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Abstract

After Fukushima Daichii accident in 2011 and the consequent shutdown of most of

the nuclear power plant in Japan, the Japanese government is investing resources in

renewable power production projects, and particularly offshore wind projects. The

offshore potential is larger than the inland.

The deep-water platform design is a crucial point for this kind of technologies.

The power output and the performance of the wind turbine is strongly related to the

relative orientation with the wind. Large motion of the platform would compromise

the optimal efficiency.

According to what previously stated, the present work is investigating on fluid-

structure interaction phenomena affecting deep-water platforms. In moored plat-

forms, sea current generates vortices in the wake of structure that would excite the

motion through alternating pressure forces on the platform. Self-excited and self-

limited behavior can result in resonances between the frequency of the vortices and

the frequency of the motion of the platform. This phenomenon has been investi-

gated in the recent years and named as Flow-Induced Motion (FIM). Resonances

are extreme conditions for the mooring system, as the cyclic loads acting on them

will result in a reduction in lifetime of the component.

The aim of the present work is to analyze and mitigate experimentally the Flow-

Induced Motion phenomenon, acting on a spar platform scaled model. The aspect

ratio of the model is AR=1.5 and the mitigation technique object of investigation

consists on spoiler plates arranged on surface of the model. The choice of the

mitigation device has been taken accordingly to the lack of research present in

literature.

The routine used to investigate the effectiveness of the device is a parametric

study involving three different set of parameters: aspect ratio of the spoiler (AR,s),

number of rings of plates (nL) and number of plates per ring (nD). Once the para-

metric study can clarify the influence of the parameters on the FIM mitigation, the

Most Improved configuration can be found.
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(left) and transverse (right) motion for cylinder with AR=1.5 and m∗=1 31

4.1 Top and front view of the Towing Cart of the University of Tokyo [26] 34

4.2 Sketch of the static of a cylindrical floating structure . . . . . . . . . 37

4.3 Ballasts arrangement (a), model manufactured (b) and position of

the centres (c) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

4.4 Sketch of a spoiler plate . . . . . . . . . . . . . . . . . . . . . . . . . 39

4.5 Different spoiler plates aspect ratio (a) and model with spoiler plates

(b) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

4.6 Demonstration of linear correlation between forces and displacements

for the model designed . . . . . . . . . . . . . . . . . . . . . . . . . . 40

4.7 Sketch of the experimental setup (not in scale) . . . . . . . . . . . . . 42

4.8 Experimental Towing Tank at the University of Tokyo, Hongo Campus 43

4.9 Top view (left) and side view of twisted disposition of the spoiler

plates on the model . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

4.10 Sketch of the parameters involved . . . . . . . . . . . . . . . . . . . . 45

4.11 Time series of the model displacements (inline in blue and transverse

in red) in synchronization region (Ur=5.3) . . . . . . . . . . . . . . . 46

4.12 Inline decay curve for spar platform model without spoiler plates

arranged. The decay is perform three times for benchmark reason . . 46

5.1 Experiment organigram . . . . . . . . . . . . . . . . . . . . . . . . . . 50

5.2 Non-dimensional inline amplitude for Stage 0, X/D . . . . . . . . . . 51

5.3 Non-dimensional transverse amplitude for Stage 0, Y/D . . . . . . . . 51

x



5.4 Drag coefficient for Stage 0, CD . . . . . . . . . . . . . . . . . . . . . 52

5.5 Lift coefficient for Stage 0, CL . . . . . . . . . . . . . . . . . . . . . . 52

5.6 Added mass coefficient for Stage 0, Ca . . . . . . . . . . . . . . . . . 53

5.7 Dynamic drag coefficient for Stage 0, CDd . . . . . . . . . . . . . . . . 53

5.8 Power Spectrum Density of the motion in the inline (a) and transverse

(b) direction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

5.9 Effect of AR,S on the non-dimensional inline amplitude, X/D . . . . . 55

5.10 Effect of AR,S on the non-dimensional transverse amplitude, Y/D . . 56

5.11 Effect of AR,S on the drag coefficient, Ca . . . . . . . . . . . . . . . . 57

5.12 Influence of the flow regime (Re number) on the drag coefficient for

cross-flow in cylindrical bodies . . . . . . . . . . . . . . . . . . . . . . 58

5.13 Effect of AR,S on the dynamic drag coefficient, CDd . . . . . . . . . . 58

5.14 Effect of AR,S on the lift coefficient, CL . . . . . . . . . . . . . . . . . 59

5.15 Effect of AR,S on the added mass coefficient, Ca . . . . . . . . . . . . 60

5.16 Normalized Power Spectrum Density of the motion in the inline (a)

and transverse (b) direction for AR,S = 0.5, nL = 5 and nD = 8 . . . . 61

5.17 Normalized Power Spectrum Density of the motion in the inline (a)

and transverse (b) direction for AR,S = 1.0, nL = 5 and nD = 8 . . . . 61

5.18 Normalized Power Spectrum Density of the motion in the inline (a)

and transverse (b) direction for AR,S = 2.0, nL = 5 and nD = 8 . . . . 61

5.19 Effect of nL on the inline non-dimensional amplitude, X/L . . . . . . 62

5.20 Effect of nL on the transverse non-dimensional amplitude, Y/L . . . . 63

5.21 Effect of nL on the drag coefficient, CD . . . . . . . . . . . . . . . . . 64

5.22 Normalized Power Spectrum Density of the motion in the inline (a)

and transverse (b) direction for AR,S = 1.0, nL = 3 and nD = 8 . . . . 64

5.23 Normalized Power Spectrum Density of the motion in the inline (a)

and transverse (b) direction for AR,S = 1.0, nL = 5 and nD = 8 . . . . 65

5.24 Normalized Power Spectrum Density of the motion in the inline (a)

and transverse (b) direction for AR,S = 1.0, nL = 7 and nD = 8 . . . . 65

5.25 Effect of nD on the inline non-dimensional amplitude, X/L . . . . . . 66

5.26 Effect of nD on drag coefficient, CD . . . . . . . . . . . . . . . . . . . 66

5.27 Effect of nD on the transverse non-dimensional amplitude, Y/L . . . 67

5.28 Normalized Power Spectrum Density of the motion in the inline (a)

and transverse (b) direction for AR,S = 1.0, nL = 5 and nD = 4 . . . . 68

5.29 Normalized Power Spectrum Density of the motion in the inline (a)

and transverse (b) direction for AR,S = 1.0, nL = 5 and nD = 8 . . . . 68

5.30 Normalized Power Spectrum Density of the motion in the inline (a)

and transverse (b) direction for AR,S = 1.0, nL = 5 and nD = 16 . . . 68

5.31 Effect of nD on the dynamic drag coefficient, CDd . . . . . . . . . . . 69

xi



5.32 Effect of nD on the lift coefficient, CL . . . . . . . . . . . . . . . . . . 70

5.33 Effect of nD on the added mass coefficient, Ca . . . . . . . . . . . . . 70

5.34 Effect of nL on the inline non-dimensional amplitude, X/L . . . . . . 71

5.35 Effect of nL on the transverse non-dimensional amplitude, Y/L . . . . 72

5.36 Effect of nL on the inline non-dimensional amplitude, X/L . . . . . . 73

5.37 Effect of nL on the transverse non-dimensional amplitude, Y/L . . . . 73

5.38 Effect of nL on the inline non-dimensional amplitude, X/L . . . . . . 74

5.39 Effect of nL on the transverse non-dimensional amplitude, Y/L . . . . 75

5.40 Normalized PSD of the motion in the inline (a) and transverse (b)

direction for AR,S = 2.0, nL = 3 and nD = 4 . . . . . . . . . . . . . . 76

5.41 Normalized PSD of the motion in the inline (a) and transverse (b)

direction for AR,S = 2.0, nL = 5 and nD = 4 . . . . . . . . . . . . . . 76

5.42 Normalized PSD of the motion in the inline (a) and transverse (b)

direction for AR,S = 2.0, nL = 7 and nD = 4 . . . . . . . . . . . . . . 76

5.43 Effect of nL on drag coefficient, CD . . . . . . . . . . . . . . . . . . . 77

5.44 Effect of nL on the dynamic drag coefficient, CDd . . . . . . . . . . . 77

5.45 Effect of nL on the lift coefficient, CL . . . . . . . . . . . . . . . . . . 78

5.46 Effect of nL on the added mass coefficient, Ca . . . . . . . . . . . . . 78

6.1 Percentage reduction of the inline motion amplitude, because of AR,S

(red), nL (blue) and nD (black) . . . . . . . . . . . . . . . . . . . . . 82

6.2 Percentage reduction of the transverse motion amplitude, because of

AR,S (red), nL (blue) and nD (black) . . . . . . . . . . . . . . . . . . 83

6.3 Comparison inline amplitude between the no spoiler case and the MIC 84

6.4 Comparison inline amplitude between the no spoiler case and the MIC 84

6.5 Percentage reduction in the inline (red) and transverse (blue) motion

amplitude, comparing the No spoiler case and the MIC . . . . . . . . 85

6.6 Sketch of the vortex structure in the wake of a cylinder: von Kármán
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Chapter 1

Introduction

1.1 Offshore Wind Power

Nowadays, offshore projects are one of the most promising and advanced innovation

in wind power generation field. Even though the capital investment is high and the

payback period is long, especially for deep-water application, the power production

and the capacity factor make them an interesting alternative to onshore applications.

In offshore applications, wind can be exploited in a more efficient way than

onshore. The wind speed, because of the lack of obstacles (roughness) far away from

the coast, is less unstable and higher than inland. This ensures a larger exploitation

of the wind energy, increasing the capacity factor of those plants. A comparison of

capacity factor for the two sector of wind energy production is shown below.

Figure 1.1: Offshore and onshore capacity factor in Germany, Denmark and

Netherlands showed in IEA Technical Report[1].

European countries are the leaders in this field: the areas with bigger potentiality

are the northern Europe countries, where the shallow sea depths give an advantage

in terms of installation of fixed-bottom wind farms.



Indeed, offshore application can be for both shallow and deep-water condition,

with great differences in their design, as shown in Figure 1.1. The cost of the

technology is a big burden, but floating solution, even if difficult to install and more

pricey, let countries with big water-depths to have offshore wind power production.

Japan is an interesting example and its situation will be explained in a more detailed

way in the next section.

Further reason for the increasing importance of this field is the big synergy

between renewable and Oil and Gas (O&G) fields, regarding the development of

deep-water offshore Research and Development (R&D). The maturity of this sector

contributed in the growth of offshore wind power: a good hint for a transition from

fossil fuels to renewable energies.

1.2 Deep-water Offshore Platforms

1.2.1 Main Platform Concepts

The work that is going to be explained is focused on floating structure, so a brief

introduction to the different type of floating platform for wind application will be

illustrated.

