquisas Technologicas
of São Paulo). Also the model is compared with Milan wake oscillator model of OrcaFlex’s
VIV toolbox.

4.1. Delft Flume experiment
A series of tests were carried out on a riser model in the flume of Delft Hydraulics laboratory
by [Chaplin et al., 2005b]. Different measurements of the vortex induced vibrations on the
vertical tension riser in a stepped current were conducted. The upper part of the riser (55%
of the total length) was in still water, while the lower part of the riser (45%) was exposed to a
uniform current at speeds up to 1𝑚/𝑠. The carriage was moving along the flume to generate
steady current conditions. The experimental arrangement is shown in Figure 4.1.

Figure 4.1: Layout of Delft Flume experiment

23
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At the following table the riser details and properties are presented.

Table 4.1: Riser parameters

Diameter 𝐷 = 0.028 𝑚 Bending Stiffness 𝐸𝐼 = 29.9 𝑁𝑚ኼ
Riser length 𝐿 = 13.12 𝑚 Axial Stiffness 𝐸𝐴 = 5.88 𝑀𝑁
Mass ratio 𝑚∗ = 3 Structural damping 𝜁 = 0.0033
Total weight 𝑊 = 18.13 𝑁/𝑚 Weight in water 𝑊፬ = 12.1 𝑁/𝑚
Water density 𝜌፰ = 1000 𝑘𝑔/𝑚ኽ Kinematic viscosity 𝜈 = 1.12 ∗ 10ዅዀ 𝑚ኼ/𝑠

4.1.1. Model Description
In the experiment the riser was installed with universal joints at each end and at the top it
was suspended by a tensioning system. To reproduce accurately the boundary conditions of
the structure in the OrcaFlex model, the top node is suspended by an OrcaFlex winch and the
bottom node of the line is hinged (translational DOF are constrained and rotational are free).
The top node can move axially but the lateral displacement is constrained. Uniform steady
current is applied to the lower 45% of the line. The length of each element was selected to be
0.2𝑚. In Figure 4.2 the OrcaFlex model is illustrated and one can see the applied boundary
conditions.

Figure 4.2: Delft experiment-Orcaflex model artistic view

As regards the wake oscillator model parameters, three different sets of tuning parameters
were examined and for all the tests the drag coefficient, the lift coefficient and the Strouhal
number were kept the same.
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Table 4.2: Wake model parameters

A 10 4 12
𝜖𝜖𝜖 0.07 0.05 0.7
𝐶፝𝐶፝𝐶፝ 1.1856 1.1856 1.1856
𝐶፥𝐶፥𝐶፥ 0.3842 0.3842 0.3842
𝑆𝑡𝑆𝑡𝑆𝑡 0.1938 0.1938 0.1938

In the experiment different cases were examined, with different towing speeds and top ten-
sions. In this study, three different cases were selected and their values are summarized in
Table 4.3.

Table 4.3: Loadcases Delft experiment

Case Towing speed (m/s) Top tension (N) 𝑅𝑒𝑅𝑒𝑅𝑒
3 0.31 457 7800
6 0.60 670 15000
9 0.95 1002 24000

4.1.2. Natural Frequencies
From the experiment the first 7 eigenfrequencies are available for comparison. The natural
frequencies were measured in still water top tension of 813 N. In Table 4.4 below, the values
of eigenfrequencies measured from the experiment and the ones calculated in OrcaFlex are
presented.

Table 4.4: First 10 Natural Frequencies of the riser

Mode number OrcaFlex (Hz) Experimental (Hz)
1 0.655 0.633
2 1.314 1.329
3 1.982 1.954
4 2.662 2.625
5 3.359 3.312
6 4.075 4.028
7 4.814 4.753
8 5.579 -
9 6.372 -
10 7.196 -

The calculated eigenfrequencies by OrcaFlex are in a good agreement with the measured
experimental ones; the difference is about 1.5%.

4.1.3. Results
In Figure 4.3a the envelope of the crossflow displacement along the riser’s length is illustrated
for three different sets of tuning parameters. From the shape of the graph it is evident that
the riser is vibrating at the 4፭፡ mode shape. This can be confirmed also from the Figure B.1a
in which the spectral density of the crossflow displacement and the natural frequencies of
the riser have been plotted together. In Figure 4.3b the envelope of the in-line displacement
along the riser’s length is presented.
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• 𝐶𝑎𝑠𝑒 3 − 𝑉 = 0.31𝑚/𝑠 𝑎𝑛𝑑 𝑇፭፨፩ = 457𝑁𝐶𝑎𝑠𝑒 3 − 𝑉 = 0.31𝑚/𝑠 𝑎𝑛𝑑 𝑇፭፨፩ = 457𝑁𝐶𝑎𝑠𝑒 3 − 𝑉 = 0.31𝑚/𝑠 𝑎𝑛𝑑 𝑇፭፨፩ = 457𝑁
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Figure 4.3: Case 3-Envelope (a) crossflow (b) in-line displacement

Similar as in Case 3, in Case 6 the vibration mode of the riser is evident, and it vibrates with
frequency near to its 6፭፡ natural frequency, thus the 6፭፡ mode shape can be seen in Figure
4.4a.

• 𝐶𝑎𝑠𝑒 6 − 𝑉 = 0.60𝑚/𝑠 𝑎𝑛𝑑 𝑇፭፨፩ = 670𝑁𝐶𝑎𝑠𝑒 6 − 𝑉 = 0.60𝑚/𝑠 𝑎𝑛𝑑 𝑇፭፨፩ = 670𝑁𝐶𝑎𝑠𝑒 6 − 𝑉 = 0.60𝑚/𝑠 𝑎𝑛𝑑 𝑇፭፨፩ = 670𝑁
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Figure 4.4: Case 6-Envelope (a) crossflow (b) in-line displacement
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• 𝐶𝑎𝑠𝑒 9 − 𝑉 = 0.95𝑚/𝑠 𝑎𝑛𝑑 𝑇፭፨፩ = 1002𝑁𝐶𝑎𝑠𝑒 9 − 𝑉 = 0.95𝑚/𝑠 𝑎𝑛𝑑 𝑇፭፨፩ = 1002𝑁𝐶𝑎𝑠𝑒 9 − 𝑉 = 0.95𝑚/𝑠 𝑎𝑛𝑑 𝑇፭፨፩ = 1002𝑁
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Figure 4.5: Case 9-Envelope (a) crossflow (b) in-line displacement

In Figure 4.6, the experimental results as presented in [Chaplin et al., 2005a] are illustrated.

