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Abstract. Herein, we report meaningful and selective review of the progress made on “Vortex Induced
Vibration (VIV)’ and ‘Vortex Induced Motion (VIM)’ of ‘Structures of Specific Shapes (SoSS)’ subjected to
steady uniform flow and of relevance to/in marine structures. Important and critical elements of the numerical
methods, experimental methods, and physical ideas are listed and analysed critically and the limitations of the
current state of art of VIV/VIM are discussed in-detail. Our focus and aim are to analyse the existing researches
with respect to the application in analyses, design and production of marine structures and the reported reviews
centre on these only. We identify the critical and important issues that exist in the current literature and utilise
these issues to highlight the challenges that need to be tackled to design and develop new age marine structures
that can exist and operate safely in the areas of dominance by the VIV/VIM. Finally, we also identify some
areas for future scope of research on VIV/VIM.

Keywords:  catenary riser; computer simulation model; current velocity; moored structure; semi-
submersible; steel catenary riser; towing velocity; vortex induced motion; vortex induced vibration

1. Introduction

In the world of engineering fluid mechanics, the ‘Vortex Induced Vibration (VIV)’ is the motion
that is induced on structures of specific shapes interacting with an external fluid flow and it is either
produced by or is the motion producing, periodic irregularities on this flow. Examples of ‘Specific
Shapes (SS)’ include cylinder, ellipse, and square/rectangle with sharp/rounded corners and the VIV
shows heavy dependency upon the curvature, i.e., a sharp change in the curvature causes the
separation of boundary layer and that is primarily responsible for the VIV. Table 1 lists ‘Structures
of Specific Shapes’ and their application ranges.

A real fluid always has some viscosity and this effect of viscosity causes the flow around any
‘Structure of Specific Shapes (SoSS)’ to slow down while in contact with the surface of structure
thus forming the boundary layer. Depending upon the change in the curvature, this boundary layer
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gets separated from the structure and a vortex is formed.

This formation of vortex changes the pressure distribution along the surface and when the vortex
does not form symmetrically around the structure’s mid plane, different lift forces develop on each
side of the body. Differential lift forces lead to a motion transverse to the flow and this transverse
motion changes the basic nature of the vortex formation. Change in the vortex motion implies
changes in the momentum and leads to a limited motion amplitude. Although the motion amplitudes
are low and limited, these are highly repetitive and keep on repeating unless and until the flow rate
changes substantially. A SoSS is highly common across many branches of engineering and because
of this the VIV can occur in cables, heat exchanger tube arrays, marine structures, bridges, stacks,
transmission lines, aircraft control surfaces, thermos wells, engines, heat exchangers, drilling and
production risers in petroleum production, mooring cables, moored structures, tethered structures,
buoyancy and spar hulls, pipelines, members of jacketed structures, and other hydrodynamic and
hydro acoustic structures, etc.

Wider occurrence of the VIV indicates that it is important in many disciplines and its study
incorporates fluid mechanics, structural mechanics, vibrations, ‘Computational Fluid Dynamics
(CFD)’, acoustics, statistics, smart materials, etc. As the oil and gas exploration and production are
moving towards deeper and deeper water depths because of the depleting reservoirs at the on-
shore/low water depth offshore locations, the importance of VIV studies is becoming more and more
critical to ensure the design and development of safe and economic marine risers and platform, e.g.,
a case of high industrial significance is long SoSS in water depths of more than 3000 m.

As has been noted before, the VIV results in to highly repetitive and periodic low and limited
motion amplitudes, and these cyclic motions are the critical source of fatigue damage in marine
structures, i.e., oil exploration/drilling/production risers, export pipe lines, Steel Catenary Risers
(SCRs), and tendons or tethers, etc., for more details see Pallan and Sharma (2022). A long and
slender SoSS experiences both the current flow and top-end platform motions, and these motions
result in the flow-structure relative motions and cause VIVs. Flow around a SoSS is on the
fundamental open flow problems and at low Reynolds numbers, the streamlines of the resulting flow
are symmetric because of the dominance of potential flow, and later when the Reynolds number is
increased the flow gets more and more asymmetric. This asymmetricity results in to Karman Vortex
Street and the vortex shedding give rise to the motion. Some studies have explored the possibility
of utilizing this motion to generate power, albeit on a very low and impractical scale, for more details
Soti et al. (2017). A basic understanding of the VIV exists and it is based upon the Strouhal number

(st _ 1D where f, is the vortex/Strouhal shedding frequency of the SoSS at rest, D is the
U

characteristic dimension of the SoSS and U is the velocity of the flow under which the SoSS has
been placed. Normally, the Strouhal number for a SoSS is taken around 0.2 covering a wide range
of flow velocities and the ‘lock-in” happens when the vortex shedding frequency becomes close to
the natural fundamental frequency of vibration of the structure. If it happens then large and damaging
vibrations will result and these produce catastrophic damage to the structure.

Although, the basic understanding of VIV exists and the problem has invited wide range of
attention from both the industry and academia, the translation of results into application does not
exist, i.e. how to apply the results for better designs of SoSS and the structure in which they are parts,
is surprisingly remains largely unexplored. Additionally, both the numerical and experimental
investigations toward better understanding of the kinematics/dynamics of VIV have centered on the
low-Reynolds number regime. This is because limitations exist on both the computational powers
in numerical investigations and flow/towing velocities in experimental investigations. Also, the VIV
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Table 1 List of Structures of Specific Shapes and their application ranges

S. No. Structures of Specific Length, diameter and Range of the industrial applications
Shapes slenderness
1 Cylinder A - Long length, low A - Marine drilling and production riser,

diameter, highly slender  stacks, transmission lines, thermos wells,

marine cables, towed cables, mooring

cables, moored structures, tethered

structures, buoyancy modules, pipelines,

cable-laying, and members of jacketed

structures, etc.

B - Short length, medium B - Bridges, columns and pontoons in
to high diameter, lowly marine structures (e.g. semi-submersible),

slender aircraft control surfaces, engines, heat
exchangers, and other hydrodynamic and

hydro-acoustic applications.

2 Square with Short length, medium to Columns and pontoons in marine structures
rounded/sharp corners high diameter, lowly (e.g., semi-submersible), aircraft control
slender surfaces, engines, heat exchangers, and
other hydrodynamic and hydro-acoustic
applications.
3 Rectangle with Short length, medium to  Pontoons in marine structures (e.g., semi-
rounded/sharp corners high diameter, lowly submersible), heat exchangers, and other
slender hydrodynamic and hydro-acoustic
applications.
4 Ellipse Short length, mediumto  Columns in marine structures (e.g., semi-
high diameter, lowly submersible), and in tube bundle
slender configurations (i.e., heat exchangers,
boilers, condensers, and nuclear fuel rods,
etc.).

is not a small perturbation superimposed on a mean steady motion and it is an inherently nonlinear,
self-governed/regulated, large, and multi degrees-of-freedom phenomenon. To further complicate
the issue, it implies unsteady flow characteristics that are resulted because of the existence of two
unsteady shear layers and interactions of lone and slender structures with large-scale structures.

From the industrial design application point of view, we need to know about: What is the
dominant response frequency, the range of normalized velocities, the variation of the phase angle,
and the response amplitude in the synchronization range as a function of the controlling and
influencing parameters, etc. On all these parameters the applicable knowledge remains sparse and it
is difficult (if not impossible) to predict the dynamic response of fluid-structure interaction problems
because these require the input of the ‘in-phase’ and ‘out-of-phase’ components of the lift
coefficients, in-line drag coefficients, correlation lengths, damping coefficients, relative roughness,
shear, and wave and current velocities, etc. A lack of proper understanding results in to usage of
large safety factors and these result in to costly and uneconomic designs, for more details see Son et
al. (2011). We believe that basic and fundamental studies, large scale experiments, and their detailed
analyses for deriving usable and implementable design guidelines can only lead to the understanding
of relationships between the response of a structure and the governing and influencing parameters.
Our own research centers on this.
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Most of the existing research on the VIV focuses on the interaction of a rigid SoSS whose degrees
of freedom have been reduced from six to one to study its transverse motion with three dimensional
separated flow, dominated by large scale vortical structures, for more details see King (1948), Verley
and Every (1977), Vandiver (1983), Jones and Lamb (1993), Placzek et al. (2009), and references
there-in.

Our aim in this paper is neither to report an exhaustive summary of the research available on the
VIV and “Vortex-Induced Motion (VIM)’ nor to report reviews just for the sake of review, for these
one can refer to Sarpkaya (1979), Sarpkaya and Isaacson (1981), Bearman (1984), Sarpkaya (2004),
Williamson and Govardhan (2004), Naudascher and Rockwell (2005), Sumer et al. (2006), Hong
and Shah (2018), Liu et al. (2020) and references there-in. Our interests are in the analyses, design,
and production of marine structures and we focus only on the VIV and VIM relevant to the marine
structures. In the area of marine design and production, research resulting in design papers is rare
and our researches normally address this, e.g., Sharma and Sha (2005). Even in the scope of marine
structures, our focus restricts to semi-submersible only because in the deep water depths applications
only three choices exist (either semi-submersible or drill ship or spar) for oil and gas
exploration/drilling/production, for more details see Sharma et al. (2009a, b, c), Sharma et al. (2010),
and Gosain et al. (2017). Among these three choices sem-submsersible is more popular than the
other too, especialy for the drilling purposes. Also, we analyze the research results primarily from
the applications’ perspective and highlight the concerning areas where despite decades of research
no applicable guidelines can be or have been derived from the research knowledge base.

The remaining of this paper is organized as follows: Section 2 presents the background and
motivation; Section 3 analyzes the studies of VIV responses of marine riser; Section 4 discusses the
existing research on VIM responses of semi-submersibles; Section 5 reviews the computer
simulation model for the response analysis of semi-submersibles; and finally Section 6 concludes
the paper and identifies some critically important areas of future scope.

2. Background and motivation

The VIM response of semisubmersible can be investigated experimentally either by towing the
semisubmersible in a towing tank where water is in the still condition or in a current flume where
the semisubmersible is subjected to the incoming current. We note that most of the available
experimental investigations are from towing tank approach, and alternatively, the ‘Computational
Fluid Dynamic (CFD)’ based analyses also exist. The towing of a marine structure is not
representative of its actual operating condition, and the drag dominates it. In the actual operating
conditions, the structure is subjected to the incoming waves and currents, and there is less drag.
Hence, the testing of a structure in wave-cum-current flume is closer representative of the actual
operating conditions. Each of these ways to find out the VIM response of semisubmersible has their
advantage and disadvantages.

In this regard, many researchers have tried different options to study the VIM of various offshore
structures. Because of its critical importance in bluff body hydrodynamics and offshore engineering,
the VIV problems and their related effects, like the VIM, were explored as early as 1878 in their
theoretical essence. For the first time and seminally, Strouhal (1878) reported an original study on
the bluff bodies’ vortex shedding. This work inspired a detailed analysis by von Karman (1912), and
from that time onwards, the vortex shedding process behind the bluff bodies has been studied
continuously and continues to date. The process of vortex shedding can lead to the VIV, and in this
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regard, the investigations have focussed upon: Spring supported rigid cylinders and flexible cables.
The studies have been in both directions (i.e., experimental and numerical) because of their wide
industrial applications, e.g., marine risers, cylindrical columns in offshore structures, and mooring
lines in the offshore industry.

A marine riser is typically cylindrical and hence a bluff body. Thus, the concepts of spring-
supported cylinders or flexible cables are commonly applied to study the marine riser. Furthermore,
in the semisubmersible design, the columns are generally cylindrical, and because of the combined
effects of VIV of marine riser and cylindrical columns, the semisubmersible can also face the VIM.
In this paper, we review the important and relevant kinds of literature that pertain to the following:

- The VIV responses of marine riser,
- The VIM response of semisubmersibles, and
- Computer simulation model for the response analysis of semisubmersible.

3. The VIV responses of marine riser

In the offshore industries, the marine risers are flexible structures that go from the deck of the
offshore platform to the seabed, and because of that, they are prone to significant vibrations due to
the sea currents, e.g., CR and DR, etc. The effects of vibration because of current are significant for
deep offshore locations like the Gulf of Mexico, North Sea, and Brazil offshore and get further
complicated in waves and harsh marine environments.

To understand the physics of VIV, both approaches (i.e., experimental and numerical) have been
adopted, and primarily, the studies have focused on spring-supported cylinders, pivoted cantilevers,
flexible cables, etc. The studies have reported for both air and water to predict inline and cross-flow
amplitudes, drag and lift coefficients, and fatigue in the material. The results of cylindrical structures
are applicable in the design and analysis of marine riser as it is also cylindrical. However, there are
differences in the boundary conditions and flow patterns in the field and created in the laboratory.

Hartlen et al. (1968) conducted experiments on cantilevers and reported that as the aspect ratio
(i.e. length (L) to diameter (D) ratio) of the cylinder increased from 11.4 to 14.6 the vibration
amplitude of the cylinder decreased for the same reduced damping.

Griffin et al. (1975) investigated the dependence of the maximum amplitude of vibrations on
reduced velocity (U ) and response parameter and in their formulation response parameter is a

function of damping, natural frequency, m” (mass ratio i.e., m/pD?, where m is the effective mass of
the structure and p is the density of fluid surrounding itand D is the diameter of the cylinder in
the flow). The mass ratio is a measure of the relative importance of buoyancy and added mass effects
on the model) and St . Through their numerical models, the response predictions have been carried
out on taut cables and circular beams and they are in good agreement with available experimental
results.

Starting with Griffin et al. (1975), Sarpakaya (1979) and later Blevins (1990) based upon the
experimental results they computed the numerical expressions (i.e., semi-empirical formulations
based upon regression analysis) for maximum resonant amplitude concerning the vortex shedding.
Their experiments were based upon investigations on cable, a rigid cylinder, and a pivoted rod. It is
well known from the bluff body fluid-structure interaction hydrodynamics, that a cylinder in flow is
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subjected to the forces of lift and drag, and as the drag is significant because of the low
length/diameter ratio of marine structures the drag coefficient gains importance in the design.

