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Abstract: The motivation for this study is the fast development of floating offshore wind energy and
the immature methodology and engineering practice related to predictions of vortex-induced motions
(VIM). Benefiting from the oil and gas industry, in the past several decades, extensive knowledge
and experience on vortex-induced vibrations (VIV) on slender marine structures has been gained. As
the learnings from these efforts should be transferred and adapted to the renewable energy industry,
a state-of-the-art review on influential VIM research has been carried out in this paper, focusing
on: (1) engineering practice, (2) model tests, (3) numerical calculation, and (4) field measurement.
Engineering gaps and potential research topics are identified as future work.

Keywords: vortex-induced motions (VIM); vortex-induced vibrations (VIV); floating offshore wind
turbine (FOWT)

1. Introduction

The ‘Green Shift’ from fossil energy (coal, oil and natural gas) to renewable energy
(sunlight, wind, waves and tide) is now a global trend [1]. DNV forecasts that by 2050,
the installed floating global wind capacity will have grown from today’s 100 megawatts
(MW) to over 264 gigawatts (GW) [2,3], so that 2% of the world’s electricity demand can be
supplied by cost-efficient and dependable floating offshore wind; see Figure 1. Floating
offshore wind is considered to be a viable solution at water depths exceeding 50 to 60 m
with abundant wind resources. As a fast-evolving technology, it has the potential for less
foundation material, shortened installation cycle and decommissioning, and additional
wind power generation.

Floating wind sites are under investigation in water depths exceeding 100 m. For
export substations in such water depths, DNV indicates that floating foundations are
considered commercially more attractive than jacket foundations. However, to fully take
up the potential, floating wind needs to overcome major challenges related to costs and
confidence. New risks can be managed by using off-the-shelf bottom fixed turbines and
well-known oil and gas technology for floaters (see Figure 2).

The floating offshore wind turbine (FOWT) is a fully coupled system: aerodynamics,
hydrodynamics, structural dynamics, electrical dynamics, mechanical systems and con-
troller, and it will move in all degrees of freedom under the influence of environmental
loads such as wind, waves and currents [4–6]. Dynamic electrical cables are crucial in ex-
porting power from an FOWT. Understanding, modeling and simulating the fluid–structure
interaction problems of FOWT are vital to ensure the operability, safety, and sustainability
of the floating offshore wind system.
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Vortex-induced motions (VIM) of the hull can affect the mooring system design as
well as the electrical cable design in terms of both extreme loading and fatigue loading.
VIM could have three primary effects on the mooring design [7–9]:

• Increase in the average in-line drag coefficient.
• Large low-frequency VIM motion amplitudes relative to the total floating substructure

responses.
• Additional low-frequency oscillating mooring line tensions.

Fluid–structure interaction (FSI) problems such as vortex-induced vibrations (VIV)
and VIM need to be considered in the design, transportation, installation and opera-
tion of FOWTs. Moreover, the unnecessary conservatism (Factor of Safety—FoS of 20–30
when considering VIV in present design practice) should be reduced to contribute to
cost-effective design.

However, industry has not yet had the opportunity to share and review the collective
data/knowledge on VIM in order to establish a common understanding of the problem,
and an industry consensus on how to deal with VIM in design is still lacking.

Figure 1. Floating wind will deliver 2% of the world’s power supply until 2050. Source: IEA web
(2020). DNV GL Energy Transition Outlook [2].