As explained in Castro-Santos et al. [4], among offshore platforms, three different

types can be distinguished:

• Ballast-stabilized, sparbuoy : also called SPAR platforms, whose stability is

ensured by heavy ballasts to lower the center of gravity below the center of

buoyancy. The platform keeping is provided by mooring lines.

• Buoyancy-stabilized, barge: also known as semi-submersible. It’s one of the

main concept of platform since 1960s in O&G industry. The stability, espe-

cially in wave condition, is a mainly provided by the multi-bodied setup and

its ballasting: the ballasting can give different option to counteract with the

motion of the platform.

• Tension Leg Platform, TLP : the structure is floating and stabilized because

of tendons which act as mooring system. The stiffness of the tendons is the

parameter that affects the motion of platform. As far the motion is restricted

a better performance of the wind turbine is warranted. The tendons are fixed

to the seabed through suction buckets.
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Figure 1.2: Offshore wind turbines for shallow-water and deep-water applications

explained in Gao et al.[8].

1.2.2 Platform Motions

The motion of a Floating Offshore Platform is mainly induced by current and waves.

Once a wind turbine is installed, even the wind turns into an important factor for

the motion of the platform.

The displacements obtained, as shown in Figure 1.3, can be characterized ac-

cording to the six degrees of freedom (6DOF) of the rigid body, which in naval

engineering are named as:

• surge, motion in the direction parallel to the sea current (inline direction);

• sway, motion in the direction perpendicular to the sea current (transverse

direction);

• heave, motion in the direction normal to the water-line;

• yaw, rotation of the body around the axis normal to the water-line and passing

through its center of gravity;

• pitch, rotation of the body around the axis parallel to the transverse direction

and passing through its center of gravity;

• roll, rotation of the body around the axis parallel to the inline direction and

passing through its center of gravity.

3



Figure 1.3: Platform 6DOF modes of motion

1.2.3 Spar platform

As case study of the following work, a brief description of the full-scale spar plat-

forms, or ”sparbuoy” concept will be illustrated.

This kind of platform is similar to a slender cylinder and its stability is provided

by the application of ballasts to lower the center of gravity below the center of

buoyancy.

The sea-keeping is ensured by a mooring system attached to the hull of the cylin-

der. The geometric symmetry and simplicity are favourable from both an economical

and hydrodynamic point of view: its hull shape reduces the motion of the structure

and involves a lower manufacturing cost. On the other hand the hull entails high

drag forces and the FIM phenomenon, studied and discussed in Section 1.3, caused

by the sea currents. Inline and transverse motion of a spar become relevant when

FIM is verified.

According to Table 1.1, large differences in motion compliance are noticed in

different concepts of platform.
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Motion Compliance of Platform

Platform Stability Sway & Surge Heave Pitch & Roll Yaw

Spar Ballast C C C C

Barge Buoyancy C C C C

TLP Mooring C R R C

Table 1.1: Platform types according to their stability and motion compliance shown

in Castro et al.[4]. ”C” stands for compliant modes and ”R” for restrained modes

Spar platform are mainly used for deep-water applications; the simplicity of the

manufacturing is the key point of this concept, whilst the installation does not reflect

the same situation. Deep-water means longer mooring lines and the geometry of the

structure implies more complexity in transportation and installation phase.

Figure 1.4: Aasta Hansteen spar platform transported by semi-submersible vessel

from South Korea (manufacturing place) to Norway (installation place). Source:

Equinor

1.3 Offshore Wind Energy in Japan

1.3.1 Energy Plan: antefact and objectives

After Fukushima Daichii NPP accident in 2011, Japan started a process of de-

commissioning of nuclear power plants in the territory. Consequently, increase in

Liquefied Natural Gas (LNG) import occurred to meet the energy demand of the

country.

Importing fossil fuels from Middle-East and Russia implied an increasing risk in

energy safety. Japanese government realized the gravity of the problem, starting

several projects involving renewable energy sources, from solar to wind.
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Consequently to what explained before, the Japanese Ministry of Economy,

Trade and Industry (METI) set three targets to pursue for 2030:

• Raise Self-Sufficiency rate: reducing the imports of sources for energy produc-

tion.

• Lower the cost of electricity: re-powering nuclear power plants and improving

coal thermal power generation.

• Reduce CO2 emission: increasing the share of renewable and nuclear sources.

1.3.2 The Japanese Case: current situation

Wind power is one of the most prospective sector, and the increase in capacity is

one of the reason of the big wind potential of Japan territory.

Figure 1.5: Cumulative wind turbines capacity and number of units installed in

Japanese territory according to IEA Wind Report [33]

The morphology of Japan’s territory puts it into a very unique condition. The

Honshu island is the most mountainous part of the countries, while Kyushu and

Hokkaido islands are more plane and with the biggest wind potential.

As highlighted in the IEA Wind 2017 Annual Report [33], a mismatch between

wind resource locations and energy demand affects Japan. Northern areas are the

less populated and with the lowest grid capacity, but the biggest wind potential.

Opposite situation is for Honshu island, in which the wind potential is lower because

of the lack of land where to install power plants, and the highest energy demand and

density of population. Furthermore, the Japanese seismic area is mainly affecting

the high wind potential areas: further complexities in design phase and regulation
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would be added. This is a reason why Japan is investing in offshore technology for

wind energy production.

(a)

(b)

Figure 1.6: Energy demand for electricity by region according to Otsuka et al. [18]

(a) and Japan map (b)

Furthermore, not all offshore applications can be considered the best options for

Honshu area. As shown in Figure 1.8, the water depth around Japan is very high:

this implies the utilization of deep-water solutions.
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Figure 1.7: Japan wind potential calculated by the Wind Atlas Tool[17]

8



Figure 1.8: Japan seabed depth according to Lee et al.[16]
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1.3.3 Future Projects

The synergy between Japan and Floating Offshore Wind Turbines (FOWT) tech-

nologies appears to be clear because of the high offshore wind power potential which

could reach 1.6 TW.

According to the METI objective for the reduction in the cost of electricity, the

R&D groups involved in this projects, like New Energy and industrial technology

Development Organization (NEDO), are mainly trying to figure out a reduction in

capital expenditure (CAPEX) and operative expenditure (OPEX). As long as costs

related to manufacturing and installation are high, the technology development and

application will be slowed.

Especially for Japan, the installation, moorings and anchors costs, shown in

Figure 1.9a, are underestimated as the main applications in offshore wind field are

deep-water.

(a) (b)

Figure 1.9: Geographical origin and typology of floating wind platform concepts

(a) and cost breakdown per component for typical fixed-bottom and floating offshore

wind projects (b) according to the Carbon Trust Technical Report [27]

Furthermore, Japan is mainly investing and researching on spar platform concept

(see Figure 1.9b). The reason is arisen to balance the high cost of installation with

the low cost of manufacturing associated to this concept.
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Chapter 2

Literature Review

Flow-Induced Motion phenomenon, as explained in Fujarra et al.[7], is group of

phenomena related to the fluid-structure interaction. It affects most part of floating

offshore platforms concepts, in presence of sea current and waves. This phenomenon

is categorized in several different behaviours as shown in Figure 2.1.

Figure 2.1: Diagram describing Flow-Induced Motion phenomena

Three different phenomena can be identified: Vortex-Induced Vibration (VIV),

Vortex-Induced Motion (VIM) and galloping. VIV is affecting flexible and high

aspect ratio bodies, whilst VIM mainly rigid bodies: these phenomena manifest

as resonant behaviour, which is a result of compensation between energy delivered

by the fluid to the structure and energy dissipation by hydrodynamic damping on

the structure. On the other hand, galloping is only related to the instability of

the platform and affects barge platforms. This phenomenon will not be explained

according to the type of platform analyzed and the aim of the work.



The current chapter is summing up the background and the theoretical knowl-

edge of the phenomenon, the parameters that characterize it and the goal of the

present work.

2.1 Flow-Induced Motion

2.1.1 Genesis and background of the phenomenon

A glance on this phenomenon has been given for the first time on spar platforms in

the Gulf of Mexico. As reported in Smith et al.[23], in the water of the Gulf of Mexico

loop currents are present: large eddies are generated with a frequency six to twelve

months, increasing the current speed. As water flows past the cylindrical structure

of a spar platform, water viscosity causes flow separation and periodic shedding of

vortices downstream the structure. In case the frequency of the shedding and the

motion of the structure would match, a resonant peak in the transverse and inline

direction is induced.

Consequently to the unexpectedly large value of the transverse amplitude, dif-

ferent concerns arose:

• Fatigue issues : fatigue damage accumulates during this kind of events, signif-

icantly decreasing the life-time of mooring system components like chain and

fair-lead.

• Link-to-link wear : wear in chain and fair-lead due to cyclic frictions acting on

their surfaces.

In case of underestimation of this phenomenon, component cannot respect the

expectation in life-time regarding mooring system components.

2.1.2 Vortex shedding

Vortex shedding is a phenomenon related to the interaction between bluff bodies

(like a spar) and a steady viscous fluid flow (like sea current). As explained in

Blevins [3] for a cylinder, close to the widest section of the body two boundary

layers separate from each side of the surface of the structure creating two layers. As

the innermost portion of the layer is much slower than the outermost one, the free

layers tend to roll up creating swirling vortices in the wake. The fluid flow creates

a pattern of alternating low-pressure vortices on the downstream side of the object

(see Figure 2.2a and Figure 2.2b). These vortices originated for Reynolds number,

Re 40 < Re < 3 · 105 are called von Kármán vortices, whose main characteristic
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is the periodic shedding downstream a bluff body. Pressure forces will act on the

object moving it towards the low-pressure zone.

(a) (b)

Figure 2.2: Sketch (a), by Stappenbelt et al.[24], and PIV visualization (b), by

van Dyke et al. [28], of vortex shedding mechanism

The frequency of shedding, fS, of these vortices is proportional to the velocity

of the flow, U, and the characteristic length of the body, D, in case of a cylinder is

the diameter.

fs = St · U
D

The proportional factor is a non-dimensional parameter named as Strouhal num-

ber, St.

The Strouhal number is strongly dependent on the Reynolds number, Re which

represents the ratio of inertial to viscous forces. The Reynolds non-dimensional pa-

rameter gives information regarding the flow regime and, according to Kozakiewicz

et al.[15], different pattern, also called vortex street (see Figure 2.3), and frequencies

of the vortex shedding are observed while changing the flow characteristics.

Furthermore, vortex shedding induces oscillation in lift and drag forces: the for-

mer with a zero mean value, whilst the latter with a non-null value. Vortex shedding

mechanism is the excitation that triggers the FIM phenomenon on floating struc-

tures: when the frequency of the vortices matches with the frequency of the structure

motion, kept in position by the moorings restoring force, resonance between the two

mechanisms is verified. The flow velocity range in which this synchronization occurs

is called synchronization range and it is manifested as large displacements in both

inline and transverse direction, with transverse amplitudes double the inline one.