Blevins and Burton (1976) presented a regression analysis (i.e. curve fitting) for the experimental
results of Vickery and Watkins (1962) and Hartlen et al. (1968) and showed that as the amplitude
of vibration reaches one diameter of the pivoted cylinder the equivalent lift coefficient tends to
approach zero thus resulting into a pure drag problem in the bluff body fluid-structure interaction
hydrodynamics. From the regression analysis, they derived empirical equations for the equivalent
lift coefficient under three distinct mode shapes with different conditions (i.e., rigid cylinder, pivoted
cantilever, and sinusoid wave motion). Also, using the same regression model they analyzed the
experimental data of Dale et al. (1966), Feng (1968), and Scruton (1963) and reported that the
damping starts to decrease as the amplitude of vibration reaches the diameter of the cylinder. Most
of the experimental studies considered by Blevins and Burton (1976) are on spring-supported rigid
cylinders, pivoted cantilevers, and cable (in sine mode).

Skop et al. (1977) reported experimental results and derived semi-empirical expressions for the
prediction of the drag coefficient. Their method has been applied to the design of ‘Seacon II delta
cables’ to predict the drag coefficient, for details see Kretschmer et al. (1975). They obtained drag
coefficients that are 150% to 230% higher than the nominal stationary drag coefficients for a rigid
cylinder.

Griffin and Ramberg (1982) presented experimental results of measurement of hydrodynamic
force coefficients across a range of Re (Reynolds number i.e., pUD/u where p is the density of fluid
surrounding it, U is the velocity of the current, D is the diameter of the cylinder in the flow, and u
is the viscosity of water), i.e., 1000 to 10000. Their work focused on the application to marine risers
and other tubular structures and they derived equations for the lift coefficient (based on maximum
displacement amplitude) and drag coefficient (based on rigid cylinder drag coefficient). Their
investigation also included the influence of VIV suppression devices (i.e., helical strakes, shrouds,
and near wake stabilizers). In a similar line, Vandiver (1983) discussed measurements of the drag
coefficients of a 75 feet long cable and cylindrical pipe and compared his experimental results with
Skop et al. (1977).

Vandiver (1983) conducted experiments at the mouth of Holbrook Cove near Castine, Maine, on
a 75 feet long flexible cable and cylindrical pipe, where Re up to 22000 has been considered. In
their studies, the cables and pipes were oriented normal to the tidal currents and they measured the
drag coefficients of long cable and cylindrical pipes. Furthermore, they compared the experimental
results with Skop et al. (1977) and reported the empirical expressions for slightly modified drag

coefficient based on the ‘Root Mean Square (RMS)’ displacement A(RMS (i.e., ARMS / D, where
A, 1s the ‘Root Mean Square (RMS)’ amplitude of the vibrating cylinder, D is the diameter of a
cylinder) values across the flow. They discussed the actual field conditions where flow is not
spatially uniform because of the presence of different vortex shedding at different locations that
occur along the depth of cable and termed the vibration response under the non-lock-in condition as
a Gaussian random process. As their experiments have been conducted at the mouth of a river their
conditions closely resemble the actual field condition. However, the internal fluids (i.e. drilling and
completion fluids) that are always present in the offshore operations with marine riser were not
considered in their studies.

Khalak and Williamson (1996) reported an experimental investigation on two rigid cylinders
whose aspect ratios are 10 and 8.5 with different mass ratios. Their results showed that the response
consisted of two different branches, one is upper and the other is lower. The upper branch - upper
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bound - occurs at the U, <6 and the lower branch - lower bound - occurs at theU > 6. Also,

they showed that the lower mass ratio results in a higher response.

Hover et al. (1997) reported an experimental investigation in the towing tank with a 62 cm long
cylinder whose diameter is 3.175 cm with different damping ratios. Their results showed that the
peak lift coefficient and the peak dimensionless amplitude start to decrease with an increase in the
damping ratio.

Bearman et al. (2001) reported experiments on large diameter cylinders to compare the responses
with full-scale prototypes and study the influence of scaling effects from the laboratory scaled data
to the field data. In their work, the Re was varied up to 120000 for the inline response of riser and
the response measurements for large prototype and small models showed a close agreement in the
restricted set of parameters. This is an interesting result because it showed that the small model
results at a laboratory scale can be used to derive efficient design guidelines. After all, scaling is
possible and is efficient from a small to a large scale of the structure.

Vandiver (2002) presented a formulation of the universal damping parameter which can present
the VIV response in uniform and sheared flow. He discussed the variation of the added mass and
the natural frequency with the flow and the relationship between the universal damping parameter
and lift coefficient. The research results of VVandiver (1983), Vandiver (2002), and other papers as
listed in UG (2015) have resulted in the development of commercially available software for the
VIV analysis, i.e., SHEAR7™™ v4.8a. This software is based upon the approach of universal
damping parameter to measure the response of marine risers for sheared flow and other semi-
empirical and numerical formulations developed by the research group.

De Wilde and Huijsmans (2004) studied the VIV response of a long riser with a rigid pipe in the
towing tank and they concluded that the VIV response of a long riser is a complex phenomenon
consisting of multiple modes and the dominance of modes is not strictly orderly harmonic. They
considered a rigid steel pipe instead of a flexible steel pipe and that is a limitation in their study.

In recent years because of the modern advances in computational fluid-structure mechanics and
computing power available in machines, recent research focuses on the development of
computational models that compute numerical solutions in either time or frequency domains. The
computing time for complete simulation is decreasing with available and ever-increasing computing
speed. The simulation-based approaches are attractive because they offer cost-efficient development
of optimal solutions something that is prohibitively expensive with a purely experimental approach.
An efficient simulation-based approach when verified and validated with experimental results offers
the ideal choice for developing analysis-driven design solutions.

In this line, Xu et al. (2008), and Xu et al. (2010) presented a numerical simulation approach
based upon the wake oscillator model applied to an elastically mounted rigid cylinder and compared
the numerical simulation results with existing experimental results and results from Facchinetti et
al. (2004). Across a limited range of applications, the presented model was successful in predicting
the response amplitude and showed good agreement with the available experimental data. In general,
the simplified model of the wake dynamics that is verified and validated through simple experiments
has been known to result in the development of a simple computational tool for the prediction of
some aspects of vortex-induced vibrations of long flexible structures. However, in strongly coupled
motions when the resulting partial differential equations get more complicated with higher-order
derivatives and variables, the wake oscillator model is not applicable. The fully coupled and strongly
non-linear partial differential equations will demand solutions through computational fluid
dynamics, e.g., Direct Navier-Stokes Simulation, time or frequency domain approaches of FSI, etc.
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Although these are computationally expensive and the solution time can vary from a few hours to
days to weeks, they are able to capture coupling and higher modes of vibration accurately.

Meng and Chen (2012) presented a parametric study based on the finite element analysis
approach and wake oscillator model of Facchinetti et al. (2004) by varying the internal fluid velocity
and top tension of steel catenary riser and showed that the mode transitions occur at certain external
flow velocity. The increase in internal flow velocity initially decreases the response but after a
critical threshold value any further increase in the internal flow velocity increases the response and
also the tension is directly proportional to the response till the rigidity sets in and after that it breaks.

Gao et al. (2015) reported an experimental investigation on long flexible risers using VIV
suppression devices (i.e. helical strakes with different pitch and strake height) in uniform and
linearly sheared currents and they observed that in comparison with the bare riser, the dominant
frequency, dominant mode, displacement response, and fatigue damage were all reduced greatly by
using the helical strakes. Furthermore, in comparison with the strake pitch, strake height has a greater
influence on the VIV response displacement and fatigue damage in both uniform and sheared
currents.

Wang et al. (2015a) numerically investigated the responses of steel catenary riser and their
influence on vessel motions for the oscillatory flows and observed that the responses of risers
because of vessel motions are easily identifiable with time-varying features. These time-varying
features show that the vessel motions are strongly related to KC (Keulegan—Carpenter i.e., UnT/D,
where Uy, is the velocity amplitude of flow that oscillates with the time period T, T is the period
of oscillation, and D is the diameter of the cylinder in the flow). It is used to understand the relative
importance of drag forces over inertia forces for bluff objects in an oscillatory fluid flow in the time
domain and larger KC number results in large motion. In their work, the RMS amplitude number is
within 0.2 to 0.4.

Wang et al. (2015b) numerically studied the lateral displacement of the marine riser in the
installation with a floating drilling platform by varying the water depths, wall thicknesses, blow-out
preventer weights, wave heights, and wave periods. The authors showed that except for the wave
period all other parameters influence the lateral displacement of the marine riser.

Recent researchers have focused on either numerical or experimental investigations on issues of
primarily either theoretical interests or scientific interests, e.g. understanding the physics/mechanism
behind VIV, for more details see Hourigan et al. (2001), Mukundan et al. (2010), Bourguet et al.
(2011a, b, 2012), Zou (2012), Eswaran (2013), Eom et al. (2014), Park et al. (20214), Zhangla et
al. (2014), Antony et al. (2015), Bourguet and Triantafyllou (2015), Cifuentes et al. (2015), Kamble
and Chen (2016), Han et al. (2018), Zhao et al. (2018a and 2018b), Hu et al. (2019), Huang and
Chen (2020), Tamura (2020), Konstantinidis ef al. (2021), Jia et al. (2022), and references there-in.
Undeniably, the theoretical and physical understanding of the VIV is important, but engineering and
technology are all about the application of science (including physics of course) in deriving the
approaches for analyses, design, and production of engineering structures. It is on this issue that
most of recent researches fail to focus and do not produce any implementable and usable guidelines,
what-so-ever.

In our researches (Domala and Sharma 2018), we have focussed on the experimental study on
vortex-induced vibration response of marine riser with and without semi-submersible and our
analyses were utilized to draw and derive design guidelines and operational ranges for the marine
riser (with and without semi-submersible). Although the application domains were clearly identified
and the results have been revealing, they are just the beginning and centres on the low but widely
occurring Reynolds’s number (Re) up to 5000, only. To strengthen our efforts in the area of VIV, to
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Fig. 1 A rigid cylinder flexibly supported with springs adapted from Van Dyke (1982)

develop deep and meaningful insights into the complex dynamic motion response related to the VIV,
we need to investigate the moderate regime of Re, include more geometric configurations and shapes
of columns/pontoons in the semi-submersible and focus on the design and development of an
experimental set-ups for moored structures. The comparative listings on VIV response of marine
riser and marine riser configuration are listed in Table 2.

2.1 Key limitations of the existing research on VIV of marine riser

In most of the existing research on VIV of the marine riser, the experimental investigations have
been carried out in a towing tank where the riser is towed with the assumption that the towing
velocity represents the current velocity and the rigid cylinder is flexibly supported at both the ends
instead of fixed ends. The rigid cylinder flexibly supported with spring is shown in Fig. 1.

This type of condition is popular in experimental studies, but it does not represent marine risers
actual field conditions. It is well known that in a fluid flow, the cylinder is subjected to lift and drag
forces, and if an experiment is performed in a towing tank then the flow becomes drag-dominated.
In the real world, the flow around a marine structure is lift-dominated. Furthermore, since it is
difficult to perform experiments with a CR, the literature is limited regarding CR. Additionally; the
responses of DR and CR with internal fluids (i.e., representative of the actual field conditions) have
not been studied so far. The studies on CR’s response with semisubmersible are also scarce.

B

4. The VIM responses of semi - submersibles

Starting from the early stages of the design of semisubmersibles, it is important to understand the
response due to waves, to develop efficient and economic designs. However, little is known about
the response of semisubmersible because of the vortex-induced motions introduced by the
cylindrical columns, the effect of the VIV of the marine riser on the vortex-induced motions of
semisubmersible and the coupling of the VIV and VIM. These responses are critically important and
for their better understanding, we need to understand the responses under both the conditions of
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Table 2 Comparative listing of the marine riser configuration in experimental studies
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References
Technical ) ) Domala
parameter of  Trimetal.  Leeetal. Chaplinetal. Xuetal. II_(I:azzg De;/r\]/élde Gao et al. Shaz;’(rjna
riser
(2005) (2005) (2005) (2009 3006 Huijsmans (2004 2019) 2018,
2020)
Riser length 35 bRy 366 (DR) 13.12(DR) 85(DR) 90 (DR) 12.6 (DR) 79(R) 5 (CR)and
(m) 1.2 (DR)
Riser outer 27 635 &38.1 28 47 30 16 30 14
diameter (mm)
Aspect ratio 157(CR) , 86
(L/D) 1400 576, 960 470 181 3000 787 263 (DR)
Coaxial
Material Fibre glass  Fibre Glass Pg(;zgzgr' rubber Steel NK NK SSBFH
hose
Mass 0.761 0.761 NK NK 2.27 NK 25 0.25
(kg/m)
Te(”NS;O“ 4000106000  NK NK 420 3700 900 3000 33,67 for DR
Modulus of
elasticity 2.25E+09 2.25E+09 NK NK 2.10E+11 NK 1.08E+11 2.10E+11
(N/m?)
. TS:2.4t0 . TS:0.1t0 .. i TS:0.8t0 C:0.05to
TS/IC(m/s) TS:0.4t015 55 TS: 1 10 TS:0.16t0 2 TS: 1 Y 0343
Mass ratio
( m*) 1.6 NK NK 1.35 3.13 2.29 3.3 2.05t0 2.65
Cross flow DR- A, with
(CF) and water, drilling
A, A, inline . e fluid,
- - Y/D and X/D o A displacement Drag is measured A, A, stiffening, and
Discussed A, with A, with . : and and Single-mode \yith strak e O
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Most of the research results are reported in Aj and they vary across the sections because of studies done with: either towing or current, either spring-

mounted/supported cylinder or cylinder with ends fixed, and either cylinder with strakes or without strakes, etc.