Figure 2. Examples of typical floating offshore wind turbines, sketch inspired by drawing of DNV.
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2. Theoretical Background

VIV and VIM are both resonant fluid–structure interaction phenomena. VIM could
be considered as a special subset of VIV, represented by rigid body motion, small mass
ratio and aspect ratio, and six degrees-of-freedom (DOFs); see Figure 3b [10,11]. When
fluid flows past a cross-section of a slender cylinder (illustrated in Figure 3a), the energy
provided by the fluid flow is balanced by the energy dissipated by damping acting on the
system. A self-limited oscillation of amplitude close to the dimension of a cross-section in
the cross-flow (CF) direction is triggered by the frequency of vortex shedding, which is
approximately equal to one of the natural frequencies involved. Furthermore, the cross-
section is free to move in both in-line (IL) and CF directions. Floaters such as spars and
semi-submersibles are susceptible to VIM among with other environmental loads, while
power cables connecting the offshore wind turbines to the grid can experience complex
environmental loads, including VIV, wave loads and floater motions (e.g., VIM) acting on
their top ends.

Re

L/D

x‐DOF

m* VIM

• High Re

• Small m*

• Low L/D

• x-DOF

VIV

(a) (b)

Figure 3. VIV and VIM. (a) Sketch illustrates VIV. Fluid–structure interaction due to alternative
vortex shedding. Two degree-of-freedom (DOF) motions of a cross-section. (b) VIM is a particular
case of VIV on cylinders with low aspect ratio AR, small mass ratio (m∗), at least 2 DOF and high
Reynolds numbers. Sketch inspired of Figure 2 of [11].

2.1. Reynolds Number

The Reynolds numbers (Re) is the ratio of inertial forces to viscous forces within a
fluid, and it is defined as:

Re =
UD

ν
(1)

where U is the free stream velocity, D is the characteristic length, and ν is the kinematic
viscosity. VIM is known to occur under larger Reynolds numbers than VIV, since the
characteristic length of floating units and its sub-structures are significantly larger than for
slender marine structures such as marine risers, subsea cables and pipelines.

2.2. Strouhal Number

The Strouhal number (St) is the dimensionless proportionality constant given as the
ratio between the predominant frequency of vortex shedding and the diameter of the
cylinder divided by the free stream velocity:

St =
fstD
U

(2)

where fst = StU/D is the vortex shedding frequency of a stationary cylinder in uniform
flow, which means a full cycle of vortex shedding process. The Strouhal number is sensitive
to the Reynolds number and surface roughness ratio. Figure 4 presents the Strouhal
number versus Reynolds number relationship for a circular cylinder [12]. The so-called
‘camel hump’ (abrupt increase of St) develops in the high Re (Re > 1× 105) region.
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Figure 4. Strouhal number vs. Reynolds number. The original St versus Re curve as collated by [13]
seen in the background in gray. The open circles denote the bulk of the data discussed and presented
in [12,14] relating to Strouhal number, where the squares are some of the data, which were referenced
by Lienhard in the development of the St versus Re curve. Figure from [12,14].

2.3. Keulegan–Carpenter Number

The Keulegan–Carpenter (KC) number is defined as KC = UmT/D, where Um is
the amplitude of the oscillatory flow velocity, T is the oscillatory flow period and D is
the diameter of the cylinder. In oscillatory flow, the ratio between Reynolds number and
Keulegan–Carpenter number is a constant β = Remax/KC = D2/υT. Drag and inertia
coefficients for smooth cylinders as a function of KC number were investigated by [15]. The
vortex flow regimes around a circular cylinder subject to oscillatory flow and undergoing
CF vibrations were studied by [16]. The flow of vortices was visualized by using an
aluminium powder technique.

2.4. Reduced Velocity

The reduced velocity (Ur) is the normalized flow velocity defined as:

Ur =
UTn

D
=

U
D fn

(3)

where Tn and fn are the natural period and frequency of a free oscillation system, respec-
tively. VIM response amplitude ratios are presented as a function of reduced velocity and
used as design curves. It is important to note that there are significant Reynolds number
effects, as illustrated in Figure 5.

For an FOWT undergoing six DOF motions, the definition of reduced velocity is
complicated. Natural periods in the transverse/cross-flow direction in still water as a
function of different headings and offsets are desired to define the reduced velocity due to
the non-linear mooring system and hydrostatic stiffness [8,17]. It should be noted that the
IL and CF directions are defined with respect to the incoming current direction.
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Figure 5. Dimensionless maximum CF VIV amplitude ratio vs. Reynolds number [18–28].