According to what explained at the beginning of the present Section, the FIM

phenomenon is a macro-category which can be identified and distinguished in two

different resonant behaviours: VIV and VIM.
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Figure 2.3: Regimes of fluid flow across smooth circular cylinders and their relative

vortex streets from Blevins et al. [3]

2.1.3 Vortex-Induced Vibration

Vortex-Induced Vibration phenomenon is classified as a result of fluid-structure in-

teraction due to vortex shedding on flexible bodies with high aspect ratio, like risers

or mooring lines in real systems. As a consequence a self-limited and self-excited

behaviour, because of the resonance between frequency of the vortex shedding down-

stream the structure and its natural frequency of the motion, occurs and it induces

large resonant forces on the components that cannot be neglected.

The resonance is triggered by the vortex shed downstream the element and the

region in which the activation of the phenomenon is referred as synchronization

range, which would be described later on this Section.

Several non-dimensional parameters are derived in order to identify the VIV

phenomenon. Reynolds number, Re, is fundamental parameter to identify the flow

characteristics and the vortex shedding appearance. It is defined as the ratio of
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inertial to viscous forces:

Re =
ρUD

µ
=
UD

ν
(2.1)

where ρ, µ and ν are, respectively, density, viscosity and cinematic viscosity of

the fluid, U is the velocity of the fluid flow and D is the characteristic dimension

of the immersed body. von Kármán vortex street takes place in the wake of the

cylinder for Re > 40.

The frequency of the shedding is strongly related to the flow regime and directly

proportional to the flow velocity. According to these features, Strouhal number,

St, is the non-dimensional parameter investigated for a better understanding of the

shedding frequency. Equation 2.3 shows the relation among those characteristics:

St = fs
U

D
(2.2)

where fs is the frequency of the vortex shedding.

Strong relationship between St and Re, and several correlation between them

has been formulated by Williamson [32], for low Re numbers, and Roshko [20] and

Schewe [22] for higher values of Re. The relationship between these parameters is

shown in Figure 2.4.

Figure 2.4: Relation between Strouhal and Reynolds number derived by Stappen-

belt et al. [24]

Another important parameter is the reduced velocity, Ur, which is defined as
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the normalization of the current velocity with the natural period of the transverse

motion in still water and the characteristic length of the body or model considered:

Ur =
UTn
D

(2.3)

where Tn is the natural period of the transverse motion in still water.

The natural period is derived through a decay test, which is described in Chapter

4, and then used to derive this parameter. The range of reduced velocities for spar

platforms is generally 3 ≤ Ur ≤ O(10) according to Fredsoe et al. [5].

According to the work of Williamson et al. [31], the response of the VIV phe-

nomenon consists on a linear increase of the frequencies of the shedding while in-

creasing the flow velocity. This implies, according to Eq. 2.3, an approximately

constant St in a wide range of Re.

In case of cylinder free to move in 2DOF, in a certain range of Ur the frequency

of the displacement can match with the frequency of the shedding, resulting in a

resonant motion affecting both the inline and the transverse displacements. This

phenomenon can be defined as self-excited and self-regulated, as after a certain range

of reduced velocity a desynchronization between the to frequencies occurs and the

resonant behaviour disappears.

In order to generalize the behaviour for different size of cylinder, a non-dimensional

amplitude is derived as the normalization of the displacements with the character-

istic length of the structure, which is diameter for a cylinder. The non-dimensional

amplitude can be distinguished as:

• Inline, which is the non-dimensional amplitude X
D

• Transverse, which is the non-dimensional amplitude Y
D

Figure 2.7, shows a typical VIV response for fixed cylinder.

Furthermore, as described in literature, the aspect of the body is fundamental

for the study of the phenomenon, so it implies the introduction of the aspect ratio,

AR. This value is characterizing the response of the structure motion, according to

different types of vortices that could occur. The aspect ratio is defined as the quota

of immersed length over the characteristic length of the body:

AR =
L

D
(2.4)
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Figure 2.5: Sketch of experimental configuration

The change of this parameter influences size and number of the vortices down-

stream the body.

According to Pattenden et al. [19], different types of vortices are acting on the

body and these can be classified as follows:

• von Kármán

• tip vortex ;

• arch vortex ;

• horseshoe vortex ;

• trailing vortex.

The vortices previously listed are mainly originated on the side of the cylinder

(see Figure 2.6). Other vortices are acting according to the AR and also the free-end

of the body is affected, according to Kawamura et al. [13].
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Figure 2.6: Type of vortex shed from a cylinder according to the work of Pattenden

et al. [19]

The mass ratio, m∗, is also representing a factor to take into account while

studying the VIV. This parameter stands for ratio between the structural mass of

the body and the mass of fluid displaced. In the cylinder case:

m∗ =
4m

ρD2Lπ
(2.5)

where L is the immersed length of the cylinder. In the case of floating structure

m∗ = 1, as in this case the mass of fluid displaced is equal to the structural mass.

According to the work of Stappenbelt et al. [25], for low mass ratio (m∗ < 6),

the main direction of the resonant displacement are both inline and transverse for

cylinder in 2DOF motion. Whilst, for higher mass ratio, the phenomenon is mainly

affecting the transverse direction.

Figure 2.7 from Williamson et al. [31], shows a typical VIV response for fixed

cylinder, m∗ = 2.6 and L/D = 10 free to move in 2DOF. Several branches are present

in the response that can be mainly distinguished as higher branch (SU), in which

largest amplitudes are encountered because of the resonant behaviour of the motion,

and a lower branch (L) in which the synchronization between motion and vortex

shedding is completely mismatched. The synchronization range is clearly defined in

the range of 4 < Ur < 8, as the frequencies is increasing linearly with the reduced

velocity according to the definition of synchronization range. This behaviour results

in a match between the frequency of the body motion with consequent resonant

behaviour.

According to the aim of this work, the case is related to low mass ratio body,

whose amplitude response is expected to result as in Figure 2.8.
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Figure 2.7: Characteristic amplitude for low mass ratio, high aspect ratio cylinder,

and transverse frequency of the motion

Mainly, this parameter is associated to the damping ratio, ζ, which is the ratio

between the viscous damping coefficient and the critical damping, identifying a

further parameter m∗ζ. The ζ is defined as shown in Eq. 2.6:

ζ =
c

2mωn

(2.6)

The damping ratio is, approximately, dependent to a logarithmic decay, shown

in Eq. 2.7:

δ = ln
( yn
yn+1

)
(2.7)

where the yn and yn+1 represent the first two oscillation peaks of the decay

curve. The higher the m∗ζ parameter is the lower values of maximum amplitude
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Figure 2.8: Trajectory for low mass ratio, m∗ < 6, (left) and high mass ratio,

m∗ > 6(right) values

are encountered.

VIV can be distinguished from VIM, according to the difference in the frequency

response of the structure when excited by the vortices.

2.1.4 Vortex-Induced Motion

Vortex-Induced Motion phenomenon can be considered as a particular case of VIV.

According to the work of Fujarra et al. [7]. VIM is verified in case of cylinders

with low aspect ratio, low mass ratio, high Reynolds number and at least 2DOF, as

shown in Figure 2.9.

Figure 2.9: Scheme of difference between VIM and VIV by Fujarra et al. [7]
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As a consequence a self-limited and self-excited behaviour, because of the reso-

nance between frequency of the vortex shedding downstream the structure and its

natural frequency of the motion, occurs and it induces large amplitudes of motion

on the platform.

The difference in response between VIV and VIM is mainly related to the fre-

quency of the motion and the displacement. In VIM case, according to the small

aspect ratio involved, the displacements are larger and consequently lower frequen-

cies of motion for the structure. Typical response for VIM case is shown in Figure

2.10, highlights only one branch in the response, with no lower branch for high

reduced velocity range, as verified in VIV case.

Figure 2.10: Inline and transverse amplitude response in VIV (upper) and VIM

(down) case

The present work, in the full scale, can be compared to monocolumn platforms,

which are consistent with the definition of the VIM phenomenon, as stated in

Gonçalves et al. [10], as the model parameters are the one defined in Table ??

Furthermore, it is important to set a definition for the synchronization range.

This range can be evaluated through the Power Spectrum Density (PSD) analysis

of the motion in the inline and transverse direction. As investigated in Gonçalves et
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VIM characterizing parameters

Mass Ratio m∗ 1

Reynolds Number Re 107

Aspect Ratio AR 1.5

Degrees of Freedom DOF 6DOF

Table 2.1: Parameters characterizing VIM for the present case in full scale

al. [11], the synchronization range for cylinder m∗ = 1, AR = 1.5 and 6DOF can be

deduced from Figure 2.11. According to the work previous cited, comparing Figure

2.10 and 2.11 it can be seen that in the range of high PSD values the amplitudes of

motion are increasing: this behavior can be relate to the start of a synchronization

range, in this case defined for Ur > 5, with no sign of desynchronization.

Figure 2.11: PSD of the motion in the inline and transverse direction for floating

cylinder AR = 1.5, resulted from the work of Gonçalves et al. [11]

2.1.5 Mitigation

After decades of investigation, several ways to mitigate the phenomenon were carried

on. The different mitigation methodologies, as stated in Fredsoe et al. [5] are

classified according to the parameters controlled:

• Reduced velocity: using active control systems to change the natural period

of the motion (Kokkinis et al.[14]) or changing the design of platform, i.e.

diameter for a spar, in other to delay as much as possible the synchronization

region.
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• Mass and damping: increasing the mass of the structure and the damping

reduce or avoid the FIM phenomenon. Side effects on the natural frequency

of the motion must be taken into account.

• Vortex shedding: protuberances on the surface of the structure will modify

the pattern of the vortices and also their effect on the structure. This is

a consequence of a modification of the boundary layer around the object.

As shown in Figure 2.12, several different technologies has been studied and

applied in the offshore field: strakes, fins, fairings, spoiler plates and so on.

Spoiler plates so far is the less studied and it will be important element in the

present work.

Figure 2.12: Vortex shedding mitigation devices: (from left to right) strakes,

splitter plate, fairings and spoiler plates [3]

According to the past work of Gonçalves et al. [10], relevant reduction in both

inline and transverse amplitude occurs when the spoiler plate device is implied in

the mitigation. As shown in Figure 2.13, the amplitude are reduced in the range of

high reduced velocities, whilst slightly increased in the low reduce velocity range.

Very interesting is the fact that the amplitudes in the synchronization range are

considerably reduced.