NK — Not known. Towing speed — TS. Current — C, DR — Drilling riser, CR — Catenary riser.

individual and coupled. As the VIM can introduce significant oscillatory motions on the
semisubmersible, its importance has been realized slowly, primarily in during 2000 to date.
Possibly for the first time on the problem of VIM, Waals et al. (2007) considered four
configurations of floaters for the experimental investigation in a towing tank (i.e., 1-Deep Draft
Semi-submersible (DDS), 2-TLP, 3-semi-submersible and 4 -semisubmersible with two pontoons).
In their configurations, the major differences are in the mass ratios, where the 2-configuration has
32% less mass than the 1-configuration; in the column length, where the 3-configuration has 50%
smaller than the 1-configuration; and the number of the pontoons, where the 4-configuration has
two pontoons compared to the 1/2/3-configurations. Their results indicated that all the
configurations have a maximum response at the 45-degree current heading and the peak response is
found in between 5<U_<8. The VIM did not reduce for higher values of the U and the vortex

shedding frequencies are not close to the motion periods and the galloping is observed for the 4-
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configuration, i.e., two pontoon semisubmersible. Here in the experimental setup, the authors used
equivalent mooring stiffness or a simplified mooring system (i.e., where horizontal springs are used
instead of actual mooring lines) instead of catenary mooring lines for all the floaters, which is a
limitation in their study.

Hong et al. (2008) reported model tests on the DDS under waves and current and they considered
two current velocities and the Strouhal number test results were similar to mono column structure.
If the current velocity is higher, then even for the smaller fluid particle velocity (i.e., lower
significant wave height (Hs) and longer time period (Tp)) the VIM amplitudes are higher. Their
results imply that a DDS is expected to experience a more significant VIM response in the regime
of a stronger current.

Rijken and Leverette (2008) presented an experimental investigation on the VIM response of
DDS with external dampers and the external damping device was utilized to provide the opposite
force that is equal in magnitude to the motion-inducing force. This provided around 10% equivalent
linear damping for the sway amplitudes and delayed the response of VIM to higher reduced
velocities. Rijken and Leverette (2009) reported a detailed study on the field measurements of
semisubmersible and presented results for two conditions: Lock in condition and post lock-in
condition. They observed that the VIM amplitudes are significantly small for the prototype than the
model test results. The field studies showed that even though inline and cross-flow amplitudes of
vibratory motions are small but they are harmonic at the lock-in conditions and for the post lock-in
conditions they are almost constant with little or no change. The primary reason for the lower
amplitudes in the field is that the mooring lines and riser systems have significant mass,
hydrodynamic loading, and drag.

But in the model tests mooring lines and risers are assumed as horizontal springs while neglecting
their mass, hydrodynamic loading, and drag. The stiffness is the only property that is considered
through the use of the concept of equivalent stiffness. Also, the boundary conditions are different at
the ends in the case of the model and the prototype.

There exist some studies on marine structures that are based upon a deck resting on a single long
cylindrical column, e.g., SPAR platform. Fujarra et al. (2009) and Gongalves et al. (20103, b)
discussed experimental results on a model mono-column platform with hull appendages to check
the VIM response subjected to different conditions, e.g., different drafts with the risers and the VIM
suppression devices. In their results, the maximum VIM responses occur at the U of 14 for both

the inline and transverse vibrations at the 0 and 180 degrees current directions.

The change of current directions reduces the response of VIM due to the presence of hull
appendages and the weak interaction between cross-flow and inline motions. The model of mono-
column platform used by Fujarra et al. (2009) and Gongalves et al. (2010a, b) consists of a scale
model of the MonoBR floating unit and it is secured by a set of equivalent horizontal moorings in
the towing tank. In the model test details, the 0 degree incidence is characterized by having one
fairlead in front of the model and the 180 degree incidence is characterized by two fairleads in front
of the model. Because of this arrangement of mooring lines, the point where the boundary layer
separates keeps moving around the hull with the change in direction of current and increasing
velocities; and this change results into the ‘Vortex Induced Motion (VIM)’ showing dependency
upon the current even when the current is acting on an axis symmetric mono cylindrical column
structure (like spar). The riser when connected to a platform provides extra damping and this
decreases the cross-flow and inline responses. Furthermore, the waves with current decrease the
VIM response only when severe heave motion is observed. In the range of low U (5<U _<10),
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the VIM in the transverse direction present a small increase in amplitude and it is related to a
simultaneous increase in the VIM in the in-line direction. Atlow U the flow gets separated earlier

causing the boundary layer separation followed by unsymmetrical vortex shedding. This results into
an increase in the VIM responses (in the transverse and in-line directions) at low U _.

Wang et al. (2009) presented an experimental study with a bare cylinder and a cylinder with two
helical strakes of different heights. They used two different mooring systems, i.e., 4 lines and 3 lines
mooring system. Unlike the VIM experiments that are done in a towing tank, their experiment tends
to replicate the real-world scene where water flows around the structure instead of the structure
running/being towed through the water. Their results showed that the VIM response can be
controlled by the strakes except at some of the particular current directions (i.e., 105°, 225% and 345°)
and there the VIM response is not reduced. Furthermore, the strake with a higher height shows more
effectively than with a less height and the strake also increases the sway natural period. The current
direction and mooring line orientation also affect the VIM response of the cylinder.

Xu (2011) presented a semisubmersible design with optimization of the hull to reduce the heave
motions and also the VIM. In his approach, the shape of the column was not altered and the large
blisters of asymmetric shapes with sharp corners were attached at the lower part of the columns. The
pontoons dimensions became thin at central part and elongated at the edges around the column and
this shape was named ‘dog bone’ shape. He also reported model tests on conventional and new
designs to check for the VIM performance under the 30 and 45 degrees current heading and the
results showed that the blisters attached to columns had reduced the VIM response by breaking the
vortex shedding by around 50%.

Rijken et al. (2011) presented experiment results on four different hull forms (A, B, C and D) of
semisubmersible in a towing tank, i.e. A is a clean hull and the three others have varying hulls-
appurtenances. They used horizontal springs for both the symmetric mooring without SCR and the
asymmetric mooring with SCR. Their results showed that the VIM responses are similar even when
the stiffness due to the mooring lines and SCR are different. These results are surprising and the
explanation is that the mass of mooring lines and SCR are not considered in the model test. The
VIM response is different or distinct when reversing the towing direction. Their test results were
compared to the SPAR VIM response test results where similar vessel trajectories were reported.
Increasing the details on columns affected the VIM response for 15 and 30degrees current heading,
where the inline response was increased.

Martin and Rijken (2012) discussed model scale studies and investigated the effect of damping,
hull surface and wave action on the VIM response of semisubmersible. They showed that an increase
of damping by 50% decreases the response of VIM by 50% and the semisubmersible has very less
response against the different sea states. For smaller sea states, the VIM response is very less and
increasing the wave height reduces the response of VIM. The vortex induced yaw response can lead
to the coupled sway-yaw response depending on the stiffness of mooring lines. The yaw response
depends on current heading where 45 degree current heading has higher response compared to other
current headings.

Goncalves et al. (2012, 2013) reported experimental investigations on a semisubmersible and
found that all the measured results are synchronized between the reduced velocities of 5 to 8 and the
responses are harmonic between the mentioned reduced velocities. They also reported VIM
responses for different drafts with waves and current in the same heading. In their results at the 45°
current heading when no waves are present the VIM responses are higher and for regular waves with
different waves heights there is no synchronization. Furthermore, for different sea state conditions
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with different frequencies the VIM responses are lower as compared with the no wave condition.
They also reported results with different drafts where the VIM is higher at higher draft conditions
as compared with the lower draft conditions.

Bai et al. (2013) presented experimental and numerical investigation on a DDS and their results
showed that the sway response depends on current velocities, i.e., the maximum amplitude for surge
and sway is obtained for the 135 degrees of current in between 6 <U _<9. However, because of

the high characteristic length, the same is not observed for the O degree current and for the yaw
response higher amplitude is obtained at the 90 degrees current at the higher reduced velocities.
Their numerical results were for a 2 dimensional model while neglecting the hull appendages and
pontoons and the response amplitudes were overestimated as compared with the experimental results,
i.e. the higher amplitudes were obtained for the 135, 150 and 120 degrees current heading where
lock-in was observed and the small amplitudes were observed for the 180 and 90 degrees current
headings where no lock-in was observed.

Rijken (2014) discussed a CFD analysis based on the scale and mass ratios and reported the
comparison between the two results. His results showed that the difference in VIM responses is low
in between the model tests and CFD results and the change in mass ratio does not affect the VIM
response as there is no change in the reduced damping (or Scruton number, i.e., 5. =2m(27{/pD?),

where m is the effective mass of cylinder and p is the density of fluid surrounding it, ¢ is the

damping ratioand D is the diameter of the cylinder in the flow. If the reduced damping is increases
then the amplitude of vortex induced vibrations will decrease.).

Antony et al. (2015) presented an investigation of the VIM response of DDS with CFD analysis
and they showed that the nominal vibration amplitude is of the same order for model and full scales.
The sway periods are lower for full scale and the peak in nominal amplitude as a function of U _

shifts to the left. In their studies, the damping is assumed for riser and mooring system and a linear
damping model was assumed with the assumption of 10% and 20% damping. Their results showed
a VIM response reduction with the increase in damping from 0 to 10% and later from 10% to 20%
only a marginal reduction was achieved.

Chen and Chen (2015) reported the CFD simulations on a DDS for model scale of 1:70 and full
scale, and compared the results with existing experimental results of Waals et al. (2007) and Rijken
and Leverette (2008). Their comparisons of numerical results with the experimental results showed
a good agreement within the restricted setting of parameters. They obtained the maximum sway
amplitudes around the range of 5<U,_<8. They did not show any comparison for the yaw motion,

possibly because the yaw response amplitudes are very small and hence any comparison will be
difficult and erratic. Also, there is no interaction between the upstream columns and the rear columns
are affected by vortices shed by upstream columns.

Irani et al. (2015) presented an experimental study on semisubmersible model to investigate the
effect of varying draft, hull appendages and damping on the VIM. Their results showed that an
increase in the draft results into the increase of the amplitude of vibration, an increase in the damping
results into the decrease of the VIM response and with the hull appendages the VIM response
decreases. They also reported comparison between the CFD results with model tests and field tests
and the CFD results of full scale agree with field data within the restricted setting of parameters.
However, the model test results are significantly higher than the field data and the process of
computations of the U are not very clear for their reported field data.
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Goncalves et al. (2015) reported the experimental results with different column designs (i.e.,
square and circular) and studied the VIM responses. They observed that the VIM amplitudes are
higher in case of circular column semisubmersible as compared with square column
semisubmersible. For the 0° current incidence the circular column has higher transverse response
and yaw responses are similar, at 22.5° incidence both the structures have a similar transverse
response and the yaw response is higher for circular column semisubmersible and at the 45°
incidence the square column semisubmersible has higher transverse response and circular column
has higher yaw response. All the responses have a lock-in range of the reduced velocities in between
5 and 8 and for the 22.5° and 45° a second peak is observed at around reduced velocity of 16 for
semisubmersible with circular column. The second peak can be because of the coupling of either
surge and heave, or sway and heave, or both.

Koop et al. (2016) discussed an important study that showed the VIM response difference
between the field and model tests. They noted that when the square column roughness is increased
there is no reduction in the VIM response as compared with bare hull. However, when the circular
column roughness is increased the VIM response is reduced as compared with bare hull. This is
because the response in the case of square like columns the sharp or rounded corners lead to fixed
points flow separations (even when they are rounded) as compared to the circular section which is
smooth. Hence, for a circular section any minor variation from the boundary smoothness can cause
the flow streamline to separate from the body and thereby it will reduce the VIM responses.

This idea of altering the smoothness of section by using wires etc. to reduce the VIV and VIM
responses has a long research history starting possibly in 2000s, e.g., Hover et al. (1997). Also, this
idea can be extended further by utilizing the concepts of usages of ‘chines’ in high speed crafts. In
Koop et al. (2016), they also explained that the presence of small waves as found in the operational
seas may not reduce the VIM behavior of the semisubmersible. But the lower VIM occurs for the
higher wave heights. They also compared the CFD results of full scale and model scale and they
reported that the VIM response occurs at lower reduced velocity as compared with model scale. But
the peak values are same for both. Also they noted that the varying current velocity is not responsible
for the VIM reduction in the field and for shear currents the variation of current velocity with the
draft of semisubmersible is not large so the shear currents have little influence on VIM.

Liu et al. (2016) presented a study on four configurations of DDS for the experimental
investigation of the influence of pontoon and column configuration on the VIM. Their variations are:
1 - DDS with four pontoons, 2 - DDS with two pontoons, 3 - four square column structure with no
pontoons and 4 - four rhombic column structure with no pontoons. In their results, all the
configurations showed synchronization between 5<U _<8. The effect of pontoons on VIM

responses are compared with Configurations 1 to 3 and they showed that the 1 - Configuration has
lower response compared with the others and the pontoons decreased the VIM response. The VIM
responses are high for the third and fourth configurations as compared with the other configurations
and Configurations 3 and 4 have similar responses at the 0° and 45° current respectively.
Maximiano et al. (2016) reported the model test results for different drafts, different mass ratios
and considered the different damping ratios for various draft conditions. They showed that in the
shallow draft condition semisubmersible has lower VIM response as compared with the intermediate
and deep draft conditions. The deep draft condition shows higher responses and increasing the mass
ratio decreases the VIM responses. The increase in damping ratio decreases the VIM response and
at the higher damping ratios the VIM responses can be controlled completely. They reported that
the linear damping significantly reduces the VIM responses and it narrows the reduced velocities at
which VIM occurs and shifts the peak values to higher reduced velocities. However, it is critical to
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note here that the increase in damping is a costly solution because either it is by addition of mass or
altering the boundary conditions or changing the fluid flow around. And, all the options of increasing
either the structural damping or hydrodynamic damping or both are prohibitively expensive.