2.5. Drag Coefficient

The mean drag force on the floating unit is given by [8,10]:

Fd = Cd
1
2

ρU2 Ap (4)

where Cd is the mean drag coefficient, ρ is the density of fluid, Ap is the projected area. In
the lock-in condition, the drag coefficient is amplified due to large CF amplitude [29].

‘Drag crisis/bucket’ is the region where the boundary layer flow transitions from
the laminar regime to the turbulent regime for a smooth, fixed, circular cylinder [30].
Figure 6 illustrates this process. In the sub-critical region, the boundary layer is laminar,
and it separates ahead of the 90° position, which leads to a wide wake and high drag; see
Points 1–4. In the critical region, the boundary layer is still laminar, but the separation is
followed by turbulent mixing and flow re-attachment. At 120°, the flow separates again, but
the wake width is reduced with a low drag, see point 5, and the corresponding Reynolds
number for a smooth circular cylinder is around 2× 105. In the post-critical region, the
boundary layer is turbulent ahead of the separation point and the wake width increases,
leading to an increased drag [31].

Figure 7 shows the mean drag coefficients extracted from experiments on a stationary
circular cylinder with varying Reynolds numbers and surface roughness ratios.



J. Mar. Sci. Eng. 2022, 10, 1021 6 of 29

1 2

8

5

4

7

6

3

Sub-critical Critical
Super-
critical Post-critical

SUCCESSIVE POSITIONS
OF TRANSITION FROM
LAMINAR TO TURBULENT
FLOW

𝑪𝑫

Reynolds number

Figure 6. Influence of the boundary layer in the sub-critical to post-critical flow regimes, smooth
circular cylinder in steady flow [31].

Figure 7. Collection of mean drag coefficients on a circular cylinder as a function of Reynolds number
and surface roughness ratio [18–20,32–36].



J. Mar. Sci. Eng. 2022, 10, 1021 7 of 29

2.6. Vortex Shedding

Vortex sheddings of large FOWTs are complicated. The interaction between surface
wave and current and multi-directional current profiles have to be taken into account. A
low aspect ratio introduces end effects on vortex shedding, which is different from the
assumption of vortex shedding from a cross-section of an infinitely long cylinder. For
semi-submersibles, it is even more complex; in addition to the mentioned issues, there
are different headings of currents and waves, and the wake interference between hull
substructures such as columns and pontoons need more investigation.

2.7. Mass Ratio

The mass ratio is defined as
m∗ =

m
ρ 1

4 πD2
(5)

where m is the mass per unit length.

2.8. Froude Number

The Froude number is defined as:

Fr =
U√
gL

(6)

where g is the acceleration of gravity, and L is the characteristic length. Wave forces are
important for floaters piercing the free surface and the submerged floaters with typical
drafts of FOWTs. The challenge is that lab tests can not fulfil both Froude scaling and
Reynolds scaling with the same geometric similarity simultaneously.

2.9. Aspect Ratio

Compared to marine risers, pipelines and cables, floating units experiencing VIM have
relatively small aspect ratios (AR = L/D). Studies on the influences of aspect ratio on
VIM are limited [11]. It should be noted that the Strouhal number increases with aspect
ratio (AR) [37,38]; this is due to that the von Kármán vortex shedding, which was found
to be valid only when AR > 2.0 [39,40]. A critical aspect ratio of (AR)crit

∼= 2.0 was
suggested [39,41], which needs to be considered especially for floaters with low aspect
ratios. Another effect of low aspect ratio is due to the free end. There have been discussions
on whether the trailing vortices exist or not due to the free end. Ref. [42] investigated
the free end effects on VIV of floating circular cylinders with very low aspect ratios. It
was concluded that the free-end structures only affected the VIV behaviour of the cylinder
piercing the free surface when AR < 0.5.