Figure 2.13: Transverse (up) and inline (down) response for a monocolumn plat-

form tested in the work of Gonçalves et al. [10], considering the application of spoiler

plates for mitigation purpose
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2.2 Present work objectives

According to the different platform concepts, some mitigation devices could be fea-

sible or not. In the past years, strakes has been the most applied device for the

sake of vortex mitigation. The vortex shedding was successfully mitigated, but, as

deduced by Fredsoe et al. [5], an increase in the drag forces on the structure had

been noticed; furthermore, the installation of this device is very complex and costly,

especially for low aspect ratio cylindrical platform, because of the very low tilt angle

of the helix that would be designed to fit on the surface. In the offshore scenario,

the low aspect ratio cylinders have attracted attention due to the increasing size

of the circular platform. This structure can be classified as bluff bodies and the

fluid-dynamics related is object of interest of several works in literature. These

are reasons to investigate in other directions using other types of devices and the

starting point of the present work.

According to the lack of studies in literature, the spoiler plates are the objects

of study for the present thesis. In order to study the effect of the spoiler plates

configuration, a spar platform is the target for the mitigation device, according

to the simplicity of the structure shape and the better feasibility in construction

phase. Additionally, the flow around cylinder is one of the biggest interests in

research papers for both experimental tests and Computational Fluid Dynamics

(CFD) calculations, so that characteristics of the flow and the vortices are well-

known.

The aim of the work is targeting the implication of spoiler plates on a spar

platform considering the mitigation effect that is implied. The work consists in

performing a parametric study, whose goal is to find the parameter that most affects

the mitigation the Flow-Induced Motion. The parameter chosen are configurational

parameter that would characterize the disposition of the plates on the platform

surface. In addition, an investigation on which is the Most Improved configuration

(MIC) choosing among the parameters selected.

As presented in Antony et al. [2], mitigating the FIM and quantifying the motion

will decrease the cost prediction and will contribute to an increase in the fatigue life

of the components of the mooring system.
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Chapter 3

Analysis Methodology

The experiment carried out in the towing tank gave the opportunity to understand

the effect of the spoiler plates on the FIM mitigation. In order to investigate the

mitigating behaviour of the device, the FIM response has been analyzed through

the non-dimensional amplitudes, frequencies in inline and transverse direction and

the hydrodynamic forces.

Although the motion of the platform is free in 6DOF, the inline and transverse

motions are the most relevant displacement for the platform. Heave, yaw, pitch and

roll motion are not significantly resonant with the vortex shedding, and this explain

the choice of 2DOF analysis.

The input for the analysis is the signal produced by Qualisys R©, which in post-

processing phase is cut in order to exclude part of the signal with large systematic

error (see Figure 3.1). The error produced is mainly due to start and stop effect of

the cart.

Start E�ect: due the 

 acceleration  of the

 cart. The signal is 

 unsteady.

Stop E�ect: due the 

stop of the cart.

Time series selection. The signal is in steady state and feasible for the analysis

Figure 3.1: Routine for signal processing



Then, in order to assess a parametric study a base case configuration is fixed.

From the base configuration one parameter is change, to analyze its impact on the

phenomenon mitigation, and the other two are fixed. Starting every condition from

the base case and changing the parameters gives the idea of which parameter is

affecting the phenomenon.

The base case selected is the one with:

• nD=8;

• nL=5;

• AR,S=1.

Each test of a configuration consists on 25 current condition, in order to com-

pare - through a parametric analysis - the mitigation effectiveness of the parameter

changed. Changing the configuration of the plates could imply a change of the nat-

ural period of the motion, so a decay test is performed per each case. Preliminary

Motion Analysis (PMA) follows each cycle of experiment for a parameter.

In the following diagram (see Figure 3.2) the experimental procedure is schema-

tized.

Figure 3.2: Flow chart of the experimental parametric study

Once performed a parametric study, through the data collected in the PMA

phase, the best parameter value found from the parametric study is chosen. As far
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Spoiler Plates Arrangement Parameters

Parameter Symbol Values

Number of Circumferences of Plates nL 3 5 7

Number of Plates per Circumference nD 4 8 16

Aspect Ratio of the Plates AR,S 0.5 1 2

Table 3.1: Spoiler Plate Arrangement Parameters

the best selection of the parameters is concerned, the procedure is similar to the one

explained below, but the best parameter value is always fixed.

The time series of motion (i.e. Figure 4.11) collected by Qualisys R© have been

post-processed with Matlab R©. The result is a parametric analysis for the non-

dimensional amplitudes, frequencies and forces acting on the model per each config-

uration. These values are dependent on the range of reduced velocity investigated.

The mitigation effectiveness of the parameter chosen for the spoiler configuration

will be clarified. The analysis methodology will be described later on this Chapter.

3.1 Reduced Velocities

The reduced velocity (Ur) is defined as:

Ur =
UTn
D

, (3.1)

where U denotes the incident current velocity, Tn is the natural period of the

motion of the platform in the transverse direction in still water, and D is the char-

acteristic length of the body section which is subjected to a vortex shedding, which

is the diameter for a spar model.

All the following analysis are compared to the value of reduced velocity in which

they are verified. The natural period Tn is calculated from the decay test performed

in still water.

3.2 Non-dimensional Motion Amplitudes

The motion is commonly represented in dimensionless values as X/D for inline and

Y/D for transverse, where the nominal amplitudes are calculated based on the Root

Mean Square (RMS) as:
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X

D
=
√

2RMS(X), (3.2)

Y

D
=
√

2RMS(Y ). (3.3)

This representation based on the RMS is generally employed to calculate the

fatigue of mooring systems. The root mean square was calculated considering any

set p of n values measured, as:

RMS(p) =

√
1

n
· ( p2

1 + p2
2 + ... + p2

n ) (3.4)

3.3 Hydrodynamic Forces

The rigid body motion equations for the cylinder in the transverse and inline direc-

tion is calculated based on the equations and discussion proposed by Sarpkaya et

al. [21], as follows:

mẌ(t) + cẊ(t) + kxX(t) = FHx(t), (3.5)

mŸ (t) + cẎ (t) + kyY (t) = FHy(t), (3.6)

where m denotes the structural mass of the platform, C is the structural damping

coefficient of the system, K is the stiffness coefficient, FH are defined as the total

hydrodynamic forces acting on the system, and the subscript x and y represents

the inline and transverse direction respectively. The previous equations represent a

linear model according to what explained in Chapter 3.

In such formulations, the structural components of the force are placed on the

left side of the equations, while the hydrodynamic forces, such as the added mass,

hydrodynamic damping and other fluid forces, are placed on the right side of the

equation. As a result, the hydrodynamic forces in each direction can be estimated

indirectly using these equations of motion.

Preliminary, the structural damping was neglected owing to its magnitude com-

pared to the other dynamic forces. Therefore, the hydrodynamic forces were calcu-

lated based on the restoring and inertial forces.

Like the amplitudes, the hydrodynamic forces are represented in non-dimensional

values. For the transverse direction, the hydrodynamic force is represented as a lift

coefficient given by:
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FHy(t) =
1

2
ρAfU

2CL(t), (3.7)

CL(t) =
2FHy(t)

ρAfU2
, (3.8)

where ρ is the fluid density, Af denotes the projected area of the immersed body,

in relation to the transverse direction to the flow.

Regarding the in-line direction, the hydrodynamic force can be described in two

components. The first related to the static component (mean drag coefficient, CD),

and the second related to the oscillatory component (dynamic drag coefficient, CDd)

given by:

FHx(t) =
1

2
ρAfU

2CD(t), (3.9)

CD =

∫ tf

ti

2FHx(t)

ρAfU2
dt, (3.10)

CDd =
2σ(FHx(t))

ρU2Af

(3.11)

where ti and tf accounts the initial and final time of the selected experimental

data, σ is the standard deviation of the signal amplitude.

Approximately, the hydrodynamic force in the transverse direction can be ex-

pressed as an harmonic response [29, 21]:

FHy(t) = F0 sin (ωt+ φ)

= F0 cos φ sin ωt+ F0 sin φ cos ωt,
(3.12)

where F0 is the amplitude of the total hydrodynamic force in the transverse di-

rection, ω denotes the angular frequency of the motion, and φ is the phase difference

between the force and motion.

This fluid force can be represented by two components: one force in phase with

the platform acceleration and the other force in phase with the platform velocity.

Based on that, the non-dimensional lift coefficient in Eq. (3.13) can be expressed

as:
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CL(t) = Ca sin ωt− Cv cos ωt, (3.13)

where the total hydrodynamic force in phase with the body acceleration is de-

noted by Ca, which represents the added mass coefficient and reviewed in Sarpkaya

et al. [21]; while the total hydrodynamic force in phase with velocity is given by the

damping coefficient Cv.

The added-mass coefficient is estimated on the classical analysis in the frequency

domain proposed in Fujarra et al. [6], where the following relation can be obtained:

fft [FHy(t)]

fft [Ÿ (t)]
≈ −ma(ω) +

iCv(ω)

ω
, (3.14)

where fft[ ] represents the fast-Fourier-transform operator. Therefore, the added-

mass coefficient is obtained by:

CFD
a = CFD

a (ω) = −
<
{

fft [FHy(t)]

fft [Ÿ (t)]

}
m

, (3.15)

where <{ } is the real part of the complex number obtained via Fourier transform.

The added mass coefficient was taken from the frequency which contains the highest

energy.

3.4 Frequency Analysis

The last step of the analysis is to identify which is the synchronization range between

the vortex shed and the motion of the platform. According to the work of Gonçalves

et al. [11], for bluff floating cylinder, 6DOF motion, aspect ratio L/D=1.5 the

Strouhal number is St=0.1.

The frequencies of the motion are calculated from the power spectrum density

PSD of the oscillation of the platform in current condition. The frequencies are

calculated with Welch method [30], as a lower computational cost for the Fast Fourier

Transform (FFT) is expected.

The plot derived will show clearly in which reduced velocity range the FIM is

activate, according to a synchronized behavior between vortex shedding and motion,

or the phenomenon is desynchronized. The FIM behaviour will appear in the peaks

of the PSD of the motion. According to Gonçalves et al. [10], this range is expected
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Figure 3.3: PSD analysis, from the work of Gonçalves et al. [11], of the inline

(left) and transverse (right) motion for cylinder with AR=1.5 and m∗=1

to change when the plates are applied on the model surface: the aim of the analysis

will highlight for which arrangement of the plates this ranges are changing the most

and with mitigating benefits.

The PSD will be shown as a normalization between the analyzed case and the

peak value of the No Spoiler case, in order to highlight the improvement in the

mitigation effect while changing the configuration of the plates.
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Chapter 4

Experimental Setup

4.1 Experimental Design

According to the objective of the work, the parametric study of the spoiler plates is

studied on a model of spar platform in a fundamental way. In order to simulate the

sea current, the model is towed with constant velocity in a towing tank. The towing

tank used is ”The University of Tokyo Experimental Tank” at Hongo Campus.

The model was towed with 25 different velocities to investigate the typical range

of reduced velocity for spar platform: each velocity of the cart corresponds to a

current condition. As the reduced velocity is also dependent on the natural period

of the motion of the platform, the springs stiffness must be designed to stay in that

range.