In our researches (Domala and Sharma 2020), we have focussed on the experimental study on
vortex-induced motion responses of a moored semi-submersible with and without riser and our
analyses were utilized to draw and derive design guidelines and operational ranges for the
semisubmersible (with and without marine riser). Remarkably, our results showed that the VIM
response of semi-submersible reduces the VIV response of riser and that the motions in pitch and
roll are likely to become critical and they demand a detailed analysis to be addressed in future to
improve the operational range of semi-submersible and catenary riser in deep water depths under
harsh marine environment of high current velocities. Here also, our limitations as noted before holds
true, e.g., Centring on the low but widely occurring Reynolds’s number (Re) up to 5000, only. To
strengthen our efforts in the area of VIM, to develop deep and meaningful insights into the complex
dynamic motion response related to the VIV, we need to investigate the moderate regime of Re,
include more geometric configurations and shapes of columns/pontoons in the semi-submersible
and focus on the design and development of an experimental set-ups for moored structures.

Based upon our review as reported above, we note the following critical observations:

- (A) A change in flow line on the boundary of body by using devices like strakes/wires, and blisters
attached to columns, etc., can cause reduction in the VIM responses. However, they all have
problems associated with them like severe algae growth, change of the effective span lengths,
difficulty in manufacturing, increase in the cost, and increase of the in-line drag, etc. Our view is
that they add more to the problems and less to the solution.

- (B) The deep draft of semisubmersible is more susceptible to the VIM as compared to the low or
intermediate draft conditions. However, the use of deep draft is demanded because of underwater
stability and payload.

- (C) Most of the studies show a large VIM response at 0° current directions for both the square and
circular columns semisubmersible. For the square column semisubmersible 45° current direction is
critical too. Also, the pontoons affect the critical current direction for both the square and circular
columns semisubmersible.

- (D) Although, the existing results show that the VIM continues at the higher U,s and does not
reduce, the studies focused only on the lower range of Uys.

- (E) The current velocity is important and at higher current velocities even for the smaller wave-
induced particle velocity (i.e. lower Hs and longer T ) the VIM amplitudes are higher.

- (F) Inthe field, lower amplitudes of the VIM are observed. Primarily, this is because of the mooring
lines, riser systems of significant mass, hydrodynamic loading and drag. However, the current
research still ignores the mooring lines because they focus on the tests in towing tank.

- (G) In the VIM responses sometimes multiple peaks are observed and they can be because of the
coupling of: surge and heave, or sway and yaw coupling with the heave motion, or surge-heave-
pitch.

- (H) Normally, shear rates do not affect the dominant vibration modes significantly. Overall
vibration includes contributions from several modes, and each mode persists over a range of shear
rates. This results into a traveling wave characteristic in the vibration. A larger shear rate shifts the
position of the largest in-line time-averaged displacement more and more-closer to the end (i.e.,
location of the largest current speed). Additionally, an increase in the internal flow velocity and fluid
density, results into the decrease in the maximal in-line displacement and increase in the maximum
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Table 3 Critical comparative listings of VIM response studies on offshore platforms

Mass ratio of
Type of offshore TT, CF and FT floating structure ~ Mooring

References Important observations
structure * system
(mg)
DDS 083 Horlgontal Higher VIM can happen because of
springs higher draft.
TLP 057 Horlgontal Higher VIM can happen due to low
Waals et al. T springs mass ratio.
(2007) Low draft Horizontal Lower VIM response because of low
- - 0.83 .
semisubmersible springs draft.
2 pontoon semi- 0.83 Horl;ontal Similar to the DDS.
submersible springs
S is similar to the mono column
Hong et al. DDS T NK Horl;ontal structure like SPAR and current and
(2008) springs waves in coupled mode can induce
higher VIM.
Rijken and Leverette =~ DDS with VIM T NK Horizontal Sway response reduced and the VIM
(2008) suppression device springs delayed to higher reduced velocities.
Rijken and Prototype semi- Significantly less VIM as compared to
Leverette ype FT NK NC & Y P
submersible the model tests.
(2009)
Fujarra et al. Mono-column: SPAR ' VIM is hlgher for 0 and 180 dggrees
(2009) and s Horizontal direction of current and the riser
with riser and  hull TT NK . . . .
Gongalves et al. appendagcs springs provided external damping which
(2010) PP & decreased the VIM response.
Dog bone shaped Horizontal Reduced VIM as compared with the
Xu (2011) semisubmersible hull T NK springs conventional semisubmersible hull.
Conventional
Irani et al. semisubmersible with T NK Horizontal ~ Higher VIM because of higher draft and
(2015) varying draft and springs VIM reduced with damping.
damping
Domala and Medium draft . .
Sharma semisubmersible with CF 1 Catenary Studies of VIM in the surge, sway, roll

(2018, 2020) mooring lines and CR mooring and pitch degrees of freedom.

Critical limitations of the existing observations: Most of the research results are reported in A:S and they vary across the sections because of studies done
with: either towing or current, either spring mounted/supported semisubmersible and either semisubmersible or TLP or SPAR or LDS or DDS, etc.
NK - Not known. NC — Not clear. Towing tank - TT , Current flume - CF, Field test - FT, Deep/low draft semi-submersible - D/L DS

displacement in cross-flow direction. The in-line deflections show an increasing trend with the
increase of internal flow velocity and fluid density under the same external shear currents primarily
because of the centrifugal force and the allocated energy. Shear currents show significant influence
on VIM in the deep draft condition.

The critical comparative listings of VIM response studies on offshore platforms.are listed in
Table 3.

4.1 Key limitations of the exsisting research on VIM of semi-submersible

It is important to note here that in actual practice any offshore structure with a marine riser will
be in a moored condition. However, when an experiment is performed in the towing tank for the
VIVIVIM tests, it is impossible to tow a model with riser and mooring lines. Hence, in a towing tank
it is not possible to adopt any type of the mooring lines. In order to overcome this limitation, a
simplified mooring system or equivalent stiffness system (i.e., spring stiffness is taken equivalent to
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the stiffness of steel catenary riser) being is adopted, i.e., spring mounted cylinder. A simplified
SCR and mooring system that is normally considered in the existing VIM tests is shown in Fig. 2.

Additionally, in the actual field conditions a semisubmersible does not have the restoring forces
in surge and sway degrees of freedom unless the mooring line offers the stiffness in the beginning
itself. This does not happen in the beginning and happens only when the semisubmersible drifts
through some large distance and the mooring line forces develop and try to restore the
semisubmersible. In the towing tank, because of the uses of springs the stiffness is high since the
beginning and the VIM responses are expected to be like a rigid cylinder with flexibly supported
end conditions. Furthermore, in the towing tank tests some of the degrees of freedom are restricted
because of the uses of springs and it seems that because of this reason the literature on VIM roll and
pitch responses is very limited.

On the other hand, in the current flume a semisubmersible is moored with catenary mooring
system and there is no restriction on the degrees of freedom. Also, in the towing tank tests, since a
model is towed, the flow in towing tank is drag dominated and all the movements except in the
direction of towing are either restricted or compromised. In the case of towing tank experiments
because a model is towed, it is not possible to allow or accommodate large surge and sway motions.
In the current flume a current is passed and the marine structure is moored and this give rise to a lift
driven flow. This is closer to the actual filed conditions.

4.2 The VIM of spar in loop current and semisubmersible in strong current

Following Paula et al. (2018), we note that the ‘Loop Current’ is a warm ocean current that flows
northward between Cuba and the Yucatan Peninsula, moves north into the Gulf of Mexico, loops
east and south before exiting to the east through the Florida Straits and joining the Gulf Stream. This
current is an extension of the western boundary current of the North Atlantic subtropical gyre and it
serves as the dominant circulation feature in the Eastern Gulf of Mexico. The Loop Currents are
highly dominating, transports around 23 and 27 sverdrups and reach maximum flow speeds of
around 1.5 to 1.8 m/s, for more details see Johns ez al. (2002) and Gordon (1967). As the VIV and
VIM both are current driven phenomenon, the Loop Currents affects both the VIV and VIM. As
Spar is mono-column cylindrical structure it is adversely affected by the Loop Currents and a review
can be found in Gongalves et al. (2012a).

As noted before, both the VIV and VIM are adversely affected by higher currents and in regard
to semi-submersibles, the VIM is primarily excited by high current velocities, variation of the current
velocities across the column depths and vortex shedding around columns. Because of these reasons,
the dimension of the column, especially the immerged aspect ratio and current velocities and
variations are crucial in determining the VIM response of semi-submersibles. A strong current
increases the average current velocities and tend to have a highly non-linear variation across the
depth. Research results related to the studies of semi-submersible in strong currents can be found in
Gongalves et al. (2012b), Liu et al. (2017), and references there-in.

Clearly, higher current velocities (i.e., Eddy and Loop currents) and non-linear current variations
across the depth results into larger transverse amplitudes in the VIV and VIM. In our opinion, flow
control is the future in all the issues related to VIV, VIM and others like flow induced noise, etc.
This area of flow control is gaining the importance slowly and new and novel ideas are being
investigated. E.g. improved strake designs for better performance to minimize VIV for Spar, for
more details see Maksoud (2005). Regarding the strakes, the current focus is on creating data on the
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(a) Equivalent mooring system and SCR for semi-  (b) Equivalent mooring system and SCR for semi-
submersible adapted from Rijken et al. (2011) submersible adapted from Goncalves et al. (2012)
Fig. 2 Simplified SCR and mooring system adopted for the VIM tests

effects of exterior equipment such as chains, fairleads, pipes and caissons, strake holes, modeling of
mooring systems using springs. A comprehensive knowledge base of strakes can result into
improved motions and arrival at simple and effective design guidelines, e.g., an increase in the strake
width by 7.5 to 17.5 % of the hard tank diameter offers considerable benefits.

Other ideas to be explored and investigated are: Optimization of the strake layout for minimum
openings and discontinuities, minimizing the size of the holes, and reducing the cost for passive
mitigation means, all for the improved motions. Another idea is to mitigate the VIV and VIM using
smart thrusters, for more details see Fisher ef al. (2004).

One advantage of using an active control system is its low cost in comparison with the high cost
associated with passive VIV/VIM mitigation means. The use of thruster forces proportional to spar
velocities results into an efficient control and using these controls, the spar motions can be contained
within 30 to 40 % of the spar diameter. Use of thrusters has a long history in the field of marine
structures and although they are used quite often for multiple purposes (i.e., movement, position
control, depth control, and buoyancy control, etc.), their operations are costly and associated with
higher levels of noise and vibration. Additionally, their optimization for particular sets of
requirements is not always either feasible or too computationally expensive to be adopted in practical
designs or outside the permissible operational expenses.

In our opinion, the flow control mechanisms for the VIV and VIM need to focus on the design
of marine from the stage of preliminary design and must extend to all the design stages. Shape,
arrangements, L/D ratios, orientations, arrangements of columns to deck and pontoons, etc.,
influence the VIV and VIM, and their optimization can offer the most economical and efficient flow
control mechanism for the VIV and VIM, for more details see: Gosain et al. (2017), Gosain and
Sharma (2018).

4.3 The VIV/VIM as sources of marine hydrokinetic energy

An energy can exist in many forms and there are infinite options to capture energy and convert
it into one form to another, e.g., movement of a body of water generates hydrokinetic energy. Any
movement or noise or vibration can be utilized for energy generation and the hydrokinetic energy
can be extracted from earth’s tides, waves, ocean currents, free-flowing rivers, VIV, VIM, and flow
induced noise, etc. An early attempt was made through the invention of ‘Vortex Induced Vibration
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Aquatic Clean Energy (VIVACE)’ for extracting ocean current energy by Bernitsas et al. (2008).

All the bluff bodies (i.e., mooring lines, offshore structures, transmission lines, and chimney
towers, etc.) that are slender in nature undergo large oscillations/vibrations due to boundary layer
separation and formation of vortices, resulting in vibration and noise. These oscillatory motions,
vibrations and noise can be extracted for power generation and the VIVACE was a demonstration of
generating power from vortex-induced vibration of a cylinder. When the natural frequency of the
structure is equal to the vortex shedding frequency at the resonance condition, the structure will
experience large magnitude of vibrations/oscillations. In order to take advantage of these situations,
the cylinder is mounted over springs with suitable stiffness so that the large sustained oscillations
can be achieved. It was suggested that enormous power could be generated from an array of cylinders
by Bernitsas et al. (2008) and a comprehensive economic viability study based on the laboratory
tests was also reported by them.

In the similar direction, later Bernitsas et al. (2009) investigated another attempt of using the
“Vortex Induced Vibration Energy Converter (VIVEC)’ for production of clean energy from water
currents and streams. Afterwards, Ding et al. (2014) have studied the effect of different cross-section
of the cylinder on the energy harvesting. They conducted a CFD analysis of the vortex pattern and
maximum energy efficiencies of 45.7% and 37.9% were achieved for Q-trapezoid I and PTC-
cylinder, respectively.

Kim and Bernitsas (2016) reported that multiple cylinders in proximity can synergistically work
and harness more energy than the same number of single cylinders in isolation. Their estimations
based on experiments, showed that a 4 PTC-cylinder converter could achieve 88.6% peak efficiency
and they had used the ‘Steady Lift Technology (SLT)’ like turbines or ‘Alternating Lift Technology
(ALT)’ like the VIVACE to harness the hydrokinetic energy. In order to evaluate the optimum regime
to extract the hydrokinetic energy from the fluid by ‘Fluid Induced Motion (FIM)’, the power
efficiencies of FIM for the cylinders with different cross sections were evaluated and a coupled
formulation for modeling multiple piezoelectric energy harvesters based on vortex-induced
vibrations phenomenon at arbitrary locations was presented and experimentally validated by
Ramirez (2021).

Although, the above mentioned techniques have been major advancements in understanding and
taking advantage of the VIV, VIM, noise and oscillatory motions and these have shown considerable
potential through the laboratory model studies, their actual usages for industrial productions have
never been initiated. There exists multiple reasons for that, e.g., high mechanical complexities,
abnormally high costs of mounting these systems on any marine structures, extremely low scalability,
issues related to transmission of power from sea to land, inherently unstable and unpredictable
natures of marine water movements and the involvement of higher risks and low reliability in marine
systems and structures dealing with tides, waves and currents.