Figure 4.6: Experimental measurements
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Comparing the results of the numerical model against the experimental measurements (Fig-
ure 4.6), the following observations can be made:

• The model captures well the dominant vibration mode.

• The set of tuning parameters 𝐴 = 10, 𝜖 = 0.07 achieves crossflow vibration amplitudes
closer to the experimental ones and also predicts better the mean in-line displacement, thus
this set is going to be used further in this thesis.

• The mean in-line displacement is underestimated about 30-50% depending on the set
of tuning parameters. This can be attributed partly to the presence of springs at the top
of the riser which added considerably to the complexity of computing large amplitude dis-
placements, as also pointed out by [Chaplin et al., 2005a]. Therefore the underestimation
of the in-line displacement is associated with (a) the modeling of the boundary conditions
(top springs) of the experiment and (b) the wake oscillator model itself. It is known from
Ogink and Metrikine [2010] that the wake oscillator model underestimates the mean in-line
force for a certain range of reduced velocities and amplitudes, but this specific experiment is
not suitable (due to the presence of the springs) for deriving any conclusions regarding the
underestimation of in-line displacement by the wake oscillator model.

• The results of the in-line displacement presented herein are closer to the experimental than
the results in the research of [Slingsby, 2015] because although the set of tuning parameters
is the same, the end nodes were considered fixed in his study.

In Appendix B further results can be found regarding spectral frequencies and timehistory
results for the different set of tuning parameters. In addition OrcaFlex’s VIV models were
used and the results are compared with the Orcina’s published reports.
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4.2. São Paulo experiment
Amodel test with a steel catenary riser (SCR) was conducted in the towing tank at the Instituto
de Pesquisas Technologicas of São Paulo by [Morooka and Tsukada, 2013]. The main goal of
these experiments was to determine the global response of a SCRmodel to VIV forces. The top
of the riser was attached to a load cell which measures the riser top tension and the bottom
of the riser was supported by a metallic bottom floor. The end of the riser was attached to a
plastic sleeve fixed at the bottom floor. Uniform current conditions were generated by moving
the carriage at almost constant speed. The test setup is illustrated in Figure 4.7.

Figure 4.7: Layout of São Paulo experiment

Table 4.5 presents the properties for the actual experimental model.

Table 4.5: Actual experimental model SCR parameters

Total length 𝐿 = 7.52 𝑚 Suspended length 𝐿፬ = 5.2 𝑚
Depth 𝐻 = 3.6 𝑚 Inclination top angle 𝜃 = 20∘
Axial Stiffness 𝐸𝐴 = 13.75 𝑁 Bending Stiffness 𝐸𝐼 = 5.5 ∗ 10ዅ኿ 𝑁𝑚ኼ
Diameter 𝐷 = 8.0 ∗ 10ዅኽ 𝑚 Mass ratio 𝑚∗ = 1.25
Water density 𝜌፰ = 1000 𝑘𝑔/𝑚ኽ Kinematic viscosity 𝜈 = 1 ∗ 10ዅዀ 𝑚ኼ/𝑠

4.2.1. Model description
To represent the boundary conditions of the experiment the top node has been considered
pinned and the bottom node of the line has been considered clamped. The length of each
element was selected to be 0.1𝑚. Uniform steady current is applied to the whole line and
the current flow direction is aligned with the plane of curvature of the catenary riser. The
outer part of the catenary is the stagnation face of the structure. In Figure 4.8 an artistic
impression of the OrcaFlex model can be seen.
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Figure 4.8: São Paulo OrcaFlex model artistic view

In Table 4.6 the loadcases are summarized.

Table 4.6: Loadcases São Paulo experiment

Case Towing speed (m/s) Top tension (N) 𝑅𝑒𝑅𝑒𝑅𝑒
I 0.00 385 0
II 0.05 353 400
III 0.07 317 560

For the wake oscillator model the following parameters were selected: 𝐴 = 10, 𝜖 = 0.07,
𝐶፝ = 1.2, 𝐶፥ = 0.4 and 𝑆𝑡 = 0.20 as it was suggested from the experiment.

4.2.2. Natural Frequencies
The natural frequencies of the SCR are illustrated for the different load cases in Figure 4.9.
Black lines represent the ones as measured from the experiment and the red dots represent
the ones calculated numerically for current velocity of 0.07𝑚/𝑠. The natural frequencies de-
crease with an increasing incident flow because the current flow hits the outer part of the
catenary riser and decreases the tension in the cable.
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Figure 4.9: Natural frequencies of the SCR; black lines as measured from the experiment, red dots as calculated in OrcaFlex
for 0.07m/s
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4.2.3. Results
In this section numerous results for the load case of 0.07𝑚/𝑠 are presented. The results of
0.05𝑚/𝑠 are very similar to the ones of 0.07𝑚/𝑠 and they have been omitted.

Static

In Figure 4.10a the inclination angle along the riser length during static configuration (in-
cluding the current effect) is illustrated. The top node has an inclination angle of 20° as in the
experiment and the angle is increasing along the riser length due to the catenary shape. The
vortex shedding frequency varies along the SCR length because the normal component of the
flow velocity depends on the inclination angle. As the inclination angle increases the normal
component of flow velocity decreases, thus resulting in smaller vortex shedding frequency
values.
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Figure 4.10: (a) Inclination angle and (b) vortex shedding frequency variation along the riser length

Spectral Densities

In Figure 4.11a the dominant frequency of the crossflow vibrations for a node at 4.8𝑚 as
calculated from numerical simulations can be seen. In the same figure are also included
the first 10 natural frequencies of the riser. The riser vibrates at the frequency of 1.5 Hz
which is close to the 7th mode shape. In Figure 4.11b the crossflow vibration envelope is
illustrated, which confirms that the riser is vibrating in the 7th mode shape. The numerical
analysis showed that the whole riser vibrates at the same frequency of 1.5 Hz. Vibration at
a frequency around 1.5 Hz was expected since the top 35% of the riser (where the normal
velocity is higher due to the inclination angle, thus the energy input from the wakes to the
riser is higher) has a shedding frequency from 1.5 to 1.7 Hz (4.10b).
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Figure 4.11: Crossflow displacement (a) spectral density (b) envelope from numerical simulations

The dominant frequencies for the crossflow vibrations along the riser length asmeasured from
the experiment are illustrated in Figure 4.12. The frequencies were 1.43 Hz (dominant), 1.35
Hz and 1.25 Hz. The results of the experiment and the simulations demonstrate sufficient
agreement.