2.10. Damping

Damping related to an offshore wind turbine has been discussed and summarized
in [43–46]:

• Aerodynamic damping;
• Control damping;
• Mass or liquid dampers;
• Structure damping;
• Hydrodynamic damping;
• Soil damping.

Similar to VIV responses, for the VIM responses of the FOWT, the structural damping
is important to determine the amplitude ratio and the ‘lock-in’ range [47,48]. The explicit
structural damping ratio used for structure design lies within 1–5% of the critical damping,
depending on the included damping components. The lower damping ratio values were
typically recommended for fatigue design [49]. However, the lower values were considered



J. Mar. Sci. Eng. 2022, 10, 1021 8 of 29

to be more conservative than the actual damping level, therefore, a direct estimation of
structural damping was proposed by [46].

2.11. Response Amplitude

The displacement amplitude ratio represents the non-dimensional response amplitude:

(A
D

)
nom

=
AIL/CF

D
=

√
2σIL/CF

D
(7)

where σIL/CF is the standard deviation of the displacement in the in-line or cross-flow
direction.

Understanding of the Reynolds number and surface roughness ratio k/D effects on
VIV response amplitude has been improved due to the development of experimental
techniques. Generally, for sub-critical Reynolds numbers (<105), the CF VIV response am-
plitude ratio increases with the Reynolds number [50–53]; as the Reynolds number further
increases, the VIV response amplitude ratio for super-critical or even higher Reynolds
numbers are significantly lower than that at sub-critical Reynolds numbers [21,22].

2.12. Response Frequency

In a state-of-the-art review of VIM in 2012, ref. [11] compared the frequency ratio
between IL and CF responses f IL/ fCF qualitatively; see Table 1. Generally, both fCF/ fn
and f IL/ fCF vary with reduced velocity. A qualitative comparison between VIV responses
of long cylinder and VIM responses of short cylinder was carried out by [11], and based
on the limited data, no evidence of a lower branch in VIM motions was found at that time.
This conclusion was supported by other experimental results as well [53].

Table 1. Qualitative behaviour for the response frequencies of long and short cylinders ( fCF: cross-
flow; f IL: in-line; fs = StU/D: vortex-shedding frequency). Adapted from [11].

Ur CF motion IL motion

Long cylinder

<1.0 no VIV no VIV
1.0–2.5 fCF ∼= 0 f IL = fn = 2 fs
2.0–4.0 fCF = fn/2 = fs f IL = fn = 2 fs
4.0–5.0 fCF ≈ fn ≈ fs f IL ≈ 2 fn ≈ 2 fs
5.0–12.5 0.8 fn 6 fCF 6 1.1 fn, fs ≈ fn f IL ≈ 2 fn ≈ 2 fs

>12.5 no VIV no VIV

Short cylinder

2.5–4.0 fCF ≈ fn/2 f IL ≈ 2 fCF
4.0–5.0 fCF ≈ fn fCF 6 f IL 6 1.2 fCF
5.0–7.0 fn > fCF > 0.75 fn 1.2 fCF 6 f IL 6 2 fCF

>7.0 0.75 fn < fCF 6 1.1 fn f IL ≈ 2 fCF

The natural period is influenced by the stiffness provided by the mooring system.
High stiffness in shallow water helps to reduce VIM due to the low reduced velocities
outside the lock-in region. A large VIM response can cause significant tension forces in
mooring lines. While in deep water, VIM effects on mooring lines are less, since the mooring
stiffness generally decreases [8].

Due to the large characteristic dimensions, VIM exhibits much lower response fre-
quencies than VIV. Table 2 gives an indication of the lowest natural frequencies for current
types of floating turbines with turbines above 2 megawatts (MW) [54]. It is seen that the
natural frequencies of surge and sway motions are significantly lower than the other types
of responses.
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Table 2. Indicative natural frequencies (Hz) and natural periods (s) of ‘rigid-body motion modes’ of
floating offshore wind turbines. Adapted ‘Table 2’ of [54].