We strongly believe that the marine hydrokinetic energy will remain at the research and
development stages only in the near future and it will be difficult to design and develop a technology
that can extract energy and is scalable with reasonable costs and lesser complexities. Researchers
need to focus on these issues and need to aim towards these design and developments.

5. Computer simulation model for the response analysis of semi-submersible

The modern world is driven by the designs for efficiency and economy. The design through
experimental processes is prohibitively costly but results into more accuracy. However, because of
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the high cost and time involved in the experimental investigations, recently more and more focus
has gained into the design and development of computer simulation models that are efficient and
economical to be used in the novel design development of modern marine structures.

A semisubmersible has low water plane area at the operating draft and because of this the motion
responses of semisubmersible are low. This low motion allows the use of semisubmersible over a
wider range of difficult weather and sea conditions. The motion response of semisubmersible
depends on the weight, draft, distance between pontoons, size of columns, wave direction, wave
height and other parameters. Because of their industrial significance the motion response of
semisubmersible has been studied by various researchers and research has focused on variety of
issues ranging from detailed computationally expensive numerical simulations to development of
simple empirical formulations for the aid of design.

Kirk (1985) studied resonant heave response of semisubmersible and observed that the usages of
square/rectangular ~ shaped  columns/pontoons  with  blunt  edges  in-place  of
circular/square/rectangular shaped columns/pontoons with rounded edges (either arc of a circle or
ellipse) increases the drag coefficient but reduce the heave response. Furthermore, he observed that
the non-linear drag force depends on column sizing and draft of the structure.

Later, van Santen (1995) proposed simple empirical formulas to compute the heave motion of
semisubmersible and his results showed that the heave response depends on natural time period of
heave and the submerged depth of pontoons or draft of the semisubmersible and on heave added
mass.

Sunil and Mukhopadhyay (1995) reported a detailed parametric study by varying the depth and
dimensions of the floaters (i.e. pontoons) of semisubmersible.

The computation of motion response of semisubmersible is critically important for operation,
survival and to ensure that exploratory drilling (i.e., the main objective of using semisubmersible)
continues with difficult weather and sea conditions, e.g., wave heights and periods. In the literature,
some experimental results are available that have been performed on model scale semisubmersibles
for prediction of the motions, e.g., Takagi et al. (1995) presented detailed model results for all six
degrees of freedom and discussed the effect of wave height and wave direction on heave motion,
roll and pitch motion. However, their results are restricted to regular waves.

The surge, sway and yaw degrees of motion are important in operational performance of
semisubmersible because these do not have restoring force and therefore are critical in unfavorable
environmental conditions. In the absence of a restoring force, the motion response gets heavily
dependent upon mooring lines and its properties. In this regard, we focus on semisubmersible as a
moored floating structure and aim to study the interaction between the semisubmersible and mooring
lines. The natural periods of surge, sway and yaw are dependent on the mooring lines and
properties of the material of mooring line. The popular choices available for mooring lines are: steel
wire, Aramid, polyester, High Modulus Poly Ethylene (HMPE) and chains, etc.

Yilmaz and Incecik (1995) discussed surge response with mooring line damping, without
mooring line damping, with thrusters and without thrusters in moderate weather conditions. In their
results, for the first two simulations thrusters were not utilized and with the introduction of mooring
line damping surge response reduction was found to be 43%. However, for other simulations when
thrusters were utilized the surge response was not altered. These results suggest that the thrusters
contribute more to the system damping than mooring lines. For extreme weather conditions surge
response reduction is around 5-7% with and without thrusters. Although, the thrusters and/or
structure’s own propeller system - Dynamic Positioning System (DPS) - can be and are used for
motion control and maintain an offshore structure’s position, they add to system complexity, high
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initial and operating costs, high chances of running off position by system/power failures, and
underwater accidental hazards from thrusters for divers and the ‘Remotely Operated Vehicles
(ROVs)’. Hence, a solution based upon mooring lines seems to be a preferred choice for simplicity
and economy and DPS seems to be a preferred choice for exact and fast motion response control.

Brown and Mavrakos (1999) presented a comparative study on motion analysis of a structure
with options of chain mooring line and wire mooring line at different water depths for the harmonic
and bi-harmonic waves using both the time and frequency domains methods for the prediction of
maximum tension and mooring line damping. Their model was implemented in Ansys-AQWA™™
for more details see TMAA (2011).

Bowers et al. (1997) studied a multivariate, directional environmental force analysis on mooring
lines to estimate the return period of mean mooring force.

Maeda et al. (2000) reported a time domain analysis on a very large floating structure with
unidirectional and bi-directional irregular waves, and their experimental results were compared with
theoretical results for vertical displacement and mooring line tension and they showed good
agreement. However, it is important to note here that the time domain simulation is computational
expensive than frequency domain simulation though it is more accurate. Also, a general simulation
model needs to be verified and validated so that it can be applied to various design configurations.

Ye et al. (2003) reported coupled dynamic analysis of moored semisubmersible with SCR using
Numerical simulation tool Ansys-AQWA™ ™. They reported that the SCR and mooring lines have
considerable effects on low frequency motions of semisubmersible and these motions have
reasonable SCR fatigue damage at touchdown point of riser on seabed, but fatigue damage of SCR
near the platform is high. This fatigue damage is due to the responses of semisubmersible in six
degrees of freedom.

Hujis (2007) studied the heave and horizontal motions of semisubmersible with catenary mooring
and steel catenary risers and observed that the reaction force from motions perpendicular to the plane
of riser are in smaller order than the reaction force from motions in the plane of the riser.

Marcio and Celso (2007) reported a study on the behaviour of semisubmersible coupled with the
drilling riser with dynamic positioning system and blow out preventer with current and waves.

In general, the mooring line dynamics are studied with Finite Element Analysis (FEA) based
methods and rod theory, e.g., Tahar and Kim (2008) presented case studies on classical SPAR with
polyester mooring lines and on tensioned buoy with polyester wire and their approach is based on
non-linear elastic rod theory.

On similar lines, Song et al. (2010) studied the station keeping performance of semisubmersibles
using different mooring materials such as HMPE, polyester and steel wires, and concluded that
polyester mooring line are better option for deeper water.

Tie-bing et al. (2011) presented an experimental investigation on a large volume
semisubmersible to establish relationship between air-gap distributions, wave parameters and wave
run-up characteristics on the aft to observe response.

Madijid et al. (2011) reported an exhaustive code-to-code comparison for hydrodynamic motion
of offshore wind turbine mounted on a SPAR platform, i.e. USFOS™ ™ and HAWC2™™ ™ for
more details see TMUSFOS (2015) and TMHAWC (2015). They focused on time domain
simulations and their results - though computationally expensive with large running time - showed
good agreements across code-to-code for motion and tension responses. However, they did not focus
on presenting a general simulation model that can be applied to an offshore structure for motion and
tension responses and instead focused on specific example and what are the strengths and
weaknesses of available software solutions?
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Yang et al. (2012) discussed the effects of mooring line inertia and damping, coupled dynamics
response of truss SPAR in deeper water with mooring line and riser system.

Kurian et al. (2013) reported a numerical and experimental study on six columns
semisubmersible and showed a good agreement between the results in their restricted settings.

Hujis et al. (2014) presented aero-hydro-servo-elastic time domain simulations on tri floater
semisubmersible with 5 MW NREL wind turbine using Ansys-AQWA™™ coupled with
PHATAS™™ software (for more details see Lindenburg (2012)) to study the wind loads on
turbine and wave loads on semisubmersible. Also, in their work the aero-hydro-servo-elastic time
domain simulations are compared with uncoupled frequency domain analysis.

In our researches (Domala and Sharma 2019), we have focussed on the design and development
of an efficient modular ‘Computer Simulation Model (CSM)’ for response analysis of a moored
semi-submersible. The computer simulation model was designed in two split models (i.e.,
computational and experimental models) and each of these models consists of various modules. The
modules were developed from basic governing equations related to motion and modules are
integrated and we aim for a seamless integration. The moored semi-submersible was represented
mathematically as six degrees of freedom dynamic system and the coupling effects between the
structure and mooring lines were considered. Results of the CSM were utilized to study the surge
and sway responses with respect to the horizontal range of mooring lines and showed good
validation with the existing experimental results. Presented analyses for utilized to rank different
available design choices, e.g. the fibre wires showed minimum steady state response in surge and
sway degrees of freedom as compared with the steel wires, but they have large drift as compared
with steel wires. Developed CSM can help in detailed analysis of responses and results can be
utilized for design and development of new age semi-submersibles for optimum performances for a
given set of parameters. However, since it is a modular simulation model, different modules need to
be expanded, strengthened and newer modules need to be added to represent real world design
examples with all of the linear and nonlinear input parameters of importance.

5.1 Key limitations of the exsisting research on computer simulation model for the response
analysis of semi-submersible

From the review of literature, as reported above, we observe that primarily the research on
response analysis so far has focussed on either numerical studies or experimental studies both in
restricted settings of parameters and focus has been on ‘heave’, ‘pitch’ and ‘roll’ degrees of freedom
and less on the other degrees of freedom, e.g. surge, sway and yaw. Also, the relationship between
the response of semisubmersible and its dependence on mooring line anchoring position has not
been explored in-detail.

In our opinion the focus needs to be on developing a computer simulation model that is built
module-by-module with each module having proper governing equations that are solved either
analytically or numerically or in combination of the two, is general in its settings of parameters, is
implementable in industrially standard software solutions, and is validated and verified with
experimental results that are either available in literature or done for validation.

6. Conclusions

We reported meaningful and selective review of the progress made on ‘Vortex Induced Vibration
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Table 4 Summary of the review, issues and challenges in VIV/VIM
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S. No. Details of the parameter Importance Popularity/Focus in Possible approaches to address the challenges
research
1 Re Low High Low (A) Key challenge is to test at low to medium Re
but representing moored structures by using
Medium Medium Low springs along with load cells in the mooring line.
. . . This will allow the control of high surge and
High to very high . Not really High sway and these ‘degrees of freedom’ only limits
important because the use of high current velocities.
actual marine
structures do not
operate in high
range
2 Marine Riser/ Un-moored, Low Highly popular. Not In addition to (A), mooring lines need to be
Structure towed. representative of the connected to springs and sensors to control and
real world scene and ~ manage different ‘degrees of freedom’, primarily
environment. But surge and sway.
allows high Re.
Moored with High Less popular.
current velocity Difficult to test with
high current speeds.
3 SoSS Cylinder High High Square sections need to be investigated because
they are used in marine structure and with angles
Square/Rectangle Medium Rare. Not much is of flow at 0° and 45°, and ensuring proper
(Rounded/Sharp) known in the context orientation for in-line and cross flow motions.
of Marine Structures
Ellipse Low -do -
4 Design empirical models High Lacks focus - Empirical predictive models to incorporate key
design parameters (i.e., dominant response
frequency, range of normalized velocity,
variation of the phase angle for force versus
displacement, and the response amplitude as a
function of the controlling and influencing
parameters) need to be developed.
- Empirical predictive models to model and
predict the dynamic response of fluid—structure
interactions using/in terms of parameters (i.e. in-
phase and out-of-phase lift coefficients, in-line
drag coefficients, correlation lengths, damping
coefficients, relative roughness, shear effects,
wave velocity, and current velocities, etc.) need
to be developed.
5 Numerical simulation model High Medium. Efficient simulations are possible with closing
Computational cost and termination criteria based upon empirical
still remains high. knowledge base with semi-analytical
approaches.
6 Flow control mechanism over the High Lacks focus Marine structures are geometry dependent and
SoSS hence significant flow control mechanism can be

developed by modifying the geometry. E.g.,
using group of small squares/cylinders
circumferentially in the close vicinity of SoSS.

(VIV)’ and ‘Vortex Induced Motion (VIM)’ of ‘Structures of Specific Shapes (SoSS)’ subjected to
steady uniform flow and of relevance to/in marine structures. We were able to identify and present
some of the most important and critical elements of the numerical methods, experimental methods,
and physical ideas that contribute in the design and development of modern state of art of VIV/VIM.
Our focus and aim were to analyse the existing researches with respect to the application in analyses,
design and production of marine structures and the reported reviews and extraction of relevant and
implementable information from them had been discussed in detail. Finally, we identified the critical
and important issues that exist in the current literature and noted the possible ways to move forward

towards tackling them.
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Table 4 summarizes the review, issues and challenges in VIV/VIM and some of our own
researches are going in these directions.

Trademarks and Copyrights

** Trademark and copyright with ANSYS Inc., USA. “"Trademark and copyright with AMOG
Consulting, Australia. " Trademark and copyright with USFOS, SINTEF, Scandinavia. =~
Trademark and copyright with HAWC2, Denmark. =" Trademark and copyright with PHATAS,
ECN Netherlands.

Acknowledgements

This research was supported by the internal research grants of IIT Madras through research
scheme: OE14D213 for Mr. P. Sahoo.

References

Antony, A., Vinayan, V., Halkyard, J., Kim, S.J., Holmes, S. and Spernjak, D. (2015), “A CFD based analysis
of the Vortex Induced Motion of deep draft semisubmersibles”, Proceedings of the 25" International Ocean
and Polar Engineering Conference, Kona, Hawaii, USA, June.

Bai, Z., Xiao, L., Kuo, Y. and Yang, L. (2013), “Research on vortex induced motion of a deep draft
semisubmersible with four rectangular columns”, Proceedings of the 23" International Offshore and Polar
Engineering Conference, ISOPE-2013, Alaska, USA, June 30-July 5.

Bearman, P.W. (1984), “Vortex shedding from oscillating bluff bodies”, Annu. Rev. Fluid Mech., 16, 195-222.
https://doi:10.1146/annurev.f1.16.010184.001211.

Bearman, P.W., Johanning, L. and Owen, J.C. (2001), “Large-scale laboratory experiments on vortex-induced
vibration”, Proceedings of the 20" international conference on Offshore Mechanics and Arctic Engineering,
Rio de Janeiro, Brazil, June.

Bernitsas, M.M., Ben-Simon, Y., Raghavan, K. and Garcia, E.M.H. (2009), “The VIVACE converter: Model
tests at high damping and Reynolds number around 103, J. Offshore Mech. Art., 131.
https://doi.org/10.1115/1.2979796.