Figure 4.12: Spectral density of crossflow displacement from the experiment

As expected the dominant frequency for in-line vibrations is twice the crossflow vibration
frequency at approximately 3 Hz (Figure 4.13). The same results were obtained in the exper-
iment in which they observed that the peak frequency in the PSD of in-line acceleration is
twice that of the crossflow acceleration.
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Figure 4.13: Spectral density of in-line displacement
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Tension results

The numerical results (Figure 4.14a) showed that the dominant frequency of the top tension
is the same with the one from the in-line displacement equal with 3 Hz. The experimental
results ( Figure 4.14a) showed vibrations at the dominant frequencies of both the in-line and
crossflow direction. This is attributed to the load cell setup in the experiment and the type
of sensor used. As can be seen in Figure 4.7 the load cell is free to move with the cable, as
it vibrates. On the other hand in the simulations the top node is fixed.
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Figure 4.14: Spectral density of top tension from (a) numerical simulations (b) the experiment

The dynamic part of the tension as calculated by numerical simulations and as measured
from the experiment is presented in Figure 4.15a and 4.15b respectively. The static value of
the tension was removed and the variables were made dimensionless by diving them with the
tension measured under still water conditions. As one can observe there is good agreement
in the results, in which the top tension fluctuation is approximately 6%.
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Figure 4.15: Time series of top tension from (a) numerical simulations (b) the experiment
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Timeseries

The results of the simulations are in a good agreement with the experimental ones, but the
amplitudes of the vibrations have been underestimated. The maximum crossflow vibration
amplitude is approximately 0.75𝐷 (Figure 4.16a) which is smaller than the value of 1𝐷 (Figure
4.16b) that the experimental results showed.
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Figure 4.16: Time history of the crossflow displacement obtained (a) numerical simulations (b) the experiment at the position of
the 2nd accelerometer

The motion trajectories of the vibration in the steady state regime at the position of the 2፧፝ ac-
celerometer are illustrated in the following figure. The characteristic “figure-eight” trajectory
occurs because the in-line vibration frequency is double the crossflow vibration frequency
and the phase difference between the in-line and the crossflow displacement [Triantafyllou
et al., 2016].
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Figure 4.17: Motion trajectories of (a) numerical simulations (b) the experiment at the position of the 2nd accelerometer
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Remarks:

• The simulations showed lock-in in the frequency of 1.5Hz, although the experimental re-
sults showed multifrequency response (dominant 1.43HZ). Therefore in the timehistory of
the crossflow vibrations there is beating behavior in the results of the measurements, which
is absent in the simulation results.

• Overall, the model predicts well the dominant vibration frequency.

• The model underestimated the maximum amplitude of the crossflow vibrations (0.75𝐷 in-
stead of 1𝐷.

• There are no available results from the experiment in terms of in-line displacements, thus
no conclusions can be drawn.
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4.3. Comparison with Milan wake oscillator model
In this section a comparison between the Milan wake oscillator model from OrcaFlex and
the model used in this thesis, WOM(A=10 𝜖=0.07), is presented. Details about OrcaFlex’s
VIV models can be found in Appendix H. The Milan model is used because according to
[Isherwood, 2007a] is more accurate than the rest. The latter is also confirmed from results
that can be found in section B.0.1, Appendix B.

4.3.1. Delft Flume experiment
In Figures 4.18a, 4.19a and 4.20a the crossflow displacement envelope is illustrated for the
Milan model and WOM(A=10 𝜖=0.07) for three loadcases. The results of the two models are in
a very good agreement in terms of crossflow vibrations frequencies and vibration amplitudes.

As regards the envelope of in-line displacement (Figures 4.18b, 4.19b and 4.20b) one can
notice significant differences between the two models. The Milan model is not capable of
predicting in-line drag amplification due to VIV. Therefore the in-line displacement that is
illustrated in the graph it is a result of the standard Morison drag term.

• 𝐶𝑎𝑠𝑒 3𝐶𝑎𝑠𝑒 3𝐶𝑎𝑠𝑒 3
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Figure 4.18: Case 3-Envelope (a) crossflow (b) in-line displacement - Milan model & WOM(A=10 Ꭸ=0.07)
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• 𝐶𝑎𝑠𝑒 6𝐶𝑎𝑠𝑒 6𝐶𝑎𝑠𝑒 6
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Figure 4.19: Case 6-Envelope (a) crossflow (b) in-line displacement - Milan model & WOM(A=10 Ꭸ=0.07)

• 𝐶𝑎𝑠𝑒 9𝐶𝑎𝑠𝑒 9𝐶𝑎𝑠𝑒 9
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Figure 4.20: Case 9-Envelope (a) crossflow (b) in-line displacement - Milan model & WOM(A=10 Ꭸ=0.07)
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4.3.2. São Paulo experiment
In Figure 4.21 the crossflow vibration envelope can be seen for the two models. Milan model
predicted vibrations in the 6፭፡ mode shape andWOM(A=10 𝜖=0.07) predicted vibrations in the
7፭፡. The maximum amplitude of vibrations predicted by Milan model is slightingly smaller.
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Figure 4.21: Envelope crossflow displacement - Milan model and WOM(A=10 Ꭸ=0.07)

As already discussed, the Milan model is not capable of predicting the in-line drag amplifica-
tion. Looking in Figure 4.23 where the envelope of the in-line displacement due to VIV along
the riser’s length is illustrated (the in-line displacement due to the standard Morison term
has been subtracted), one can observe the difference between the two models. In the case of
Milan model the small in-line displacement is a result of the crossflow displacement because
of the 3D geometry of the riser (crossflow vibrations affect the position of the nodes in the X
direction as well). In the case of WOM(A=10 𝜖=0.07) the riser finds a new equilibrium position
and the vibrations are taking place around this position. The above mentioned is becoming
more evident if one observes the in-line displacement at a specific node (Figure 4.22).
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Figure 4.22: Envelope in-line displacement - Milan model and WOM(A=10 Ꭸ=0.07)
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Figure 4.23: In-line displacement at z/L=0.45 - Milan model, WOM(A=10 Ꭸ=0.07)

The incapability of OrcaFlex’s model to predict in-line displacements as seen in the above
graphs, results in incapability to predict the correct tension fluctuations due to VIV. In Figure
4.24 where the top tension timeseries is illustrated, one can clearly see the difference in the
calculated tensions.