Motion Frequency/Period Spar Semi-Submersible TLP

Surge/sway fn [Hz] 0.005–0.025 0.008–025 0.015–0.05
Tn [s] 40–185 40–120 20–60

Heave fn [Hz] 0.02–0.05 0.025–0.07 0.2–2
Tn [s] 20–50 15–40 0.5–5.0

Pitch/roll fn [Hz] 0.02–0.04 0.02–0.04 0.2–1.0
Tn [s] 25–50 25–50 1.0–5.0

Yaw fn [Hz] 0.025–0.2 0.0125–0.02 0.03–0.2
Tn [s] 5–40 50–80 5–30

2.13. Turbulence Intensity

Turbulence intensity is a scale parameter characterizing the turbulence expressed as a
fraction of the mean velocity. An idealized flow with absolutely no fluctuations in speed or
direction would have a turbulence intensity (I) value of 0. The turbulence intensity can be
expressed as:

I =
u
′

Ū
(8)

where u
′

is the root-mean-square of the turbulent velocity fluctuations, and Ū is the mean
velocity. The high levels of turbulence in laboratories such as ocean basins or towing tanks
can affect VIV/VIM responses. However, the structure and intensity of turbulence in ocean
currents and the potential impact of current turbulence on VIM remains an uncertainty for
further observation and investigation. Correlation between field measurements and model
tests may help to improve the understanding [8].

3. Engineering Practice in Relation to VIM

Spar platforms have relatively large aspect ratios (draft over diameter). They are
permanently anchored to the seabed vertically by a spread moored system. There exist
several variations of spar platforms [55]. The Classic Spar is a cylindrical deep draft floater.
A Truss Spar has a buoyant cylindrical upper section (hard tank), which provides buoyancy,
and a lower section composed of a space frame truss. The Cell Spar consists of several
smaller diameter tubes joined together in contrast to a single large diameter tube forming
the hull.

Spar-type floaters have been deployed by offshore floating wind turbines, such as
Hywind Scotland; see Figure 8a. It should be noted that the dimensions are much smaller
than a typical spar platform in the oil and gas industry.

Semi-submersibles (semi) are floating structures with multi-legs and a large deck.
These legs are interconnected at the bottom underwater with horizontal pontoons, which
provide buoyancy force [56]. Some of the earlier semis resemble the ship form with twin
pontoons having a bow and a stern. This configuration was considered desirable for
relocating the unit from drilling one well to another either under its own power or being
towed by tugs. Early semis also included significant diagonal cross bracing to resist the
prying and racking loads induced by waves. The introduction of heavy transport vessels
that permit the dry tow of mobile offshore drilling units (MODUs), the need for much
larger units to operate in deep water, and the need to have permanently stationed units to
produce from an oil and a gas field resulted in the further development of the semi concept.
The next generation semis typically appear to be a square with four columns and the box-
or cylinder-shaped pontoons connecting the columns. The box-shaped pontoons are often
streamlined, eliminating sharp corners for better station keeping. Diagonal bracing is often
eliminated to simplify construction.

Semi is also one type of floater for FOWT, as illustrated in Figure 2. A design of an
FOWT with a semi-submersible floater is shown in Figure 8b.
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(a) (b)

Figure 8. Spar and semi-submersible type FOWTs. (a) The Hywind Scotland wind park is located 25 km
east of Peterhead in Scotland. Courtesy of Equinor. (b) The 12 MW INO WINDMOOR FOWT [57].