Different arrangements of spoiler plates have been tested to check the motion

response of the platform, changing their configuration and geometric parameters.

The experiment will be described in a more detailed way in the following sections

4.1.1 Towing Tank

As previously said, the model is towed in the tank and is attached to a cart through

four springs mounted along the inline and transverse direction. The springs are

supposed to ensure the restoration force given by a mooring system and support the

motion of the model with the motion of the cart.

The time series of the motions were collected by a 3D tracking software, called

Qualisys R©. Four cameras are installed on the cart in order capture the 6 DOF

motion of the floating body with a sampling frequency of 100 Hz. The number of

cameras is directly proportional to the accuracy of the capture: in case the camera

missed the targets, installed on the model’s deck, the others can recollect the position

and trace the time series of the motion, assuming the targets rigidly linked among



themselves.

The towing tank facility has been provided by The University of Tokyo and all

the experiments have been carried out in this facility, which consists on a water

tank with a cart running above it, along two rails mounted on the sides of the tank.

The dimension and the characteristics of the facility are summed up in the following

Table.

Tank Dimension

Dimension Symbol Value Unit

Length Lt 85 m

Width Wt 3.5 m

Depth Ht 2.4 m

Cart Parameters

Parameter Symbol Value Unit

Maximum Speed Uc,max 0.7 m/s

Minimum Speed Uc,min 0.04 m/s

Weight Mc 1203 kg

Table 4.1: Tank and cart specification

The following figure represents a sketch of the towing cart as designed and in-

stalled in 1968. On the left, the top view of the cart shows the central window deck,

whilst on the right a side of the cart and a section show width and the water level.

Figure 4.1: Top and front view of the Towing Cart of the University of Tokyo [26]
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4.2 Model Design

4.2.1 Spar model

The model consists on a cylindrical steel model whose geometric characteristics

are summed up in Table 4.2. The model size has been chosen according to the

feasibility of the spoiler plates application. If the model sizes were comparable to

the tank dimensions, the boundaries of the tank would significantly influence the

structure motion.

Model Dimension

Dimension Symbol Value Unit

Length LC 600 mm

Immersed Length L 450 mm

Diameter D 300 mm

Aspect Ratio L/D 1.5 −
Blockage Effect Be 0.016 −

Table 4.2: Spar model geometric characteristics

The parameter to take care of is the diameter of the model. The effect of the side

of the tank can be relevant for the experiment results if the diameter of the model is

too big. This effect has been described in literature as blockage effect and consists

on an increase in relative flow speed around the cylinder, as water is constrained in a

tank. The increase of relative speed involves change in pressure distribution on the

model surface and consequently a change in motion. The blockage effect is usually

verified for high diameter to tank width ratio or immerse length to tank depth ratio,

but the choice of a towing tank compared to the recirculating channel made the

effect negligible (see Table 4.2).

The model is empty inside and manufactured in steel according to the purpose of

the experiment. The spoiler plates are made of Neodymium, ferromagnetic material,

in order to easy the change of configuration of the plates.

Furthermore, a deck has been designed to put the target for Qualisys R© tracking

system.
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4.2.2 Ballasts

As far as the stability of the model is concerned, the model is ballast-stabilized type.

Indeed, in order to keep the same immersed length (draft) and to lower its centre of

gravity, ballasts must be arranged inside the model.

The draft line is kept equalizing the mass of water displaced with the total mass

of the body. The total mass of the body is less of the volume displaced, as the

model is hollow. The difference between the real mass of the model and the mass

of the displaced water is the mass of ballasts required to keep the draft. The total

mass has been calculated comprehensive of the deck of the model. The calculation

routine is shown below.

Firstly, the volume of water displaced, VD is calculated, fixing the draft line. The

draft line is equivalent to the immersed length of the model:

VD = π
D2L

4
(4.1)

Consequently the mass of water displaced is calculated, knowing the water den-

sity, ρw:

mD = ρwVD (4.2)

Once the mass displaced is derived and the weight of the model is known, the

mass of the ballasts is quickly calculated as the difference between the two.

Four fundamental coordinates must be taken into account while designing a plat-

form: centre of gravity (G), centre of buoyancy (B), metacenter (M) and the water

plane point (F). These values have been estimated modelling with Solidworks R©. In

the centre of gravity the weight force is acting, while in the centre of buoyancy the

buoyancy force is acting. The two forces are equal in modulus as the platform is

floating with fixed draft, but opposite direction.

Adding ballasts is not just a matter of keeping the draft but also of stability.

In ship design theory, the stability is ensured when the metacenter is higher than

the centre of gravity (measured from the keel). In addition, the higher the distance

between centre of gravity and metacenter, the higher the stability. This distance is

called metacentric height.

According to Figure 4.2, case (a) the position of the centre of gravity ensures a

moment which avoids the overturning of the platform: the moment of the gravity
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Figure 4.2: Sketch of the static of a cylindrical floating structure

force is higher and opposite to the one of the buoyancy force. Whilst, case (b)

highlights an instability of the platform with consequent overturning moment.

Design values and characteristics of the model are summed up in Table 4.3, with

related calculation in Appendix A and picture of the model in Figure 4.3b.

Model Dimension

Dimension Symbol Value Unit

Weight1 m 31.81 kg

Ballasts Weight mb 13.38 kg

Water Displacement VD 3.18 · 107 mm3

Centre of Gravity12 G 204 mm

Centre of Gravity3 G 297 mm

Centre of Buoyancy2 B 225 mm

Metacentre2 M 250 mm

Metacentric Height GM 47 mm

Table 4.3: Spar model inertial characteristics

1Comprehensive of ballasts
2Measured from the keel: as the model is symmetric just one coordinate is required.
3Without ballasts, from inertia test
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(a) (b) (c)

Figure 4.3: Ballasts arrangement (a), model manufactured (b) and position of the

centres (c)

4.2.3 Spoiler Plates

The spoiler plates used for the experiment are Neodymium magnets with a shape

designed specifically for the experiment. The non-dimensional parameters chosen to

characterize the geometry of the spoiler plates are the following:

• Aspect ratio of the spoiler, AR,S, defined as:

AR,S = DS/LS (4.3)

• Length ratio spoiler extrusion and diameter platform, defined as:

LR,S−P = DS/D (4.4)

According to the lack of studies and data regarding spoiler plates dimension the

dimensions listed in Table 4.4 has been chosen:

The thickness of the spoiler has been designed to ensure the attachment between

the spoiler and the curved surface of the cylinder. Small thickness coupled with

a big curve radius is the condition to minimize the imperfect coupling between

spoiler and cylinder. The calculation for the spoiler plates design and the material

characteristics are explained in Appendix A. According to the small mass value of the

spoiler, their contribute on the change in the draft have been considered irrelevant.
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DS

w

Figure 4.4: Sketch of a spoiler plate

Spoiler Plates Dimension

Parameter Symbol Type 1 Type 2 Type 3

Aspect Ratio AR,S 0.5 1 2

Length Ratio LR,S−P 1/60 1/30 1/15

Thickness ws[mm] 3 3 3

Table 4.4: Spoiler Plates geometric characteristics

(a) (b)

Figure 4.5: Different spoiler plates aspect ratio (a) and model with spoiler plates

(b)
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4.3 Experimental Procedure

4.3.1 Calibration and Installation

First step of the setup is to collocate and calibrate the cameras. A reference point

coincident to the zero of the motion has to be settled on Qualisys R©: this is called

calibration. The tracking system, detects the relative motion between the targets -

arranged on the deck of the model - and the reference point called zero condition,

through cameras mounted on the cart.

After the calibration step, the experiment installation has been fulfilled arranging

the ballasts inside the hollow model and fixing the deck on the top of it. After

verifying that the water line and the draft line are coincident, the model is fixed to

the cart with a set of four springs, whose characteristics are listed in Table 4.5.

According to the work of Stappenbelt [24], the mooring system response for big

displacement is usually considered as a non-linear phenomenon, but the choice of a

pre-tensed configuration for the spring would reduce the non-linearity of the model

response (see Figure 4.6).

Figure 4.6: Demonstration of linear correlation between forces and displacements

for the model designed

The model has been positioned inside the tank and its motion with the cart is

supported by the set of springs. The configuration of the experimental set-up is

sketched in Figure 4.7.
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Spring Characteristics

Parameter Symbol Value Unit

Inline Spring Cable Length KX 800 mm

Transverse Spring Cable Length KY 400 mm

No-load Inline Spring Length LKX 225 mm

No-load Transverse Spring Length LKY 200 mm

Inline Spring Stiffness kx 0.76 gf/mm

Transverse Spring Stiffness ky 0.94 gf/mm

Table 4.5: Spring characteristics

4.3.2 Experimental Outline

The goal of the experiment is to collect the time series of the motion for the model

for each current condition and per configuration of spoiler plates. From these data

the parameters identifying the FIM (specified in Chapter 2) are calculated. The

current condition are performed in the towing tank shown in Figure 4.8

Several experiments have been carried out in the past decades and from that

experience the range of reduced velocities has been calculated. This range has been

chosen according to the work of Gonçalves et al. [11], in which experiments with

low aspect ratio cylinders have been carried out. In the AR=1.5 case, it is verified a

synchronization region in both inline and transverse direction between 4 < Ur < 9

reduced velocities.

As this range is crucial for the analysis, more towing speeds have been tested in

that range. In order to set the range of reduced velocities a preliminary decay test

for the smooth cylinder took place. The decay gave as a result the natural period

of the motion for the model of study, and consequently the calculation of the range

of reduced velocity.

Once established the range of investigation, the parametric study had been per-

formed. The parametric study goal is to understand the physics behind changing

the spoiler arrangement.

The spoiler arrangement consists on a set of circumferences equidistant, use to

position the spoiler plates in the vertical direction of the model, and a set of radial

position angular equidistant between each other of an angle α.

The plate are not aligned in the vertical direction, but changing the circumference

the plates position is twisted of an angle:

βi =
αi

2
, (4.5)
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Figure 4.7: Sketch of the experimental setup (not in scale)

where the index i identifies a specific set of nD. This is due to the fact that

increasing the density of spoiler plates on a circumference the angular distance

between two spoiler will decrease.

The configuration parameters chosen are listed below:

• circumferential number of plates, nD;

• number of circumferences of plates, nL;
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Figure 4.8: Experimental Towing Tank at the University of Tokyo, Hongo Campus

α
β

nD =4 nL=3

Figure 4.9: Top view (left) and side view of twisted disposition of the spoiler plates

on the model

• aspect ratio of the plates, AR,S.

The parameters’ values have been selected in order to have significant influence

on the results: because of the lack of research in this specific topic, the difference in

results could not be obvious. All of them are summed up in Table 4.6.