Bernitsas, M.M., Raghavan, K., Ben-Simon, Y. and Garcia, EM.H. (2008), “VIVACE (Vortex Induced
Vibration Clean Energy): A new concept in generation of clean and renewable energy from fluid flow”, J.
Offshore Mech. Art., 131(4).https://doi.org/10.1115/1.2957913.

Bing, S.T., Min, Y.J., Xin, L. and Fei X.L. (2011), “Experimental investigation on wave run-up characteristics
along columns and air gap response of semi-submersible platform”, J. Hydrodynam., 23(5), 625-636.
https://doi.org/10.1016/S1001-6058(10)60158-8.

Blevins, R.D. (1990), “Flow induced vibrations”, Van Nostrand Reinhold: Neywork, 2nd edition-1990.

Blevins, R.D. and Burton, T.E. (1976), “Fluid forces induced by vortex shedding”, J. Fluid. Eng., 95, 19-24.
https://doi.org/10.1115/1.3448196.

Bourguet, R. and Triantafyllou, M. S. (2015), “Vortex-induced vibrations of a flexible cylinder at large
inclination angle”, Philos. T. Roy. Soc.A: Math. Phys. Eng. Sci., 373(2033), 20140108.
https://doi.org/10.1098/rsta.2014.0108.

Bourguet, R., Karniadakis, G.E. and Triantafyllou, M.S. (2011a), “Vortex-induced vibrations of a long flexible
cylinder in shear flow”, J. Fluid. Eng., 677, 342-382. https://doi.org/10.1017/jfm.2011.90.


https://doi:10.1146/annurev.fl.16.010184.001211
https://doi.org/10.1115/1.2979796
https://doi.org/10.1115/1.2957913
https://doi.org/10.1016/S1001-6058(10)60158-8
https://doi.org/10.1115/1.3448196
https://doi.org/10.1098/rsta.2014.0108
https://doi.org/10.1017/jfm.2011.90

Vortex induced vibrations and motions - Review, issues and challenges 325

Bourguet, R., Karniadakis, G.E. and Triantafyllou, M.S. (2011b), “Lock-in of the vortex-induced vibrations
of a long tensioned beam in shear flow”, J = Fluid.  Struct., 27(5-6), 838-847.
https://doi.org/10.1016/j.jfluidstructs.2011.03.008.

Bourguet, R., Lucor, D. and Triantafyllou, M.S. (2012), “Mono-and multi-frequency vortex-induced vibrations
of a long tensioned beam in shear flow”, J.  Fluid  Struct, 32, 52-64.
https://doi.org/10.1016/j.jfluidstructs.2011.05.008.

Bowers, J., Morton, I. and Mould, G. (1997), “Multivariate extreme value analysis of a moored semi-
submersible”, 10(6), 443-463. https://doi.org/10.1016/S0951-8339(97)80001-9.

Brown, D.T. and Mavrakos, S. (1999), “Comparative study on mooring line dynamic loading”, Mar. Struct.,
12, 131-151. https://doi.org/10.1016/S0951-8339(99)00011-8.

Chen, C.R. and Chen, H.C. (2015), “CFD simulation of vortex induced motions of a deep draft
semisubmersible platform”, Proceedings of the 25" International Offshore and Polar Engineering
Conference, ISOPE-2015, Hawaai, USA, June, 21-26.

Cifuentes, C., Kim, S., Kim, M.H. and Park, W.S. (2015), “Numerical simulation of the coupled dynamic
response of a submerged floating tunnel with mooring lines in regular waves”, Ocean Syst. Eng., 5(2), 109-
123. https://doi.org/10.12989/0se.2015.5.2.109.

Dale, J.R., Nenzel, H. and McCandles, J. (1966), “Dynamic characteristics of underwater cables-flow induced
transverse vibration”, U.S. naval Air Development center, Johnsville, Pa. report NADC-AV-6620.

De Wilde, J.J. and Huijsmans, R.H.M. (2004), “Laboratory investigation of long riser VIV response”,
Proceedings of the 14th International Offshore and polar Engineering Conference, ISOPE-2004, Toulon,
France, May, 23-24.

Ding, L., Zhang, L., Wu, C., Mao, X. and Jiang, D. (2014), “Flow induced motion and energy harvesting of
bluff bodies with different cross sections”, FEnerg. Convers. Manage., 91, 416-426.
https://doi.org/10.1016/j.enconman.2014.12.039.

Domala, V. and Sharma, R. (2018), “An experimental study on vortex-induced vibration response of marine
riser with and without semi-submersible”, Proceedings of the Institution of Mechanical Engineers, Part M:
J. Engineering for the Maritime Environment, 232(2), 176-198. https://doi.org/10.1177/1475090217691411.

Domala, V. and Sharma, R. (2019), “Design and development of an efficient computer simulation model for
response analysis of a moored semi-submersible”, The Transactions of The Royal Institution of Naval
Architects  (Transactions RINA Part A) - Int. J. Maritime Eng., 161(1), 13-40.
https://doi.org/10.5750/ijme.v161iA1.1078.

Domala, V. and Sharma, R. (2020), “An experimental study on vortex-induced motion responses of a moored
semi-submersible with and without riser”, Proceedings of the Institution of Mechanical Engineers, Part M:
J. Eng. Maritime Environ., 234(2), 346-373. https://doi.org/10.1177/1475090219894805.

Eom, T.S., Kim, M.H., Bae, Y.H. and Cifuentes, C. (2014), “Local dynamic buckling of FPSO steel catenary
riser by coupled time-domain  simulations”, Ocean  Syst. Eng., 4(3), 215-241.
https://doi.org/10.12989/0se.2014.4.3.215.

Eswaran, M., Goyal, P., Reddy, G.R., Singh, R.K. and Vaze, K.K. (2013), “Fluid—structure interaction analysis
of sloshing in an annular-sectored water pool subject to surge motion”, Ocean Syst. Eng., 3(3), 1-21.
https://doi.org/10.12989/0se.2013.3.3.181.

Facchinetti, M.L., De Langre, E. and Biolley, F. (2004), “Coupling of structure and wake oscillators in vortex-
induced vibrations”, J. Fluid. Struct., 19(2), 123-140. https://doi.org/10.1016/].jfluidstructs.2003.12.004.
Feng, C.C. (1968), “The measurement of vortex-induced effects in flow past stationary and oscillating cylinder

and D-section cylinders”, M.Sc. Thesis, University of British Columbia, Canada.

Fischer, F.J., Liapis, S.I. and Kallinderis, Y. (2004), “Mitigation of current-driven, vortex-induced vibrations
of a spar platform via “SMART” thrusters”, J. Offshore Mech. Arct. Eng., 126, 96-104.

Fujarra, A.L.C., Gongalves, R.T., Faria, F., Cueva, M., Nishimoto, K. and Siqueira, E.F.N. (2009), “Mitigation
of vortex-induced motions of a monocolumn platform”, Proceedings of the 28" International Conference
on Ocean, Offshore and Arctic Engineering, OMAE 2009-79380, Honolulu, Hawaii, May 31 - June 5.
https://doi.org/10.1115/OMAE2009-79380.


https://doi.org/10.1016/j.jfluidstructs.2011.03.008
https://doi.org/10.1016/j.jfluidstructs.2011.05.008
https://doi.org/10.1016/S0951-8339(97)80001-9
https://doi.org/10.1016/S0951-8339(99)00011-8
https://doi.org/10.12989/ose.2015.5.2.109
https://doi.org/10.1016/j.enconman.2014.12.039
https://doi.org/10.1177%2F1475090217691411
https://doi.org/10.5750/ijme.v161iA1.1078
https://doi.org/10.1177%2F1475090219894805
https://doi.org/10.12989/ose.2014.4.3.215
https://doi.org/10.12989/ose.2013.3.3.181
https://doi.org/10.1016/j.jfluidstructs.2003.12.004
https://doi.org/10.1115/OMAE2009-79380

326 Patitapaban Sahoo, Vamshikrishna Domala and R. Sharma

Gao, Y., Fu, S., Ren, T., Xiong, Y. and Song, L. (2015), “VIV response of a long flexible riser fitted with
strakes in uniform and linearly sheared currents”, Appl. Ocean Res., 52, 102-114.
https://doi.org/10.1016/j.apor.2015.05.006.

Gongalves, R.T., Fujarra A.L.C., Rosetti, G.F., Kogishi, A.M. and Koop, A. (2015), “Effects of column designs
on the VIM response of deep-draft semisubmersible platforms”, Proceedings of the 25th International
Offshore and Polar Engineering Conference, ISOPE-2015, Kona, Big Island, Hawaai, USA, June 21-26.

Gongalves, R.T., Fujarra, A.L.C., Rosetti, G.F. and Nishimoto, K. (2010b), “Mitigation of vortex-induced
motion (VIM) on monocolumn platform: Forces and movements”, J. Offshore Mech. Arct., 132, 041102-1-
041102-16. https://doi.org/10.1115/1.4001440.

Gongalves, R.T., Rosetti, G.\F., Fujarra, A.L.C. and Nishimoto, K. (2012a), “An overview of relevant aspects
on VIM of spar and monocolumn platforms”, J. Offshore Mech. Arct., 134, 014501 1-7.

Gongalves, R.T., Rosetti, G.F., Franzini, G.R., Fujarra, A.L.C. and Nishimoto, K. (2010a), “Case study of
vortex-induced motions (VIM) on monocolumn platform applying the Hilbert-Huang Transform method”,
Proceedings of the 20" International Offshore and Polar Engineering Conference, ISOPE-2010, Beijing,
China, June, 20-25.

Gongalves, R.T., Rosetti, G.F., Fujarra, A.L.C. and Oliverira, A.C. (2012b), “Experimental study on vortex-
induced motions of a semisubmersible platform with four square columns, Part I: Effects of current
incidence angle and hull appendages”, Ocean Eng., 54, 150-1609.
https://doi.org/10.1016/j.oceaneng.2012.06.032.

Gongalves, R.T., Rosetti, G.F., Fujarra, A.L.C. and Oliverira, A.C. (2013), “Experimental study on vortex -
induced motions of a semisubmersible platform with four square columns, Part II: Effects of surface waves,
external damping and draft condition”, Ocean Eng., 62, 10-24.
https://doi.org/10.1016/j.oceaneng.2013.01.019.

Gordon, A. (1967), “Circulation of the Caribbean sea”, J. Geophys. Res., 72 (24), 6207-6223.
https://doi.org/10.1029/jz072i024p06207.

Gosain, G.D. and Sharma, R. (2011), “Conceptual design of an ultra-low motion new-age semi-submersible
platform”, J. Inst. Engineers (India) in Marine Eng. [MR], 92, 3-10.

Gosain, G.D., Sharma, R. and Kim, T.W. (2017), “An optimization model for preliminary stability and
configuration analyses of semi-submersibles”, Int. J. Maritime Eng., 159(3), 249-270.
https://doi.org/10.5750/ijme.v1591A3.1028.

Griffin, O.M. and Ramberg, S.E. (1982), “Some recent studies of vortex shedding with application to marine
tubulars and risers”, J. Energ. Resour. Technol., 104, 2-13. https://doi.org/10.1115/1.3230377.

Griffin, O.M., Skop, R.A. and Ramberg, S.E. (1975), “The resonant, vortex-excited vibrations of structures
and cable systems”, Proceedings of the 7" annual Offshore Technology conference, OTC 2319, Houston,
Texas, May, 5-8. https://doi.org/10.4043/2319-MS.

Han, X., Tang, Y., Feng, Z., Meng, Z., Qiu, A., Lin, W. and Wu, J. (2018), Vortex-Induced Vibration of a
Marine Riser: Numerical Simulation and Mechanism Understanding, New Innovations in Engineering
Education and Naval Engineering. IntechOpen.

Hartlen, R.T., Baines, W.D. and Currie, 1.G. (1968), “Vortex excited oscillations of a circular cylinder,
University of Toronto”, Report UTME-TP 6809.

Hong, K.S. and Shah, U.H. (2018), “Vortex-induced vibrations and control of marine risers: A review”, Ocean
Eng., 152, 300-315. https://doi:10.1016/j.oceaneng.2018.01.086.

Hong, Y., Cholil, Y., Lee, J. and Kim, Y. (2008), “Vortex-induced motion of a deep-draft semisubmersible in
current and waves”, Proceedings of the 18" International Offshore and Polar Engineering Conference,
ISOPE-2008, Vancouver, BC, Canada, July, 6-11.

Hourigan, K., Thompson, M.C. and Tan, B.T. (2001), “Self-sustained oscillations in flows around long blunt
plates”, J. Fluid. Struct., 15(3-4), 387-398. https://doi.org/10.1006/jf1s.2000.0352.

Hover, F.S., Miller, S.N. and Triantafyllou, M.S. (1997), “Vortex-Induced vibration of marine cables:
experiments using force feedback™, J. Fluid. Struct., 11, 307-326. https://doi.org/10.1006/jfls.1996.0079.
Hu, X., Zhang, X. and You, Y. (2019), “Experimental studies of the unsteady hydrodynamic loads on a tension-

leg  platform at  high  Reynolds numbers”, J.  Fluid.  Struct, 87, 263-283.


https://doi.org/10.1016/j.apor.2015.05.006
https://doi.org/10.1115/1.4001440
https://doi.org/10.1016/j.oceaneng.2012.06.032
https://doi.org/10.1016/j.oceaneng.2013.01.019
https://doi.org/10.5750/ijme.v159iA3.1028
https://doi.org/10.1115/1.3230377
https://doi.org/10.4043/2319-MS
https://doi:10.1016/j.oceaneng.2018.01.086
https://doi.org/10.1006/jfls.2000.0352
https://doi.org/10.1006/jfls.1996.0079

Vortex induced vibrations and motions - Review, issues and challenges 327

https://doi.org/10.1016/j.jfluidstructs.2019.03.024.