Figure 4.24: Top tension timeseries - Milan model and WOM(A=10 Ꭸ=0.07)

4.4. Chapter summary
In this chapter the couple structure-wake oscillator model was successfully validated against
experimental data. The model is capable of capturing accurately the dominant frequency of
vibrations. Regarding the amplitude of the crossflow vibrations there is an underestimation
in the case of catenary shaped riser.

The results of the model were also compared with the Milan wake oscillator model from
OrcaFlex’s VIV models. The comparison showed that in terms of crossflow frequency and
vibrations the Milan model has is in a very good agreement with the model presented in this
thesis. Although the Milan model incapable to predict in-line drag amplification due to VIV
and thus results in incorrect tension fluctuations. Therefore the model WOM(A=10 𝜖=0.07)
is considered superior in comparison with OrcaFlex’s VIV models.

The next step is to perform VIV analysis using our model in real life projects. At the next
chapter a case study is examined.





5
CASE STUDY

The content of this chapter is confidential
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6
CONCLUSIONS &

RECOMMENDATIONS

6.1. Conclusions
In this thesis a wake-structure model was created based on the wake oscillator model. The
structure was modeled in the finite element software OrcaFlex and the wake model was cre-
ated in the programming language Python. The model was assessed using the experimental
data of two VIV experiments ,namely, Delft Flume experiment and São Paulo experiment. The
model was also compared with the Milan wake oscillator model from OrcaFlex’s VIV models.

From the validation of the model the following conclusions can be drawn:

• The model captures well the dominant vibration mode.

• The set of tuning parameters based on 2DOF fitting (A=10 𝜖=0.07) achieves results (both
crossflow and in-line displacements) closer to the experimental ones than the set of tuning
parameters based on 1DOF fitting (A=4 𝜖=0.05 and A=12 𝜖=0.7).
• The model estimates well the amplitude of crossflow vibrations for straight cylinders. For
catenary shaped risers there is a small underestimation.

• The in-line displacement is underestimated. Although, the underestimation is smaller than
50% that [Slingsby, 2015] and [Mina, 2013] stated in their studies. The main difference in the
results of the current study and their research is attributed to the modeling of the boundary
conditions.

• The model presented in this thesis is superior than the Milan wake oscillator model (the
Milan model is considered the most accurate among the OrcaFlex’s VIV models). The two
models are in a very good agreement regarding the vibration frequency and crossflow am-
plitudes, but the Milan model is incapable to predict in-line drag amplification thus in-line
displacements due to VIV.

From the results of the case study the following conclusions can be drawn:

The content of this section is confidential

6.2. Recommendations
General

The wake-structure model should be assessed against more experimental/real world results
for catenary shaped structures (cables, risers, etc.). More comparisons are needed thus more
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solid conclusions can be extracted regarding the suitability of the model for catenary shaped
structures.

If a more precise calculation of the tension due to VIV is needed then a model which can pre-
dict better the in-line drag amplification should be searched for. To the author’s knowledge
the model used in this thesis is the best model available up to date.

In this study VIV due to steady current was examined. It is suggested to investigate the effect
of waves on the VIV.

Furthermore, the effect of vessel motions on the VIV should be examined. In this research
the vessel was considered stationary.

Operational

The content of this section is confidential
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A
Van der Pol oscillator

The wake oscillator is a modified Van Der pol equation and reads as:

𝑞̈ + 𝜖𝜔፬(𝑞ኼ − 1)𝑞̇ + 𝜔ኼ፬𝑞 = 𝐹(𝑡) (A.1)

Where: 𝑞 is the wake variable [-]
𝜖 is a tuning parameter [-]
𝜔፬ is the natural frequency of the oscillator [𝑟𝑎𝑑/𝑠]
𝐹(𝑡) is the forcing term

In this section various values will be used in the Van der Pol equation in order to illustrate
how it works and extract some conclusions. For all the cases the forcing term is equal to
F(t)=A cos(𝜔፟ t) where, 𝐴 is a tuning parameter [-] and 𝜔፟ is the forcing frequency [𝑟𝑎𝑑/𝑠].

Case 1: Unforced, 𝐴 = 0.0, 𝜀 = 0.1, 𝑞ኺ = 0.01, 𝑞ᖣኺ = 0.0, 𝜔፬ = 2 𝑟𝑎𝑑/𝑠

Figure A.1: Wake variable q - Case 1
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48 A. Van der Pol oscillator

In Case 1 and Case 2 the Van der Pol oscillator is unforced (A=0.0) and only the tuning pa-
rameter ε differs. One can observe that:
• the maximum steady state amplitude is 𝑞፦ፚ፱ = ±2.
• the bigger the tuning parameter ε, the faster the steady state response is reached.

Case 2: Unforced, 𝐴 = 0.0, 𝜀 = 1.0, 𝑞ኺ = 0.01, 𝑞ᖣኺ = 0.0, 𝜔፬ = 2 𝑟𝑎𝑑/𝑠

Figure A.2: Wake variable q - Case 2

In Case 3 the Van der Pol oscillator is unforced (A=0.0) and undamped (ε=0.0), thus there
is no energy input or dissipation in the system and the amplitude of the oscillator depends
only in the initial value of the wake variable 𝑞ኺ.

Case 3: Unforced, undamped, 𝐴 = 0.0, 𝜀 = 0.0, 𝑞ኺ = 1.0, 𝑞ᖣኺ = 0.0, 𝜔፬ = 0.5 𝑟𝑎𝑑/𝑠

Figure A.3: Wake variable q - Case 3



49

In Case 4 the natural frequency of the oscillator 𝜔፬ and the frequency of the force 𝜔፟ coincide,
thus the amplitude of the oscillation maximizes and its equal with 𝑞፦ፚ፱ = ±6.
Case 4: 𝐴 = 5.0, 𝜀 = 0.1, 𝑞ኺ = 1.0, 𝑞ᖣኺ = 0.0, 𝜔፬ = 1.0 𝑟𝑎𝑑/𝑠, 𝜔፟ = 1.0 𝑟𝑎𝑑/𝑠

Figure A.4: Wake variable q - Case 4

Case 5 is similar to Case 4 but the tuning parameter A is larger this time. As expected the
amplitude of oscillation is bigger and its equal with 𝑞፦ፚ፱ = ±7.2.