Investigating the influence of the parameters on the phenomenon will help in

evaluating future choices and optimization of this kind of devices.
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Spoiler Plates Arrangement Parameters

Parameter Symbol Values

Number of Circumferences of Plates nL 3 5 7

Number of Plates per Circumference nD 4 8 16

Aspect Ratio of the Plates AR,S 0.5 1 2

Table 4.6: Spoiler Plate Arrangement Parameters

4.3.3 Decay test

As previously remarked, a decay test is performed while changing the spoiler plate

arrangement on the model surface. The test is performed in the towing tank in still

water condition. The aim of the test is to derived the decay in the motion amplitude

for the platform according to the viscous and the structural damping on the system.

The value of the natural period of the decay is calculated to derive the reduced

velocity range of the platform model.

Figure 4.12 shows a typical decay curve for the model of interest. The decay test

must be carried out for each mode of motion taken into account for the analysis (in

this case 2 DOF).

The natural period for inline and transverse direction are shown in Table ??,

and it can be deduced that changes can be neglected.
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Figure 4.10: Sketch of the parameters involved
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Figure 4.11: Time series of the model displacements (inline in blue and transverse

in red) in synchronization region (Ur=5.3)

Figure 4.12: Inline decay curve for spar platform model without spoiler plates

arranged. The decay is perform three times for benchmark reason
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Natural Period Change

Case Tn,x [s] Tn,y [s] ∆x [%] ∆y [%]

No Spoiler 9,168 9,3597 - -

AR,S = 0.5, nL = 5, nD = 8 9,2298 9,3736 0,7 0,1

AR,S = 1.0, nL = 5, nD = 16 9,2444 9,3724 0,8 0,1

AR,S = 1.0, nL = 5, nD = 4 9,1494 9,3721 -0,2 0,1

AR,S = 2.0, nL = 5, nD = 8 9,2223 9,3499 0,6 -0,1

AR,S = 2.0, nL = 5, nD = 4 9,2785 9,445 1,2 0,9

AR,S = 1.0, nL = 3, nD = 8 9,2891 9,2924 1,3 -0,7

AR,S = 1.0, nL = 7, nD = 8 9,1911 9,3725 0,3 0,1

AR,S = 2.0, nL = 5, nD = 16 9,2377 9,3543 0,8 -0,1

AR,S = 2.0, nL = 3, nD = 8 9,2794 9,375 1,2 0,2

AR,S = 2.0, nL = 7, nD = 8 9,271 9,44 1,1 0,9

AR,S = 2.0, nL = 3, nD = 4 9,297 9,3463 1,4 -0,1

AR,S = 2.0, nL = 7, nD = 4 9,2846 9,3803 1,3 0,2

Table 4.7: Natural period derived from the free decay test. The ∆ value is the

difference between each case and the no spoiler case

47



48



Chapter 5

Experimental Results

5.1 Experiment Development

According to the methodology followed in Chapter 3, the experiment has been di-

vided into four stages, and in each stage are performed a number of cases : each

study correspond to a parameter study. The case 2 of each parameter is considered

the fixed parameter value in each study performed. All the experiment record has

been described in Table 5.1 and Figure 5.12.

Experiment Record

Stage Parameter Study AR,S nL nD

0 Without Spoiler - - -

A AR,S 0.5 - 1.0 - 2.0 5 8

A nL 1.0 3 - 5 - 7 8

A nD 1.0 5 4 - 8 - 16

B nL 2.0 3 - 5 - 7 8

B nD 2.0 5 4 - 8 - 16

C nL 2.0 3 - 5 - 7 4

Table 5.1: Experiment record
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Figure 5.1: Experiment organigram

5.2 Stage 0 - No Spoiler

Stage 0 was performed to be able to verify the FIM mitigation. Stage A is the

first set of experiment in order to investigate the phenomenon suppression. Stage

B is the second set of experiment to verify the previous studies’ results. Stage C

is the final set carried out to select the best mitigating values associated to each

parameter, using the cases object of analysis. The last phase direction was given by

a PMA on the data previously collected.

In the following figures will be shown the results related to the No Spoiler case

for motion, forces and PSD analysis.
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Figure 5.2: Non-dimensional inline amplitude for Stage 0, X/D

Figure 5.3: Non-dimensional transverse amplitude for Stage 0, Y/D

51



Figure 5.4: Drag coefficient for Stage 0, CD

Figure 5.5: Lift coefficient for Stage 0, CL
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Figure 5.6: Added mass coefficient for Stage 0, Ca

Figure 5.7: Dynamic drag coefficient for Stage 0, CDd
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Figure 5.8: Power Spectrum Density of the motion in the inline (a) and transverse

(b) direction

According to what previously said in Chapter 3, the definition of a synchroniza-

tion range is fundamental to understand whether FIM is activated or deactivated.

According to Figure 5.8, it is possible to identify a synchronization range for inline

and transverse motion, as stated in Table 5.2.

Synchronization Range

Inline Transverse

5 < Ur < 10 5 < Ur < 12

Table 5.2: Synchronization range for the No spoiler case

Even though the amplitudes of the motion are still large, the PSD values can be

small as the phenomenon is no more oscillatory, so the energy of the vortices is not

relevant for FIM.

5.3 Stage A - Parameter AR,S

The first stage of the analysis consists on analyzing the influence of the AR,S on

FIM phenomenon. The parameter fixed were nL=5 and nD=8. Four cases were

analyzed: one was the no spoiler case and the remaining were the cases targeted for

this stage.

As shown in Figure 5.9, mitigation in the inline direction increased while the

AR,S is increased. The same behaviour was verified for the transverse direction (see

Figure 5.10). AR,S = 2.0 case emphasizes a better response in the synchronization

range, between 5 ≤ Ur ≤ 8 for this platform. Although, the mitigation is verified,
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the difference in amplitude between AR,S = 2.0 and AR,S= 1.0 . Next stages will

evidence the best case with higher accuracy.

Furthermore, it can be noticed a different behavior between inline and trans-

verse response for different ranges of reduced velocity. Higher mitigation occurs in

synchronization range and for higher reduced velocities (Ur >8) analyzing the inline

response. In addition the first resonant peak for 2 < Ur < 4 is evidently mitigated

by changing the AR,S.

Figure 5.9: Effect of AR,S on the non-dimensional inline amplitude, X/D
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Whilst, for the transverse response, the mitigation starts being effective for re-

duced velocities Ur >5, reaching around 30% reduction for Ur > 8. Focusing on the

transverse, the response trend for AR,S = 2.0 suggests a desynchronization range

behaviour at around Ur = 9, which will be also confirmed in the PSD analysis.

Figure 5.10: Effect of AR,S on the non-dimensional transverse amplitude, Y/D

The physics acting behind the spoiler plate can be described through further

analysis, such as forces analysis.
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Figure 5.11: Effect of AR,S on the drag coefficient, Ca

The results regarding the drag coefficient are shown in Figure 5.11 and confirms

the mitigating behavior of the spoiler plates in inline direction. This results can

be physically explained according to Blevins [3], because of the drag coefficient

dependence on the turbulent regime. Even though the regime (see Table 5.3) is in

the transition range (150 < Re < 3 · 105) and the boundary layer is expected to be

laminar, the plot suggests an anticipation to the critical regime (Re > 3 · 105) of the

analyzed case.The increasing trend for reduced velocities up to Ur = 8 is pointed in

literature as drag amplification

Experiment Reynolds Range

Ur [-] U [m/s] Re [-]

1.56 - 11.58 0.05 - 0.38 1.25 · 104 - 9.50 · 104

Table 5.3: Reynolds Range for the experiment

The turbulence of the boundary layer is correlated to the roughness of the body

surface, in this case increased by the presence of spoiler plates. Several works in

literature linked the reduction of the drag coefficient to the presence of element

on the surface ”interrupting” the boundary layer. The consequence of a turbulent

boundary layer is a decreasing trend for the CD for increasing Re numbers, with an
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Figure 5.12: Influence of the flow regime (Re number) on the drag coefficient for

cross-flow in cylindrical bodies

abrupt drop coincident to the drag crisis.

As stated in Huang et al. [12], the increasing value of mean drag ,CD, is caused

by a phenomenon investigated in literature as drag amplification. This behavior is

involved inside the synchronization range, when FIM is resonant and acting on the

platform.

The increasing AR,S the more efficient is the mitigation in the inline direction,

according to a decreasing trend of the CD. This can be linked to the turbulent

boundary layer, whose turbulence is increasing while increasing roughness of the

surface: in this case changed while increasing the dimension of the spoiler.

Figure 5.13: Effect of AR,S on the dynamic drag coefficient, CDd
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Regarding the CDd evaluation in Figure 5.13, the oscillatory component of the

drag is increasing in the synchronization range (5 ≤ Ur ≤ 8) because of the resonant

behavior of the structure. Beyond the synchronization range (Ur > 8) the deviation

is steady which suggests not a full suppression of the FIM in inline direction. In

addiction, smaller deviation in the drag coefficient are noticed for 1.5 < Ur < 3.

Figure 5.14: Effect of AR,S on the lift coefficient, CL

According to Figure 5.14 and 5.15, the slight reduction in the synchronization

range for the transverse amplitude can be attributed to both the CL and the Ca.

Differences in the amplitudes can be noticed for reduced velocities higher than Ur >

8. This behavior, as previously said, can be related to a desynchronization of the

vortices. This fact, confirmed in Figure 5.15 and stated in Vikestad et al. [29], is

verified for Ca, close to zero, or even negative.
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Figure 5.15: Effect of AR,S on the added mass coefficient, Ca

The peaks values for CL and Ca are related to the resonant effect due to FIM.

The range of reduced velocities for this peak is usually after the synchronization

range of the FIM, in this case for Ur > 5.

The PSD analysis in Figure 5.16, 5.17 and 5.18, represent the effect of the spoiler

configuration on the reduction of the synchronization range. Increasing the AR,S

would almost mitigate the energy of the vortices for the inline direction. Reduction

in the energy is also evident for the transverse case, and also the synchronization

range is shorten to 6 < Ur < 10 for the case AR,S=2.0.

60



Figure 5.16: Normalized Power Spectrum Density of the motion in the inline (a)

and transverse (b) direction for AR,S = 0.5, nL = 5 and nD = 8

Figure 5.17: Normalized Power Spectrum Density of the motion in the inline (a)

and transverse (b) direction for AR,S = 1.0, nL = 5 and nD = 8

Figure 5.18: Normalized Power Spectrum Density of the motion in the inline (a)

and transverse (b) direction for AR,S = 2.0, nL = 5 and nD = 8
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5.3.1 Stage A - Parameter nL

The following stage aims at studying the effect of the number of rings of spoiler

along the immersed length of the cylinder. The parameter fixed are AR,S=1.0 and

nD=8. The cases compared are: the no spoiler case together with the other three

cases targeted for this stage. The results obtained increasing the rings of plates are

similar to the one obtained in the previous study.