Huang, H. and Chen, H.C. (2020), “Investigation of mooring damping effects on vortex-induced motion of a
deep draft semi-submersible by coupled CFD-FEM analysis”, Ocean Eng., 210, 107418.
https://doi.org/10.1016/j.0ceaneng.2020.107418.

Hujis, F., Rogier de, B. and Feike, S. (2014), “Concept design verification of a semisubmersible floating wind
turbine using coupled simulations”, Energy Procedia, 53, 2-12.
https://doi.org/10.1016/j.egypro.2014.07.210.

Hujis, F.A. (2007), “The influence of steel catenary risers on the first order motions of a semisubmersible”,
Proceedings of the 17" International Offshore and Polar Engineering Conference, Lisbon, Portugal, July,
1-6.

Irani, M., Jennings, T., Geyer, J. and Krueger, E. (2015), “Some aspects of vortex induced motions of a multi-
column floater”, Proceedings of the 34" International Conference on Ocean, Offshore and Arctic
Engineering, OMAE 2015-41164, St. John’s, NL, Canada, May 31 - June 5.
https://doi.org/10.1115/OMAE2015-41164.

Jia, L., Liu, Y., Zhang, M., Fu, S. and Ren, H. (2022), “Experimental Research on Vortex-Induced Force
Characteristics of Flexible Riser with Buoyancy Module and Strakes”, Appl. Sci., 12(12), 6180.
https://doi.org/10.3390/app12126180.

Johns, W., Townsend, T., Fratantoni, D. and Wilson, W. (2002), “On the Atlantic inflow to the Caribbean sea,
deep-sea research part I, Oceanographic Research Papers, 49 (2),211-243. https://doi.org/10.1016/s0967-
0637(01)00041-3.

Jones, G. and Lamb, W.S. (1993), “The vortex induced vibration of marine risers in sheared and critical flows”,
Wave Kinematics and Environmental Forces, Advances in Underwater Technology, Ocean Science and
Offshore Engineering, 29, 209-238. https://doi.org/10.1007/978-94-017-3663-3 11.

Kamble, C. and Chen, H.C. (2016), “CFD prediction of vortex induced vibrations and fatigue assessment for
deepwater marine risers”, Ocean Syst. Eng., 6(4), 325-344. https://doi.org/10.12989/0se.2016.6.4.325.

Khalak, A. and Williamson, C.H.K. (1996), “Dynamics of a hydro elastic cylinder with very low mass and
damping”, J. Fluid. Struct., 10, 455-472. https://doi.org/10.1006/jf1s.1996.0031.

Kim, E.S. and Bernitsas, M.M. (2016), “Performance prediction of horizontal hydrokinetic energy converter
using multiple-cylinder synergy in flow induced motion”, Appl. Energ., 170, 92-100.
https://doi.org/10.1016/j.apenergy.2016.02.116.

King, R. (1948), “Vortex excited structural oscillations of a circular cylinder in steady currents”, Proceedings
of the Ocean Technology Conference, 43-154, Houston, Texas, USA, May 6-8.
https://www.onepetro.org/conference-paper/OTC-1948-MS.

Kirk, C.L. (1985), “Resonant heave motions of semisubmersible vessels”, Ocean Eng., 12(2), 177-184.
https://doi.org/10.1016/0029-8018(85)90080-0.

Konstantinidis, E., Dorogi, D. and Baranyi, L. (2021), “Resonance in vortex-induced in-line vibration at low
Reynolds numbers”, J. Fluid Mech., 907, A34. https://doi:10.1017/jfm.2020.850.

Koop, A., de Wilde, J., Fujarra, A.L.C., Rijken, O., Linder, S., Lennblad, J., Huag, N. and Phadke, A. (2016),
“Investigations on reasons for possible difference between VIM response in the field and in model tests”,
Proceedings of the 35" international conference on Ocean, Offshore and Arctic Engineering, OMAE2016-
54746, in Proceedings of the ASME, Busan, South Korea, June 19-24. https://doi.org/10.1115/OMAE2016-
54746.

Kretschmer, T.R., Edgerton, G.A., Black, S.A. and Albertsen, N.D. (1975), “SEACON II: An instrumented tri-
moor for evaluating cable structure design methods”, Proceedings of the Offshore Technology Conference,
OTC-2365-MS, Houston, Texas, May, 5-8. https://doi.org/10.4043/2365-MS.

Kurian, V.J., Ng, C.Y. and Liew, M.S. (2013), “A numerical and experimental study on motion responses of
semisubmersible platforms subjected to short crested waves”, Proceedings of the 11" International
Conference on Vibration Problems, Lisbon, Portugal, September, 9-12.

Lindenburg, C. (2012), “Technical Report ECN-1--05-005 r11: PHATAS release ’JAN-2012b’ user’s manual”,
Energy Research Centre of the Netherlands (ECN). Petten; 2012, website address: www.ecn.nl/publications


https://doi.org/10.1016/j.jfluidstructs.2019.03.024
https://doi.org/10.1016/j.oceaneng.2020.107418
https://doi.org/10.1016/j.egypro.2014.07.210
https://doi.org/10.1115/OMAE2015-41164
https://doi.org/10.3390/app12126180
https://doi.org/10.1007/978-94-017-3663-3_11
https://doi.org/10.12989/ose.2016.6.4.325
https://doi.org/10.1006/jfls.1996.0031
https://doi.org/10.1016/j.apenergy.2016.02.116
https://doi.org/10.1016/j.apenergy.2016.02.116
https://www.onepetro.org/conference-paper/OTC-1948-MS
https://doi.org/10.1016/0029-8018(85)90080-0
https://doi:10.1017/jfm.2020.850
https://doi.org/10.1115/OMAE2016-54746
https://doi.org/10.1115/OMAE2016-54746
https://doi.org/10.4043/2365-MS
http://www.ecn.nl/publications

328 Patitapaban Sahoo, Vamshikrishna Domala and R. Sharma

Liu, G., Li, H., Qiu, Z., Leng, D., Li, Z. and Li, W. (2020), “A mini review of recent progress on vortex-
induced vibrations of marine risers”, Ocean Eng., 195, 106704.
https://doi.org/10.1016/j.0ceaneng.2019.106704.

Liu, M. Xiao, L., Lu, H. and Xiao, X. (2017), “Experimental study on vortex-induced motions of a semi-
submersible with square columns and pontoons at different draft conditions and current incidences”, Int. J.
Naval Architect. Ocean Eng., 9(3), 326-338, https://doi.org/10.1016/j.ijnaoe.2016.11.003.

Liu, M., Xiao, L., Lu, H. and Shi, J. (2016), “Experimental investigations into the influences of pontoon and
column configuration on vortex-induced motions of deep-draft semisubmersibles”, Ocean Eng., 123, 262-
277. https://doi.org/10.1016/j.0oceaneng.2016.07.007.

Madjid, M., Quentin, M., Zhen, G. and Torgeir, M. (2011), “Hydroelastic code-to-code comparison for a
tension leg spar-type floating wind turbine”, Mar. Struct., 24, 412-435.
https://doi.org/10.1016/j.marstruc.2011.05.006.

Maeda, H., Tomoki, ., Koichi, M. and Chang-kyu, R. (2000), “Time-domain analyses of elastic response and
second-order mooring force on a very large floating structure in irregular waves”, Mar. Struct., 13, 279-299.
https://doi.org/10.1016/S0951-8339(00)00032-0.

Maksoud, J. (2005), “Improved strake design reduces spar VIV”, Offshore, Article 16764376, website address:
www.offshore-mag.com/home/article/16764376/improved-strake-design-reduces-spar-viv.

Marcio, Y. and Celso, K.M. (2007), “Dynamic positioning of floating platform coupled with drilling riser”,
4°PDPETRO, Campinas, SP, 21-24 October.

Martin, B. and Rijken, O. (2012), “Experimental analysis of surface geometry, external damping and waves
on semisubmersible vortex induced motions”, Proceedings of the 31*' International Conference on Ocean,
Offshore and Arctic Engineering, OMAE2012-83689, 809-816, in Proceedings of the ASME, Rio de Janeiro,
Brazil, June, 1-6. https://doi.org/10.1115/OMAE2012-83689.

Maximiano, A.S., Koop, A., de Wilde, J. and Gongalves, R.T. (2016), “Experimental study on the sensitivity
of Vortex-Induced Motions (VIM) of a semisubmersible floater to damping and mass ratio”, Proceedings
of the 26" International Offshore and Polar Engineering Conference, ISOPE-2016, Rhodes, Greece, June
26- July 1. ISBN: 978-1-880653-88-3.

Meng, D. and Chen, L. (2012), “Nonlinear free vibrations and vortex-induced vibrations of fluid-conveying
steel catenary riser”, Appl. Ocean Res., 34, 52-67. https://doi.org/10.1016/j.apor.2011.10.002.

Mukundan, H., Hover, F.S. and Triantafyllou, M.S. (2010), “A systematic approach to riser VIV response
reconstruction”, J. Fluid. Struct., 26(5), 722-746. https://doi.org/10.1016/].jfluidstructs.2010.04.001.

Naudascher, E. and Rockwell, D. (2012), Flow-induced vibrations: An engineering guide, International
Association for Hydraulic Research, 7 (Corrected reissue of first Ed.). Mineola, New York, USA (A. A.
Balkema Publishers, Rotterdam, Netherlands): (NB. Reissue contains additional errata list in appendix.)
Courier Corporation.

Pallan, C.A. and Sharma, R. (2022), “A computer based simulation model for the fatigue damage assessment
of deep water marine riser”, Ocean Syst. Eng., 12(1), 87-142. https://doi.org/10.12989/0se.2022.12.1.087.

Park, M.S., Jeong, Y.J., You, Y.J., Lee, D.H. and Kim, B.C. (2014), “Numerical analysis of a hybrid
substructure for offshore wind turbines”, Ocean Syst. Eng., 4(3), 169-183.
https://doi.org/10.12989/0se.2014.4.3.169.

Paula, P.B., Julio, C., Paula, G.C., Heather, H., Amy, B., Peter, H. and Robert, L. (2018), “Dominant circulation
patterns of the deep gulf of Mexico”, J. Phys. Oceanography, 48(3), 511, https://doi.org/10.1175/JPO-D-
17-0140.1.

Placzek, A., Sigrist, J.F. and Hamdouni, A. (2009), “Numerical simulation of an oscillating cylinder in a cross-
flow at low Reynolds number: Forced and free oscillations”, Comput. Fluids, 38(1), 80-100.
https://doi.org/10.1016/j.compfluid.2008.01.007.

Ramirez, J.M. (2021), “A coupled formulation of fluid-structure interaction and piezoelectricity for modeling
a multi-body energy harvester from vortex-induced vibrations”, Energ. Convers. Manage., 249, 114852.
https://doi.org/10.1016/j.enconman.2021.114852.

Rijken, O. (2014), “Examing the effects of scale, mass ratios and column shapes on the vortex induced motion
response of a semisubmersible through CFD analyses”, Proceedings of the 33rd International Conference


https://doi.org/10.1016/j.oceaneng.2019.106704
https://doi.org/10.1016/j.oceaneng.2016.07.007
https://doi.org/10.1016/j.marstruc.2011.05.006
https://doi.org/10.1016/S0951-8339(00)00032-0
http://www.offshore-mag.com/home/article/16764376/improved-strake-design-reduces-spar-viv
https://doi.org/10.1115/OMAE2012-83689
https://doi.org/10.1016/j.apor.2011.10.002
https://doi.org/10.1016/j.jfluidstructs.2010.04.001
https://doi.org/10.12989/ose.2022.12.1.087
https://doi.org/10.12989/ose.2014.4.3.169
https://doi.org/10.1016/j.compfluid.2008.01.007
https://doi.org/10.1016/j.enconman.2021.114852

Vortex induced vibrations and motions - Review, issues and challenges 329

on Ocean, Offshore and Arctic Engineering, in Proceedings of the ASME, OMAE2014-23471, June, 8-13.
https://doi.org/10.1115/OMAE2014-23471.

Rijken, O. and Leverette, S. (2008), “Experimental study into vortex induced motion response of
semisubmersibles with sqaure columns”, Proceedings of the 27th International Conference on Ocean,
Offshore and Arctic Engineering, OMAE2008-57396, in Proceedings of the ASME, Estoril, Portugal, June,
15-20. https://doi.org/10.1115/OMAE2008-57396.

Rijken, O. and Leverette, S. (2009), “Field measurements of vortex induced motions of a deep draft
semisubmersible”, Proceedings of the 28" International Conference on Ocean, Offshore and Arctic
Engineering, OMAE2009-79380, 739-746, in the Proceedings of the ASME, Honolulu, Hawaii, May 31 -
June 5. https://doi.org/10.1115/0OMAE2009-79803.

Rijken, O., Schuurmans, S. and Leverette, S. (2011), “Experimental investigations into the influences of SCRS
and appurtenances on deep draft semisubmersible vortex induced motion response”, Proceedings of the 30"
International Conference on Ocean, Offshore and Arctic Engineering, OMAE2011-49365, 269-279, in
Proceedings of the ASME, Rotterdam, The Netherlands, June, 19-24. https://doi.org/10.1115/OMAE2011-
49365.

Sarpkaya, T. (1979), “Vortex-induced oscillations: A selective review”, J. Appl. Mech., 46(2), 241-258.
https://doi:10.1115/1.3424537.

Sarpkaya, T. (2004), “A critical review of the intrinsic nature of vortex-induced vibrations”, J. Fluid. Struct.,
19(4), 389-447. https://doi:10.1016/j.jfluidstructs.2004.02.005.

Sarpkaya, T., Isaacson, M. and Wehausen, J.V. (1982), Mechanics of wave forces on offshore structures, Van
Nostrand Reinhold.

Scruton, C. (1963), “On the wind excited oscillation of stacks, towers and masts”, Proceedings of the
conference on wind effects on buildings and structures, held in Teddington, England, June, National
Physical laboratory.

Sharma, R. and Sha, O.P. (2005), “Practical hydrodynamic design of bulbous bows for ships”, Naval Engineers
J., 117(1), 57-76. https://doi.org/10.1111/j.1559-3584.2005.tb00321 .x.