Case 5: 𝐴 = 10.0, 𝜀 = 0.1, 𝑞ኺ = 1.0, 𝑞ᖣኺ = 0.0, 𝜔፬ = 1.0 𝑟𝑎𝑑/𝑠, 𝜔፟ = 1.0 𝑟𝑎𝑑/𝑠

Figure A.5: Wake variable q - Case 5
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Case 6 is similar to Case 4 but the forcing frequency 𝜔፟ is larger than the natural frequency
of the oscillator 𝜔፬ and the maximum amplitude at the steady state regime is smaller and
equal with 𝑞፦ፚ፱ = ±5.8.

Case 6: 𝐴 = 5.0, 𝜀 = 0.1, 𝑞ኺ = 1.0, 𝑞ᖣኺ = 0.0, 𝜔፬ = 0.5 𝑟𝑎𝑑/𝑠, 𝜔፟ = 1.0 𝑟𝑎𝑑/𝑠

Figure A.6: Wake variable q - Case 6

Case 7 is similar to Case 4 but the forcing frequency 𝜔፟ is smaller than the natural frequency
of the oscillator 𝜔፬ and the maximum amplitude at the steady state regime is also smaller
and equal with 𝑞፦ፚ፱ = ±5.6.

Case 7: 𝐴 = 5.0, 𝜀 = 0.1, 𝑞ኺ = 1.0, 𝑞ᖣኺ = 0.0, 𝜔፬ = 1.0 𝑟𝑎𝑑/𝑠, 𝜔፟ = 0.5 𝑟𝑎𝑑/𝑠

Figure A.7: Wake variable q - Case 7



B
Delft Model Tests

Spectral density of crossflow and in-line vibrations

In this section results in terms of spectral frequencies are presented for the 3 loadcases of
Delft flume experiment. In the Figures on the left side, the crossflow vibration frequency can
be seen, along with the natural frequencies and shedding frequency. In each graph spectral
densities for the 3 sets of tuning parameters are illustrated. In Figures on the right side
the in-line vibration frequency is presented, again for 3 sets of tuning parameters. One can
observe that the in-line vibration frequency is double the crossflow one, as expected.

51



52 B. Delft Model Tests

(a) (b)

Figure B.1: Case 3-Spectral density of (a) crossflow (b) in-line displacement

(a) (b)

Figure B.2: Case 6-Spectral density of (a) crossflow (b) in-line displacement

(a) (b)

Figure B.3: Case 9-Spectral density of (a) crossflow (b) in-line displacement
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Timeseries of crossflow and in-line vibrations

(a) (b)

Figure B.4: Case 3-Timeseries of (a) crossflow (b) in-line displacement

(a) (b)

Figure B.5: Case 6-Timeseries of (a) crossflow (b) in-line displacement

(a) (b)

Figure B.6: Case 9-Timeseries of (a) crossflow (b) in-line displacement
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B.0.1. OrcaFlex’s VIV models
In Figures B.7a B.8a and B.9a (figures on the left side) the results of the simulations for the
Delft flume experiment using OrcaFlex’s oscillator models can be seen. The Iwan&Blevins
model and the Milan model was used (more information can be found in Appendix H). The
results fromMilan model are in good agreement with the experimental ones, but the results of
Iwan&Blevins model show significant overestimation of the vibration amplitudes. However,
both of them estimate well the dominant vibration frequency. Both models are not capable
of predicting in-line drag amplification due to VIV.

In Figures B.7b B.8b and B.9b (figures on the right side) the results of the Delft flume ex-
periment as published by Orcina in [Isherwood, 2007d] are illustrated. In their results they
include three models:

• Milan wake oscillator model with as published parameters (“Milan Original”)

• Milan wake oscillator model with Ca=0, other parameters as published (“Milan Ca=0”)

• Iwan and Blevins wake oscillator model with as published parameters (“I+B”)

The black line, namely “Measured” represents the experimental results.

One can notice that in the case of Milan model OrcaFlex’s results and our simulations are
in very good agreement. On the other hand, in the case of Iwan and Blevins model there is
significant overestimation in the results of the simulations compared with Orcina’s published
results. The main reason is that Orcina has used a non default numerical damping value
which lead in much smaller amplitudes.
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VIV effect on Bending radius

The content of this section is confidential
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Sensitivity analysis “Case Study”
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E
Solution Method

OrcaFlex

I. Time domain
• Implicit Solvers
• Explicit Solvers
II. Frequency domain

Explicit Solver

Explicit methods calculate the state of the system at a later time from the properties of the
system at the current time. Explicit solvers are conditionally stable which means that there
must be a limit on the size of the timestep for there to be a solution. The equation of motion is
formed for each free body and each line node. This is not the system-wide equation of motion,
but a local equation of motion for each free body and each line node. This equation is solved
for the acceleration vector at the beginning of the time step, for each free body and each
line node, and then integrated using forward Euler integration. The explicit scheme used by
OrcaFlex is semi-implicit Euler. This method produces an approximate discrete solution by
iterating the following equations:

𝑣፧ዄኻ = 𝑣፧ + 𝑎፧∆𝑡
𝑥፧ዄኻ = 𝑥፧ + 𝑣፧ዄኻ∆𝑡

(E.1)

The difference with the standard Euler is that the semi-implicit Euler method uses the velocity
of the next time step 𝑣፧ዄኻ to calculate the displacement 𝑥፧ዄኻ at the next timestep, while the
Euler method uses the velocity of the current timestep 𝑣፧.
Implicit Solver

Implicit methods find a solution by solving an equation involving both the current state of
the system and the later one. Implicit solvers are unconditionally stable which means that a
solution at the new timestep can be obtained for any size of timestep. Of course, the solution
for very large time steps may not be realistic. OrcaFlex uses the Generalized-α integration
scheme [Chung and Hu, 1993] which is unconditionally stable for linear systems. The forces,
moments, damping, mass etc. are calculated in the same way as for the explicit scheme. Then
the system equation of motion is solved at the end of the time step.