In the case of the inline response shown in Figure 5.19 the case with nL=7

appears to be the best up to reduced velocities Ur < 10. Beyond this value the

best mitigated response is verified for nL=5. In the low reduced velocity resonant

peak range, the mitigation effect changing this parameter is not very affecting the

suppression of the motion.

Figure 5.19: Effect of nL on the inline non-dimensional amplitude, X/L

The difference between the inline and the transverse response is evident, com-

paring the two responses. As reported in Figure 5.20. The best case is nL=7 for

the whole range of reduced velocity analyzed. In the region in which the nL appears

like the best for the inline direction, in the transverse is the worst among this set of

cases.

The analogy between the AR,S and the nL is the increased roughness of the

model along the surface. The number of rings is definitely related to the uniform

roughness of the model surface. The more the rings the more rough is the surface and

62



the boundary layer would be turbulent all along the immersed length. According to

Figure 5.21 this implies a drag reduction for Ur > 8

According to the similarity to the previous case regarding the force analysis, the

following plot will be attached in Appendix B.

Figure 5.20: Effect of nL on the transverse non-dimensional amplitude, Y/L

From the PSD analysis in Figure 5.22, 5.23 and 5.24, increasing the nL would

decrease the energy of the vortices with respect to the No Spoiler case for the inline

direction. Reduction in the energy is also evident for the transverse case, even

though the energy in the synchronization range is is not reduced as in the previous

stage.
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Figure 5.21: Effect of nL on the drag coefficient, CD

Figure 5.22: Normalized Power Spectrum Density of the motion in the inline (a)

and transverse (b) direction for AR,S = 1.0, nL = 3 and nD = 8

64



Figure 5.23: Normalized Power Spectrum Density of the motion in the inline (a)

and transverse (b) direction for AR,S = 1.0, nL = 5 and nD = 8

Figure 5.24: Normalized Power Spectrum Density of the motion in the inline (a)

and transverse (b) direction for AR,S = 1.0, nL = 7 and nD = 8

5.3.2 Stage A - Parameter nD

The following stage aims at studying the effect of the number of plates per ring

around the diameter of the cylinder. The parameter fixed are AR,S=1.0 and nL=5.

The cases compared are: the no spoiler case together with the other three cases

targeted for this stage.

In the case of the inline response shown in Figure 5.19, the case with nD=4

appears to be the best because of a sudden drop in the range of 9 < Ur < 11. This

is confirmed in Figure 5.12, as a drag crisis is verified in the range above cited.

According to Figure 5.27, the same range of reduced velocities results to be the best

for the nD case.
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Figure 5.25: Effect of nD on the inline non-dimensional amplitude, X/L

Figure 5.26: Effect of nD on drag coefficient, CD
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Figure 5.27: Effect of nD on the transverse non-dimensional amplitude, Y/L
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Figure 5.28: Normalized Power Spectrum Density of the motion in the inline (a)

and transverse (b) direction for AR,S = 1.0, nL = 5 and nD = 4

Figure 5.29: Normalized Power Spectrum Density of the motion in the inline (a)

and transverse (b) direction for AR,S = 1.0, nL = 5 and nD = 8

Figure 5.30: Normalized Power Spectrum Density of the motion in the inline (a)

and transverse (b) direction for AR,S = 1.0, nL = 5 and nD = 16
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In Figure 5.26, the low amplitude range can be related to the beginning of a

desynchronization region for this case. Indeed, the fluctuating drag highlights a

drop in the same region, confirming the fact stated above. The low fluctuation is

linked to a desynchronized behaviour for this range of reduced velocity, and then a

fully mitigated FIM.

Figure 5.31: Effect of nD on the dynamic drag coefficient, CDd

Regarding the transverse response, from the CL for nD=4 is not evident the

reason of the drop in the transverse response for 9 < Ur < 11 (see Figure 5.32).

Whilst, the Ca is the parameter useful to understand the physics behind this drop

in the motion. The nD=4 case is the one with the lowest values of Ca for the

9 < Ur < 11 range (see Figure 5.33), which means a clear sign of desynchronization

even in the transverse direction.

The result obtained is identifying the best case in nD=4 as the synchronization

beginning is anticipated with respect to the other cases. Further analysis on this

parameter will be carried out in Stage B to confirm this study.

The next stage of experiments has been carried out in order to confirmed the

results obtained in Stage A for nL and nD studies.
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Figure 5.32: Effect of nD on the lift coefficient, CL

Figure 5.33: Effect of nD on the added mass coefficient, Ca

The PSD analysis in Figure 5.28, 5.29 and 5.30, decreasing the nD would de-

crease the energy of the vortices with respect to the No Spoiler case and shorten
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the synchronization range for the transverse case. For the inline a reduction with

respect to the No spoiler case is evident, but the best mitigating effect is not verified

for the same configuration for the transverse. nD=4 can be considered the best con-

figuration for the transverse according to a shortening of the synchronization range

to 7 < Ur < 9, so anticipating the desynchronization of the vortices. Whilst, for the

inline the best mitigation is verified for nD=8, according to a lower energy present.

5.3.3 Stage B - Parameter nL

The following stage aims at studying the effect of the number of rings of spoiler

along the immersed length of the cylinder. The parameter fixed are AR,S=2.0 and

nD=8. The cases compared are: the no spoiler case together with the other three

cases targeted for this stage.

Figure 5.34: Effect of nL on the inline non-dimensional amplitude, X/L

The results obtained in Figure 5.34 and 5.35 clarified the fact that the nL pa-

rameter is affecting the mitigation, which is starting for Ur > 5. Whilst, it is not

clear which parameter is the best and how the mitigation effect varied changing this

parameter, as the response is similar to the one derived in Stage A.

The PSD analysis results are similar to the one derived in Stage A for the same

parameter. The results are attache in Appendix B.
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Figure 5.35: Effect of nL on the transverse non-dimensional amplitude, Y/L

5.3.4 Stage B - Parameter nD

The following stage aims at studying the effect of the number of plates per ring

around the diameter of the cylinder. The parameter fixed are AR,S=2.0 and nL=5.

The cases compared are: the no spoiler case together with the other three cases

targeted for this stage.

The results obtained in Figure 5.36 and 5.37 confirmed the results obtained in

Stage A for nD. The difference in this case is the coupled contribute of a larger AR,S

and a decreasing nD. In the nD=4 case desynchronized vortices are shed downstream

the model for Ur > 9. This phenomenon contributes to a drop in the inline and

transverse motion for FIM.

In conclusion, the best mitigating effect for both inline and transverse direction

is verified while decreasing the nD value. A smaller number of plates per ring is

required to reach a desynchronization region in the range of Ur in exam.

The PSD analysis results are similar to the one derived in Stage A for the same

parameter. The results are attached in Appendix B.
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Figure 5.36: Effect of nL on the inline non-dimensional amplitude, X/L

Figure 5.37: Effect of nL on the transverse non-dimensional amplitude, Y/L
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5.3.5 Stage C - Parameter nL

The following stage aims at studying the mitigating effect parameter nL and an

optimization of the set of parameters analyzed. The parameter fixed are AR,S and

nD, the best parameters discovered in the previous stages : respectively 2.0 and 4.

The cases compared are: the no spoiler case together with the other three cases

targeted for this stage.

Figure 5.38: Effect of nL on the inline non-dimensional amplitude, X/L
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Figure 5.39: Effect of nL on the transverse non-dimensional amplitude, Y/L

According to Figure 5.38 and 5.39, the desynchronization region for inline and

transverse motion starts from reduced velocities Ur > 8. Contrarily from the previ-

ous stages, in this stage the best nL can be identified. Focusing on the transverse

amplitude, it is possible to understand that nL=7 is better than nL=5 in the range

of 8 < Ur < 9. In addition, also in the inline direction the lowest PSD value confirms

a better behaviour for the nL=7.
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Figure 5.40: Normalized PSD of the motion in the inline (a) and transverse (b)

direction for AR,S = 2.0, nL = 3 and nD = 4

Figure 5.41: Normalized PSD of the motion in the inline (a) and transverse (b)

direction for AR,S = 2.0, nL = 5 and nD = 4

Figure 5.42: Normalized PSD of the motion in the inline (a) and transverse (b)

direction for AR,S = 2.0, nL = 7 and nD = 4
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Figure 5.43: Effect of nL on drag coefficient, CD

Figure 5.44: Effect of nL on the dynamic drag coefficient, CDd
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Figure 5.45: Effect of nL on the lift coefficient, CL

Figure 5.46: Effect of nL on the added mass coefficient, Ca

In conclusion, for the whole stages of experiment performed, the case AR,S=2.0,

nL=7 and nD=4 is the most improved case (MIC). The mitigation effect with this
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spoiler arrangement is the most effective for this kind of platform. The anticipated

desynchronization is the main factor that affects the mitigation for both inline and

transverse direction. Furthermore, mitigating effects are present all over the range

of study always in both direction.
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Chapter 6

Conclusions

The following chapter sums up the experimental results previously obtained, com-

paring the benefits provided by the Most Improved Case (MIC). Additionally, the

studies carried out will give the knowledge to decide which parameter is mostly

affecting the FIM mitigation.

Furthermore, other aspects related to the suppression device applied have to be

evaluated. According to the literature, the free-end effect and the side-effect related

to the hydrodynamics of the flow around a low aspect ratio fixed cylinder, are the

main reason for the vortex shedding downstream the cylinder. The characteristics

of those effects will be explained in order to justify the motion amplitudes and find

possible other way of FIM mitigation.

According to the lack of maturity of this subject, further hints and future studies

will be proposed.

6.1 Concluding Remarks

The analysis of the results enlightened the mitigating characteristic of each parame-

ter. Stage A is the parametric study of the spoiler plate mitigating effect. The best

cases for each parameter are summed up in Table 6.1.

Best Parameter - Stage A

Study AR,S nL nD

AR,S 2.0 5 8

nL 1.0 7 8

nD 1.0 5 4

Table 6.1: Best parameters confirmed in Stage A



Figure 6.1 and 6.2 give an estimation of the mitigating effect of each parameter.

The best case of each study of Stage A is compared with the no spoiler case. This

comparison shows the influence of the single parameter on the structure motion

response and that each parameter has its own influence range.

According to Figure 6.1, parameter nL and nD are mainly effective between 5 <

Ur < 9, which is the resonance range for the platform. The reduction estimated is

oscillating around ∆X=50%. Whilst AR,S is performing better for Ur > 9, resulting

in a desynchronized region for that range. This fact is suggested by an approximated

value of ∆X=90%. The reduction is not relevant up to Ur=5, as the displacements

and the amplitudes are very small in that range.

Even though the reduction is verified, the inline motion amplitudes for FIM are

not as big and relevant as the transverse.