Sharma, R., Kim, T.W.,, Sha, O.P. and Misra, S.C. (2009), “Semisubmersible design faces challenges”,
Offshore Marine Technology (OMT), 3, 22-30.

Sharma, R., Kim, T.W., Sha, O.P., and Misra, S.C. (2010), “Issues in offshore platform research-Part 1: Semi-
submersibles”, Int. J. Naval Architect. Ocean Eng., 2(3), 155-170. https://doi.org/10.2478/IINAOE-2013-
0032.

Sharma, R., Misra, S.C. and Sha, O.P. (2009), “Deepwater drilling designs-System integration”, Mar.
Engineers Rev. (MER), 41-44.

Sharma, R., Misra, S.C. and Sha, O.P. (2009), “Drillships of semi-submersibles for deep waters”, Mar.
Engineers Rev. (FEV), 36-41.

Skop, R.A., Griffin, O.M. and Ramberg, S.E. (1977), “Strumming predictions for the SEACON II
experimental mooring”, Presented at 9th annual Offshore Technology conference, Houston, Texas, May.
https://doi.org/10.4043/2884-MS.

Son, M.J., Lee, S.C., Kwon, K.C., Kim, T.W. and Sharma, R. (2011), “Configuration estimation method for
preliminary cost of ships based on engineering bills of materials”. J. Mar. Sci. Technol., 16(4), 367-378.
https://doi.org/10.1007/s00773-011-0139-9.

Song. A., Ping, S.L., Yong, L. and Qiang, W. (2010), “Evaluation of station keeping systems for deepwater
drilling semisubmersibles”, Mar. Sci. Appl., 9, 312-316. https://doi.org/10.1007/s11804-010-1013-6.

Soti, A.K., Thompson, M.C., Sheridan, J. and Bhardwaj, R. (2017), “Harnessing electrical power from vortex-
induced  vibration of a  circular  cylinder’, J. Fluid. Struct., 70, 360-373.
https://doi.org/10.1016/j.jfluidstructs.2017.02.009.

Strouhal, V. (1878), “Ueber eine besondere Art der Tonerregung”, Annalen Der Physik, 241(10), 216-251.
https://doi.org/10.1002/andp.18782411005.

Sumer, B.M. (2006), “Hydrodynamics around cylindrical strucures”, Advanced series on ocean engineering
26, World Scientific Press, Singapore.


https://doi.org/10.1115/OMAE2014-23471
https://doi.org/10.1115/OMAE2008-57396
https://doi.org/10.1115/OMAE2009-79803
https://doi.org/10.1115/OMAE2011-49365
https://doi.org/10.1115/OMAE2011-49365
https://doi:10.1115/1.3424537
https://doi:10.1016/j.jfluidstructs.2004.02.005
https://doi.org/10.1111/j.1559-3584.2005.tb00321.x
https://doi.org/10.2478/IJNAOE-2013-0032
https://doi.org/10.2478/IJNAOE-2013-0032
https://doi.org/10.4043/2884-MS
https://doi.org/10.1007/s00773-011-0139-9
https://doi.org/10.1007/s11804-010-1013-6
https://doi.org/10.1016/j.jfluidstructs.2017.02.009
https://doi.org/10.1002/andp.18782411005
https://doi.org/10.1002/andp.18782411005

330 Patitapaban Sahoo, Vamshikrishna Domala and R. Sharma

Sunil, D.K. and Mukhopadhyay, M. (1995), “Free vibration of semisubmersibles: A parametric study”, Ocean
Eng., 22(5), 489-502. https://doi.org/10.1016/0029-8018(94)00012-V.

Tahar, A. and Kim, M.H. (2008), “Coupled-dynamic analysis of floating structures with polyester mooring
lines”, Ocean Eng., 35, 1676-1685. https://doi.org/10.1016/j.oceaneng.2008.09.004.

Takagi, M., Ichi, A.S., Seiji, T., Kunio, T. and Naonosuke, T. (1985), “A comparison of methods for calculating
the motions of a semisubmersible”, Ocean Eng., 12(1), 45-97. https://doi.org/10.1016/0029-
8018(85)90010-1.

Tamura, Y. (2020), “Mathematical models for understanding phenomena: Vortex-induced vibrations”, Japan
Architect. Rev., 3(4), 398-422. https://doi.org/10.1002/2475-8876.12180.

TMAA (2011), “Technical Manual Ansys - AOQWA v 14.0”, website:www.ansys.com.

TMHAWC (2015), “HAWC2 Manual v 4.6, website: www.hawc2.dk.

TMUSFOS (2015), “Technical Manual USFOS”, website: www.usfos.no.

UG (2015), “User guide for Shear7 V4.9”, AMOG Consulting, Australia, 7" December 2015, website address:
www.shear7.com.

Van Dyke, M. and Van Dyke, M. (1982), “An album of fluid motion”, 176, Stanford: Parabolic Press.

Van Santen, J.A. (1985), “Approximative formulae for calculating the motions of semisubmersible”, Ocean
Eng., 12(3), 235-252. https://doi.org/10.1016/0029-8018(85)90015-0.

Vandiver, J.K. (1983), “Drag coefficients of long flexible cylinders”, Proceedings of the Offshore technology
conference, Houston, Texas, USA, May 2-5. https://www.onepetro.org/conference-paper/OTC-4490-MS.
Vandiver, J.K. (2002), “A universal reduced damping parameter for prediction of vortex-induced vibration”,
Proceedings of the 2Ist international conference on OMAE, Oslo, June, 23-28.

https://doi.org/10.1115/OMAE2002-28292.

Verley, R.L.P. and Every, M.J. (1977), “Wave induced vibration of flexible cylinders”, Proceedings of the
Ocean Technology Conference, Houston, Texas, USA, May 2-5. https://www.onepetro.org/conference-
paper/OTC-2899-MS.

Vickery, B.J. and Watkins, R.D. (1964), “Flow-induced vibrations of cylindrical structures”, In Hydraulics
Fluid Mech., 213-241. Pergamon. https://doi.org/10.1016/B978-0-08-010291-7.50018-5.

Von Karman, T. (1912), “Uber den Mechanismuss des Widerstandes den ein bewegter Korper in einen
Flussigkeit Erfahrt”, Nachrichten der K. Gesellschaft der Wissenschaften zu Gottingen, 547-556.

Waals, O.J., Phadke, A.C. and Bultema, S. (2007), “Flow induced motions of multi column floaters”,
Proceedings of the 26" International Conference on Ocean, Offshore and Arctic Engineering, OMAE 2007-
29539, in Proceedings of the ASME, San Diego, California, USA, June, 10-15.
https://doi.org/10.1115/OMAE2007-29539.

Wang, J., Fu, S., Baarholm, R., Wu, J. and Larsen, C.M. (2015a), “Out-of-plane vortex-induced vibration of a
steel  catenary riser caused by vessel motions”, Ocean Eng., 109, 389-400.
https://doi.org/10.1016/j.oceaneng.2015.09.004.

Wang, Y., Gao, D. and Fang, J. (2015b), “Study on lateral vibration analysis of marine riser in installation-via
variational approach”, J. Nat. Gas Sci. Eng., 22, 523-529. https://doi.org/10.1016/j.jngse.2014.12.012.

Wang, Y., Yang, J., Peng, T. and Li, X. (2009), “Model test study on vortex-induced motions of a floating
cylinder”, Proceedings of the 28" International Conference on Ocean, Offshore and Arctic Engineering,
OMAE2009-79134, in Proceedings of the ASME, Honolulu, Hawaii, May 31 - June 5.
https://doi.org/10.1115/OMAE2009-79134.

Williamson, C.H.K. and Govardhan, R. (2004), “Vortex-induced vibrations”, Annu. Rev. Fluid Mech., 36, 413-
455. https://doi:10.1146/annurev.fluid.36.050802.122128.

Xu, Q. (2011), “A new semisubmersible design for improved heave motion, vortex-induced motion and
quayside stability”, Proceedings of the 30" International Conference on Ocean, Offshore and Arctic
Engineering, OMAE2011-49118, 95-103, in Proceedings of the ASME, Rotterdam, The Netherlands, June,
19-24. https://doi.org/10.1115/OMAE2011-49118.

Xu, W.H., Zeng, X.H. and Wu, Y.W. (2008), “High aspect ratio (L/D) riser VIV prediction using wake
oscillator model”, Ocean Eng., 35, 1769-1774. https://doi.org/10.1016/j.oceaneng.2008.08.015.


https://doi.org/10.1016/0029-8018(94)00012-V
https://doi.org/10.1016/j.oceaneng.2008.09.004
https://doi.org/10.1016/0029-8018(85)90010-1
https://doi.org/10.1016/0029-8018(85)90010-1
https://doi.org/10.1002/2475-8876.12180
http://www.shear7.com/
https://doi.org/10.1016/0029-8018(85)90015-0
https://www.onepetro.org/conference-paper/OTC-4490-MS
https://doi.org/10.1115/OMAE2002-28292
https://www.onepetro.org/conference-paper/OTC-2899-MS
https://www.onepetro.org/conference-paper/OTC-2899-MS
https://doi.org/10.1016/B978-0-08-010291-7.50018-5
https://doi.org/10.1115/OMAE2007-29539
https://doi.org/10.1016/j.oceaneng.2015.09.004
https://doi.org/10.1016/j.jngse.2014.12.012
https://doi.org/10.1115/OMAE2009-79134
https://doi:10.1146/annurev.fluid.36.050802.122128
https://doi.org/10.1115/OMAE2011-49118
https://doi.org/10.1016/j.oceaneng.2008.08.015

Vortex induced vibrations and motions - Review, issues and challenges 331

Xu, WH., Zeng, X.H., Wu, Y.W., Zeng, X.H., Xing-Fu, Z. and Xing, Y.J. (2010), “A new wake oscillator
model for predicting vortex induced vibration of a circular cylinder”, J. Hydrodynam., 22(3), 381-386.
https://doi.org/10.1016/S1001-6058(09)60068-8.

Yang, M., Teng, B., Ning, D. and Shi, Z. (2012), “Coupled dynamic analysis for wave interaction with truss
spar and its mooring line/riser system in time domain”, Ocean Eng., 39, 72-87.
https://doi.org/10.1016/j.oceaneng.2011.11.002.

Ye, W., Shanks, J. and Fang, J. (2003), “Effects of fully coupled and quasi-static semisubmersible vessel
motions on steel catenary riser’s wave loading fatigue”, Proceedings of the Offshore Technology Conference,
Houston, Texas, U.S.A, May 2003. https://doi.org/10.4043/15105-MS.

Yilmaz, O. and Incecik, A. (1995), “Extreme motion response analysis of moored semisubmersibles”, Ocean
Eng., 23,497-517. https://doi.org/10.1016/0029-8018(95)00057-7.

Zhangla, X.T., Li, Z.Y. and Fu, S.X. (2014), “Study of the flow around a cylinder from the subcritical to
supercritical regimes”, Ocean Syst. Eng., 4(3), 185.200. https://doi.org/10.12989/0se.2014.4.3.185.

Zhao, J., Nemes, A., Lo Jacono, D. and Sheridan, J. (2018a), “Branch/mode competition in the flow-induced
vibration of a square cylinder”, Philos. T. Roy. Soc. A: Math., Phys. Eng. Sci., 376(2126), 20170243.
https://doi.org/10.1098/rsta.2017.0243.

Zhao, W., Zou, L., Wan, D. and Hu, Z. (2018b), “Numerical investigation of vortex-induced motions of a
paired-column semi-submersible in currents”, Ocean Eng., 164, 272-283.
https://doi.org/10.1016/j.0ceaneng.2018.06.023.

Zou, J. (2012), “Semisubmersible platforms with steel catenary risers for Western Australia and Gulf of
Mexico”, Ocean Syst. Eng., 2(2), 99-113. https://doi.org/10.12989/0s¢.2012.2.2.099.

oM


https://doi.org/10.1016/S1001-6058(09)60068-8
https://doi.org/10.1016/j.oceaneng.2011.11.002
https://doi.org/10.4043/15105-MS
https://doi.org/10.1016/0029-8018(95)00057-7
https://doi.org/10.12989/ose.2014.4.3.185
https://doi.org/10.1098/rsta.2017.0243
https://doi.org/10.1016/j.oceaneng.2018.06.023

332 Patitapaban Sahoo, Vamshikrishna Domala and R. Sharma

Nomenclature

CR = Catenary Riser,

CoG= Centre of gravity with respect to water line,
CSM = Computer Simulation Model,

DDS = Deep draft Semi-submersible,

dof = Degree of Freedom,

DPS = Dynamic Positioning System,

ROVs = Remotly Operated Vehicles,

DR = Drilling Riser,

FEA = Finite Element Analysis,

FSI = Fluid Structure Interaction,

HMPE = High Modulus polyethylene,

KC = Keulegan—Carpenter,

Re = Reynolds Number,

RMS = Root Mean Square,

SCR = Steel Catenary Riser,

SSBFH = Stainless Steel Braided Flexible Steel,
TLP = Tension Leg Platform,

VIM = Vortex Induced Motion and,

VIV = Vortex Induced Vibration,

A: = Amplitude number of riser in y-direction,
A; = Amplitude number of riser in y-direction,
A..s =Root Mean Square (RMS) amplitude number of semi-submersible in sway dof,

A s = Root Mean Square (RMS) amplitude of the vibrating cylinder in sway dof,
D = Diameter of the marine riser (i.e. cylinder) in mm,

fSt = vortex/Strouhal shedding frequency,

H. = Submerged height of the semi-submersible column,

L = The length of string,
M = The effective mass per unit length of string including added mass,

m’or m: = The mass ratio of cylinder or string,
St

T = Tension in the string (i.e. Drilling riser),

= Strouhal number,

T, =Time period
U = Current velocity in m/s,
U, or U =Reduced velocity,

U = velocity amplitude of flow that oscillates,

© = Density of fluid,
¢ = Damping ratio,
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0. = Strouhal reduced damping,

r

#M = Dynamic viscosity of water.