Remarks: Frequency domain solution cannot be used with external functions or time variable
data thus they are not part of this research. Also, OrcaFlex’s inbuilt VIV models can only be
used only with explicit integration schemes. At the time that the VIV models were created
OrcaFlex did not had implicit solvers available.
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Python – Runge-Kutta (RK4)

The wake oscillator equation (modified Van Der Pol equation) is a 2፧፝ order differential equa-
tion which does not have an exact analytic solution. Thus, to solve it an ODE solver is used
in the external function in python which belongs in the Runge-Kutta methods family. Specif-
ically is based on the 4፭፡ and 5፭፡ order explicit Runge-Kutta method and in python it is called
“dopri5”.

Before evaluating the equation with the ODE solver, first we need to rewrite the 2፧፝ order
differential equation to a system of two first order ODEs. It reads as follows:

𝑊𝑎𝑘𝑒 𝑜𝑠𝑐𝑖𝑙𝑙𝑎𝑡𝑜𝑟 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 ∶ 𝑑
ኼ𝑞
𝑑𝑡ኼ + 𝜖𝜔፬(𝑞

ኼ − 1)𝑑𝑞𝑑𝑡 + 𝜔
ኼ
፬𝑞 = 𝐹(𝑡)

𝑅𝑒 − 𝑤𝑟𝑖𝑡𝑡𝑒𝑛 𝑎𝑠 ∶ 𝑑𝑞𝑑𝑡 = 𝑦,
𝑑𝑦
𝑑𝑡 = −𝜖𝜔፬(𝑞

ኼ − 1)𝑦 − 𝜔ኼ፬𝑞 + 𝐹(𝑡) = 𝑓(𝑡, 𝑦)
(E.2)

Now, the Runge-Kutta method approximates the latter equation as following:

𝑦፧ዄኻ = 𝑦፧ + ∆፭
ዀ (𝑘ኻ + 2𝑘ኼ + 2𝑘ኽ + 𝑘ኾ)

𝑡፧ዄኻ = 𝑡፧ + ∆𝑡

Where: 𝑘ኻ = 𝑓(𝑡፧ , 𝑦፧)
𝑘ኼ = 𝑓(𝑡፧ + ∆፭

ኼ , 𝑦፧ +
∆፭
ኼ 𝑘ኻ)

𝑘ኽ = 𝑓(𝑡፧ + ∆፭
ኼ , 𝑦፧ +

∆፭
ኼ 𝑘ኼ)

𝑘ኾ = 𝑓(𝑡፧ + ∆𝑡, 𝑦፧ + ∆𝑡𝑘ኽ)

Thus the next value 𝑦፧ዄኻ is determined by the present value 𝑦፧ plus the weighted average of
the four increments (𝑘ኻ, 𝑘ኼ, 𝑘ኽ, 𝑘ኾ) where the greater weight is given to the increments in the
midpoint.



F
OrcaFlex-Line Theory

OrcaFlex is using finite element theory to model the Line object [Orcina, 2014]. The line
is divided into a series of segments which are modeled by straight massless elements with
a node at each end. Each node is effectively a short straight rod that represents two half-
segments either side of the node. The segments only model the axial and torsional properties
of line, the other properties (such as, mass, buoyancy,drag, etc.) are lumped to the nodes.
Each node has the properties of two half segments, except from the end nodes (first and last
node) that have the properties of only one half segment. A schematic representation can be
seen in Figure F.1. At the location where a line segment pierces the sea surface, all forces in
relation to the fluid are calculated allowing for varying wetted length up to the instantaneous
water surface level.

Figure F.1: OrcaFlex Line model

The axial stiffness and damping of the line are modeled by an axial spring and a damper
at the center of line segment, which applies an equal and opposite effective tension force to
the nodes at each end of line segment. The bending properties of the line are represented
by rotational spring and dampers at each end of the segment, between the segment and the
node. A more detailed representation of the Line object is given in Figure F.2.
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Figure F.2: Detailed Line model

If the line segment is exposed to internal and external fluid pressures the effective tension at
the mid-point of line segment can be calculated as:

𝑇 = 𝑇፰ + (𝑃፨𝐴፨ − 𝑃።𝐴።)
𝑇፰ = 𝐸𝐴𝜖 − 𝜈(𝑃፨𝐴፨ − 𝑃።𝐴።) + 𝐾፭፭𝜏/𝐿፨ + 𝐸𝐴 𝐶(𝑑𝐿/𝑑𝑡)/𝐿፨

(F.1)

Where: 𝑇 is the effective tension [𝑁]
𝑇፰ is the wall tension [𝑁]
𝐸𝐴 is the axial stiffness [𝑁]
𝜖 is the total mean axial strain = (𝐿 − 𝜆𝐿፨)/(𝜆𝐿፨) [−]
𝐿 is the instantaneous length of segment [𝑚]
𝐿፨ is the unstretched length of segment [𝑚]
𝜆 is the expansion factor of segment [−]
𝜈 is the Poisson ratio [−]
𝑃። , 𝑃፨ is the internal pressure and external pressure, respectively [𝑃𝑎]
𝐴። , 𝐴፨ is the internal and external cross sectional stress areas, respectively [𝑚ኼ]
𝐾፭፭ is the tension / torque coupling [-]
𝜏 is the segment twist angle [radians]
𝑑𝐿/𝑑𝑡 is the rate of increase of length [m/s]
𝐶 is the damping coefficient [s]

In this report just the term tension is used instead of the term effective tension for simplifi-
cation.
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Equation of Motion

The equation of motion which OrcaFlex solves is as follows:

𝑀(𝑝, 𝛼) + 𝐶(𝑝, 𝜈) + 𝐾(𝑝) = 𝐹((𝑝, 𝜈, 𝑡) (F.2)

Where: 𝑀(𝑝, 𝛼) is the system inertia load
𝐶(𝑝, 𝑣) is the system damping load
𝐾(𝑝) is the system stiffness load
𝐹(𝑝, 𝑣, 𝑡) is the external load
𝑝,𝑣 and 𝛼 are the position, velocity and acceleration vectors respectively, and 𝑡 is the simulation time.





G
Model fitting to experimental results

1DOF fitting - [Ogink and Metrikine, 2010]

Tuning of amplitude and frequency of oscillation of the adjusted model of [Facchinetti et al.,
2003] to the measurements of [Khalak and Williamson, 1999] for: (a) 𝑚∗ = 2.4, (b) 𝑚∗ =
10.3 and (c) 𝑚∗ = 20.6. Solid lines represent quantities for increasing 𝑉፧, dashed lines for
decreasing 𝑉፧.