Figure 6.1: Percentage reduction of the inline motion amplitude, because of AR,S

(red), nL (blue) and nD (black)

As previously stated, the transverse amplitudes are the most relevant. According

to Figure 6.1, parameter nL and nD are mainly effective between 5 < Ur < 9, which

is in the synchronization range for the platform, as well as in the inline case, even

though reduction is decreasing while approaching the resonance peak (Ur=9). The

reduction estimated differs in a range of 5%< ∆Y < 40%. Whilst, AR,S is performing

better for Ur > 9, resulting in a desynchronized region for that range, as verified in

the inline case. This fact is suggested by an approximated value of ∆X=90%. As
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for the inline case, the reduction is not relevant up to Ur=5, as the displacements

are very small in that range.

Figure 6.2: Percentage reduction of the transverse motion amplitude, because of

AR,S (red), nL (blue) and nD (black)

Once extrapolated the previously deduction, it is evident which is the Most

Improved Case (MIC), and it is possible to show and understand the response once

all the parameters influences are super-positioned. Figure 6.5 shows the reduction

in inline and transverse amplitudes, and how effective is the FIM mitigation in the

MIC arrangement.

The trend of the inline and transverse reduction is similar to the one previously

shown. The largest reduction is verified for inline case, even though the amplitudes

are smaller compared to the transverse one. In the synchronization range the mit-

igation is less effective especially for the transverse case. The best performance is

verified for Ur > 9 suggesting a desynchronization range.

In conclusion, the spoiler device is mainly affecting the inline motion, because of

drastic reduction of the drag coefficient (see Figure 5.12). Whilst, the main benefit

for the transverse motion mitigation is an anticipation of the desynchronization

vortex shedding - platform motion.
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Figure 6.3: Comparison inline amplitude between the no spoiler case and the MIC

Figure 6.4: Comparison inline amplitude between the no spoiler case and the MIC

One of the reason of this constraint on the transverse mitigation effect of the

spoiler plates, could be related to the position and the type of vortices created. As
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Figure 6.5: Percentage reduction in the inline (red) and transverse (blue) motion

amplitude, comparing the No spoiler case and the MIC

the spoiler are arranged on the side of the cylinder, mainly the vorticity created in

that area is suppressed. Several works in literature tried to evaluate experimentally

and numerically - respectively through PIV test and CFD simulations - the charac-

teristics of the vortices shed in the wake of a fixed cylinder and their pattern. The

results is the discover of the presence of not just 2D vortices, but also 3D vortices

created by the free-end of the platform.

The 3D vortices generation is related to a formation of stagnation and recircu-

lating area in specific position in the wake of the cylinder. These stagnation points,

or bubbles, let the flow circulate around them with consequent creation of recircu-

lating flow. As investigated in the work of Gonçalves et al. [9], for fixed cylinder

AR=1.5 the vortex shedding is dominated by von Kármán vortices in the streamwise

direction and is also affected by vortices originated from the free-end of the cylinder.

According to Kawamura et al. [13], the free-end vortices are generated because of

a bubble located under the bottom of the cylinder. These vortices are distinguished

in blow-up and recirculating vortices.

Figure 6.6 illustrates a sketch of the vortices created and the location of the

bubbles : the bubble are located under the free-end and on the side of the cylinder.

The vortex structures are affecting the motion of the cylinder and their effects

are distinguished according to where they originated: side effect and free-end effect.
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Figure 6.6: Sketch of the vortex structure in the wake of a cylinder: von Kármán

(1), recirculating (2) and blow-up (3)

The intensity of the effect is strongly related to the aspect ratio of the structure.

The larger the aspect ratio the larger the contribute in the motion of the side vortices

and the smaller the contribute of the free-end vortices, and viceversa (see Figure

6.7). For aspect ratio 0.75 < AR < 1.5 both the von Kármán and the free-end

characteristics are present. For AR < 0.75 the free-end vortices are predominant.

Aspect Ratio

Free-end

Side 

Figure 6.7: Illustration of the dependence of the vortex origin with the aspect

ratio
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Part of the works are associated to fixed cylinder case and not floating, but

similarities can be hypothesized. Figure 6.8 compares different transverse amplitude

response for floating (m∗ = 1) cylinders of different aspect ratio.

Figure 6.8: Effect of the vortices characteristics on different aspect ratio, AR,

cylinders

Comparing the amplitude of AR=17.8, considered as an ”infinite cylinder”,

AR=2.0 and AR=0.5, it is reasonable to say that the phenomena stated for the fixed

case can be also associated for the floating case. The reason is that for AR=2.0

the amplitude is higher as both the vortices contributes are present, whilst lower for

AR=17.8 and AR=0.5, whose stronger characteristics of the vortices are respectively

side and free-end.

The Most Improved Case transverse amplitude response is between this two

cases. The motion amplitude is reduced compared to the case without spoiler,

probably because of a suppression of the side vortices. Comparing with the AR=0.5,

in the synchronization range the amplitude is high because of the free-end vortices

as the trend and the amplitude values are similar.

The results and the conclusion obtained are evaluated in order to show the

response of this kind of model in a fundamental way. The full scale case is not

concern of this work, and for the implication of this mitigation device a further

evaluation regarding the current velocity field must be assessed.
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6.2 Future Works

One of the interesting point that came out of this discussion is the lack of liter-

ature regarding spoiler plates and their application. Furthermore, the numerical

calculation for floating cylinder in current condition are in developing phase, so new

methods should be defined.

A CFD simulation of the present case would confirm and could be validated in

order to reduce the time cost taken by the experiment. Once a numerical method

for 6DOF, floating and current condition case is developed, it would be possible to

confirm the characteristics of the vortices shed in the wake of the cylinder and to

collocate the mitigation devices where they are required and they could be more

effective.

Figure 6.9: OC4 concept

Furthermore, the increasing exploitation of low aspect ratio cylindrical structures

for offshore platform would require further studies and investigation related to fluid-

structure interaction and, particularly, FIM. Mitigation devices should be tested on

new generation platform models, i.e. OC4 (see Figure 6.9), in order to verify the

effectiveness of the device for other and more complex geometry of platform.

Other works that can be developed are further studies related to the free-end

effect, as could be the most influencing effect for the FIM in this type of platform.
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[10] Gonçalves, R. T., Fujarra, A. L., Rosetti, G. F., and Nishimoto, K.

(2010). Mitigation of vortex-induced motion (vim) on a monocolumn platform:

forces and movements. Journal of Offshore Mechanics and Arctic Engineering,

132(4):041102.
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Appendix A

Design Details

A.1 Metacenter Calculation

The metacenter of a cylindrical floater can be calculated as:

M = B +
IA
VD

, (A.1)

where B is coordinate of the centre of buoyancy of the body, IA is the secon

moment of inertia of a cylinder and VD is the water displacement.The second moment

of inertia has been calculated as:

IA = π
D4

32
, (A.2)

where D is the diameter of the cylinder. The metacentric height, GM , is derived

as the distance between the metacenter and the center of gravity of the floater:

GM = G−M. (A.3)

A.2 Blockage Effect

According to the definition described in Chapter 4, the blockage effect coefficient, Be,

is the contribute of the boundaries of the tank’s wall on the result of the experiment.

this coefficient take in to account both the effects of the side and the bottom of the

tank. This value is calculated as:

Be =
L ·D

WT ·DT

, (A.4)

Where L is the immersed length of the body and D is its diameter. WT and DT

are, respectively, width and depth of the tank facility.



A.3 Spoiler Plates Design

In order to ensure the attachment of the spoiler plates to the model surface a prelim-

inary design has been assessed considering the most conservative case: the highest

aspect ratio for the spoiler plate and the highest velocity. According to the magnet

designing the following hypothesis, estimated by other works in literature, has been

taken:

Magnet Design

Maximum Current Speed U m/s 0.4

Maximum Flow Velocity at Model Surface US m/s 0.8

Maximum Fluctuating Flow Velocity Umax m/s 1.6

Spoiler Drag Coefficient CD,S [-] 2

Maximum Length b mm 10

Maximum Width a mm 20

Table A.1: Magnet design

The maximum force acting on the spoiler, Fmax
X has been calculated according

to the following formula:

Fmax
X =

1

2
CDS

ρU2
maxa · b (A.5)

The factory standard for neodymium magnets are related to a fixed size (3mmx3mmx10mm)

and summed up in the table below:

Neodymium Factory Standard

Attaching Force kgf 0.991

Attaching Stress N ·mm2 0.324

Table A.2: Neodymium magnet factory standard

Once having all these values, overturning moment and bending stress for the

highest aspect ratio case have been calculated, with the following result:
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Forces acting on the spoiler

Drag Force acting on the Spoiler kgf 0.512

Overturning Moment N ·mm 5.12

Bending Stress N ·mm2 0.256

Table A.3: Forces values acting in current condition on the spoiler plate

In conclusion, the feasibility of the design is ensured, as the estimated bending

stress is lower than the attachment force of the Neodymium magnet.
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Appendix B

Additional Results

B.1 Stage A - Parameter nL

Figure B.1: Effect of nL on the dynamic drag coefficient, CDd



Figure B.2: Effect of nL on the lift coefficient, CL

Figure B.3: Effect of nL on the added mass coefficient, Ca

98



B.2 Stage B - Parameter nL

Figure B.4: Effect of nL on drag coefficient, CD

Figure B.5: Effect of nL on the dynamic drag coefficient, CDd
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Figure B.6: Effect of nL on the lift coefficient, CL

Figure B.7: Effect of nL on the added mass coefficient, Ca
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Figure B.8: Normalized Power Spectrum Density of the motion in the inline (a)

and transverse (b) direction for AR,S = 2.0, nL = 3 and nD = 8

Figure B.9: Normalized Power Spectrum Density of the motion in the inline (a)

and transverse (b) direction for AR,S = 2.0, nL = 5 and nD = 8

Figure B.10: Normalized Power Spectrum Density of the motion in the inline (a)

and transverse (b) direction for AR,S = 2.0, nL = 7 and nD = 8
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B.3 Stage B - Parameter nD

Figure B.11: Effect of nD on drag coefficient, CD

Figure B.12: Effect of nD on the dynamic drag coefficient, CDd
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Figure B.13: Effect of nD on the lift coefficient, CL

Figure B.14: Effect of nD on the added mass coefficient, Ca
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Figure B.15: Normalized Power Spectrum Density of the motion in the inline (a)

and transverse (b) direction for AR,S = 2.0, nL = 5 and nD = 4

Figure B.16: Normalized Power Spectrum Density of the motion in the inline (a)

and transverse (b) direction for AR,S = 2.0, nL = 5 and nD = 8

Figure B.17: Normalized Power Spectrum Density of the motion in the inline (a)

and transverse (b) direction for AR,S = 2.0, nL = 5and nD = 16
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