Figure G.1: Model response for A=4 and ε=0.05 and A=12 and ε=0.7 [Ogink and Metrikine, 2010]
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2DOF fitting - [Slingsby, 2015]

Fitting of the tuning parameters to the measurements of [Blevins and Coughran, 2009]. For
very lowmass ratios the behavior changes drastically, therefore a distinction is made between
two regions, with a border at a mass ratio of 1.57.

Figure G.2: Model response for A=10 and ε=0.07 [Slingsby, 2015]

Figure G.3: Model response for A=19 and ε=0.3 [Slingsby, 2015]



H
OrcaFlex VIV Toolbox

OrcaFlex includes four different time domain VIV models and also offers the option to link
to two frequency domain packages by external suppliers (SHEAR, VIVA). The time domain
models include two wake oscillator models, namely the Milan Wake Oscillator (Milan WO) and
the Iwan & Blevins Wake Oscillator (IBWO) and two vortex tracking models, namely Vortex
Tracking model 1 (VT1) and Vortex Tracking model 2 (VT2).

H.1. Validation of VIV models
Against Real world measurements

All OrcaFlex VIV models have been compared with real world test results from three different
experiments. Model tank tests conducted at the Delta Flume in Delft [Isherwood, 2007d]
DeepStar project test results on Lake Seneca [Isherwood, 2007c] and measurements on a
real full scale drilling riser in the Schiehallion field [Isherwood, 2007b]. According to the
validation studies of Orcina an important conclusion has been drawn; the Milan model is
generally more accurate than the Iwan and Blevins model and both of them are much more
accurate than the Vortex tracking models.

Against other VIV software

The results of the laboratory measurements at the Delta Flume in Delft are compared with
eleven different numerical models in the paper [Chaplin et al., 2005b]. Among them two
numerical models from OrcaFlex were used, namely the Milan model and the Vortex Tracking
model 1. The numerical models which were used in the above study can be separated in
three groups. The first group (Norsk Hydro, USP, DeepFlow and VIVIC) are Computational
Fluid Dynamics based codes and operate in the time domain. CFD techniques are used
to calculate the two dimensional flow around the cylinder on a large number of horizontal
planes distributed over its length. The second group (Orcina Wake oscillator and Orcina
Vortex Tracking) are presented in the following sections. The third group (VIVA, VIVANA,
VICoMo, SHEAR7 and ABAVIV) codes operate in the frequency domain. They use data from
measurements on rigid cylinders undergoing vortex-induced or forced vibrations to predict
the amplitude of the mode/modes which are most likely to be excited. From the results of
this publication it is clear that the Milan model of Orcina produces better or equally good
results in comparison with the rest of the numerical models.

H.2. Milan Wake Oscillator Model
The Milan model is based on the paper [Falco et al., 1999]. The model is calibrated by as-
suming a transverse drag coefficient 𝐶፝፨ equal to 1.2 and a transverse added mass coefficient
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𝐶ፚ equal to 1. The standard Morison drag force in the transverse direction must be added to
the force generated by the wake model. So, OrcaFlex calculates the drag forces as usual and
then adds the force calculated by the wake model.

The equivalent oscillator is a non-linear one degree of freedom system which transmits to
the cable the same force due to the vortex shedding mechanisms. In this model the vortex
shedding forces on the nodes are a non-linear function of:

• the fluid velocity
• the displacement and the velocity of the cable node
• the displacement, the velocity and acceleration of the equivalent fluid-dynamic mass rep-
resented by the wake oscillator mass 𝑀ፚ.

For a rigid cylinder with mass 𝑀፜ for an element of the cable, the system can be represented
as following:

Figure H.1: Equivalent Oscillator

The equations of motion for the system are:

𝑀፜𝑥̈፜ + 𝑅፬፭𝑥̇፜ + 𝐾፬፭𝑋፜ = −𝑔ፚ፜፜(𝑥፜ , 𝑥ᎎ , 𝑥̇፜ , 𝑥̇ᎎ , 𝑉)
𝑀፜𝑥̈ᎎ = 𝑔ፚ፜፜(𝑥፜ , 𝑥ᎎ , 𝑥̇፜ , 𝑥̇ᎎ , 𝑉) − 𝑔ፚ፞፫(𝑥፜ , 𝑥ᎎ , 𝑥̇፜ , 𝑥̇ᎎ , 𝑉)

(H.1)

Where the non-linear forces have the following non-linear expressions:

𝑔ፚ፜፜(𝑥፜ , 𝑥ᎎ , 𝑥̇፜ , 𝑥̇ᎎ , 𝑉) = 𝐾ፋፚ፜፜(𝑥፜ − 𝑥ᎎ) − 𝐾ፍፋፚ፜፜(𝑥፜ − 𝑥ᎎ)ኽ + 𝑅ፋፚ፜፜(𝑥̇፜ − 𝑥̇ᎎ) − 𝑅ፍፋፚ፜፜(𝑥̇፜ − 𝑥̇ᎎ)ኽ
𝑔ፚ፞፫(𝑥፜ , 𝑥ᎎ , 𝑥̇፜ , 𝑥̇ᎎ , 𝑉) = 𝐾ፋፚ፞፫𝑥ᎎ − 𝐾ፍፋፚ፞፫(𝑥ᎎ)ኽ − 𝑅ፋፚ፞፫𝑥̇ᎎ + 𝑅ፍፋፚ፞፫(𝑥̇ᎎ)ኽ

(H.2)

𝐾ፋፚ፜፜ = ኻ
ኼ𝜌𝑘1ፚ፜፜𝐷𝐿𝑉ኼ, 𝐾ፍፋፚ፜፜ = ኻ

ኼ𝜌𝑘2ፚ፜፜𝐷𝐿𝑉ኼ
ኻ
ፃᎵ

The equivalent oscillator mass can be evaluated considering that its natural frequency when
the cylinder is not vibrating must be related to the Strouhal frequency.

𝜔፬ =√ፊᑃᑒᑔᑔዄፊᑃᑒᑖᑣ
ፌᑒ

The oscillator parameter values have been obtained by experimental tests.
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Table H.1: Equivalent oscillator parameters for smooth cylinders

𝑘1ፚ፜፜ 1.364 𝑟1ፚ፜፜ 5.4
𝑘2ፚ፜፜ 0.2 𝑟2ፚ፜፜ 0.0
𝑘1ፚ፞፫ 3.1 𝑟1ፚ፞፫ 2.15
𝑘2ፚ፞፫ 0.05 𝑟2ፚ፞፫ 0.45

H.3. Iwan & Blevins Wake Oscillator Model
This model is based on the paper [Iwan and Blevins, 1974] and uses the Van der Pol equation.
The significant difference in comparison with the Milan model is that it includes the standard
Morison drag force in the transverse direction. The force exerted on the cylinder by the flow
depends only on the velocity and the acceleration of an averaged flow relative to the cylinder
and is assumed to be a linear function of the fluid variable 𝑧.

Figure H.2: Elastically supported rigid cylinder

Net force exerted on the cylinder:

𝐹፲ = 𝑎ኽ𝜌𝐷ኼ(𝑧̈ − 𝑦̈) + 𝑎ኾ𝜌𝐷𝑈(𝑧̇ − 𝑦̇) (H.3)

𝑧: the fluid variable

The equations of motion for the system are:

𝑧̈ + 𝐾ᖣ𝑢፭𝐷 𝜔፬𝑧 = (𝛼
ᖣ
ኻ − 𝛼ᖣኾ)

𝑈
𝐷 𝑧̇ − 𝑎

ᖣ
ኼ
𝑧̇ኽ
𝑈𝐷 + 𝑎

ᖣ
ኽ𝑦̈ + 𝛼ᖣኾ

𝑈
𝐷 𝑦̇

𝑦̈ + 2𝜁ፓ𝜔፧𝑦̇ + 𝜔ኼ፧𝑦 = 𝛼ኽ”𝑧̈ + 𝛼ኾ”𝑧̇
𝑈
𝐷

(H.4)

Where:

𝐾ᖣ = ፊ
ᎎᎲዄᎎᎵ , 𝛼ᖣ። = ᎎᑚ

ᎎᎲዄᎎᎵ 𝑖 = 1, 2, 3, 4, 𝛼።” = ᎎᑚ᎞ፃᎴ
፦ዄᎎᎵ᎞ፃᎴ

𝑖 = 3, 4, 𝜔፧ =
√ ᑜ
ᑞ

ኻዄᒆᎵᒖᐻᎴᑞ

𝜁፬ = ፜
ኼ√፤፦

, 𝜁ፓ =
᎓ᑤ
√ ᑜ
ᑞ
ᒞᑟ ዄ᎓ᑗ

ኻዄᒆᎵᒖᐻᎴᑞ
, 𝜁፟ = ᎎᎶ᎞ፃፔ

ኼ፦Ꭶᑟ , 𝜔፬ =𝐾ᖣ ፮ᑥፔፔፃ = 2𝜋𝑆𝑡
ፔ
ፃ
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In which: 𝑚 is the mass per unit length of the cylinder
𝑘 is the support stiffness per unit length
𝜁ፓ is the total effective damping coefficient
𝜁፬ is the structural viscous damping
𝜁፟ is the fluid viscous damping

The model parameters have been obtained by experimental data by matching the model re-
sponse to experimental observations for the cases of fixed cylinder and forced cylinder motion.

Table H.2: Iwan & Blevins model parameters

𝛼ኺ 𝛼ኻ 𝛼ኼ 𝛼ኽ 𝛼ኾ
0.48 0.44 0.2 0.0 0.38

H.4. Vortex Tracking Models : VT1 & VT2
These models are based on the physical equations of the boundary layer theory and the
Navier–Stokes equation. They are more computationally demanding than the wake oscillator
models but much less computationally demanding than CFD models. The Vortex Tracking
(2) model is a simplified variant of the Vortex Tracking (1) model is still under development.
More information on the vortex tracking models can be found on [Orcina, 2014]. In this thesis
the vortex tacking models were not used for the following reasons. Firstly, the according to
OrcaFlex’s validation the vortex tracking models produce much less accurate results than the
wake oscillator models. Secondly, in this thesis a wake oscillator model has been developed
and the validation will be made against other models of the same kind.



I
VIV suppression

The content of this section is confidential

73





J
VIV guideline

The content of this section is confidential

75


	Abstract
	Preface
	List of Figures
	List of Tables
	Nomenclature
	INTRODUCTION
	Background
	Research Objective
	Research Methodology
	Thesis outline

	LITERATURE STUDY
	Introduction
	Fluid flow past cylinder

	Vortex forces on a cylinder
	Stationary cylinder
	Moving cylinder

	Vibration amplitude for a vertical cylinder
	VIV response branches
	Lock-in
	Mass Ratio

	VIV on inclined cylinders
	VIV on curved cylinders
	Chapter summary

	VIV MODEL
	Wake oscillator
	Influence of the parameters A and ε
	Tuning of the parameters A and ε
	Coupling of the wake oscillator and the structure
	Force Decomposition
	Modeling of the wake-structure interaction
	Chapter summary

	MODEL VALIDATION
	Delft Flume experiment
	Model Description
	Natural Frequencies
	Results

	São Paulo experiment
	Model description
	Natural Frequencies
	Results

	Comparison with Milan wake oscillator model
	Delft Flume experiment
	São Paulo experiment

	Chapter summary

	CASE STUDY
	Project
	Model description
	Conventions and definitions
	Loadcases
	Static
	Direction 0°
	Case A1 - Vtop=0.5m/s
	Case A2 - Vtop=1.5m/s
	Case A3 - Vtop=3.0m/s

	Direction 180°
	Case B1 - Vtop=0.5m/s
	Case B2 - Vtop=1.5m/s

	Direction 90°
	Case C1 - Vtop=0.5m/s
	Case C2 - Vtop=1.5m/s

	Chapter summary

	CONCLUSIONS & RECOMMENDATIONS
	Conclusions
	Recommendations

	Bibliography
	Van der Pol oscillator
	Delft Model Tests
	OrcaFlex's VIV models

	VIV effect on Bending radius
	 Sensitivity analysis ``Case Study"
	Solution Method
	OrcaFlex-Line Theory
	Model fitting to experimental results
	OrcaFlex VIV Toolbox
	Validation of VIV models
	Milan Wake Oscillator Model
	Iwan & Blevins Wake Oscillator Model
	Vortex Tracking Models : VT1 & VT2

	VIV suppression
	VIV guideline