There is no well-established, concrete analytical method for VIM responses of FOWTs.
Since VIV/VIM is a strongly non-linear phenomenon, model testing has often been used to
determine the hull VIM responses and calibrate the numerical simulations. It is clear that the
industry needs widely accepted and consistent practices for addressing spar VIM in order
to ensure the integrity of existing and future floater designs, following up the transition
from the oil and gas industry to the renewable energy industry. However, the industry has
not yet had the opportunity to share and review the collective data/knowledge on VIM
in order to establish a common understanding of the problem and an industry consensus
on how to deal with VIM in design. In the standard of the International Organization for
Standardization ISO19901-7 [58], for instance, ‘a concrete method of assessing VIM displacement
is not represented in the standard document, though the requirement on the VIM demands for
an assessment on the basis of a proper way’ [59]. In this section, following the standards
and regulations, the recommended practices are discussed. The existing regulations and
recommended practice accounting for VIM are fragmentary [7,8,11,58,60–63]:

• ‘DNV-RP-C205 Environmental Conditions and Environmental Loads’ [63] provides infor-
mation on current modeling as well as VIV and VIM; for the latter two, see also section
’Dynamics and their Influence on Wind Turbine Performance’.

• ‘DNV-ST-0119 Floating wind turbine structures’ [62] gives approaches to modeling wind
and waves.

• ‘ISO19901-7 Specific requirements on station-keeping systems for floating offshore structures
and mobile offshore units’ [58]

The VIM on floating structures is often treated by design curves. A typical VIM design
curve gives the design amplitude ratio as a function of reduced velocity. Figure 9 shows an
example of a VIM design curve of a typical spar of FOWTs.
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Figure 9. A typical VIM design curve: normalized VIM design amplitude versus reduced velocity,
reproduced Figure 10 of [64].

For semi-submersibles, the current heading and draft are important parameters [65,66]. A
design guidance of a Deep Draft Semi-submersible® considering VIM responses from model
tests was derived [65]. This guidance was found to lead to very conservative estimates of
VIM [67], which was mainly due to Reynolds number effects.

API Recommended Practice 2SK: Design and Analysis of Stationkeeping Systems for
Floating Structures [8] identified the following gaps with regard to VIM:

• The duration for peak current and resulting VIM can be much longer than the peak storm duration.
• The calibration of factor of safety (FoS) for mooring design does not include the spar VIM

condition and the uncertainties associated with spar VIM. Consequently, sensitivity checks
may be warranted.

Both experimental and numerical research activities have been carried out to investi-
gate the VIM responses during the past decades; however, the understanding of VIM and
engineering practice still need further improvements.

4. Review of VIM Model Tests

Because there is no established analytical method for determining FOWT motion
responses undergoing VIM, model testing is recommended to determine VIM amplitude,
response frequency and drag coefficient in design. There are two recommended practices
for model tests: at either super-critical or sub-critical Reynolds numbers in a towing
tank. Extensive VIM model tests were carried out for the oil and gas industry as well
as recently the renewable energy industry. The target test specimens include circular
cylinders [19,21–23,68], spars [30,59,69–72] and semi-submersibles [65,67]. The models
were either submerged in water in a horizontal position or fully submerged/floating,
surface piercing vertically.

This section reviews selected influential VIM model tests, outlining the state-of-the-art
experimental techniques on VIM. The main dimension parameters of typical floaters of
FOWTs are shown in Figure 10.
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Figure 10. Main dimension parameters of typical floaters of FOWTs. (a) Spar, sketch inspired of
Figure 7a of [11]. (b) Three-column semi-submersible, sketch inspired of Figure 2 of [73]. (c) Four-
column semi-submersible, sketch inspired of Figure 9 of [11].

4.1. Model Tests on Spar

MARIN [50] carried out several model test programs of a truss spar to evaluate the
VIM responses and optimize the strake configuration. The importance of Reynolds number
effects were pointed out, and roughness on the hard tank of the spar could minimize such
effects. It was also suggested that the detailed modeling of appendages (pipes, mooring
chains, cathodic protection anodes, fairleads, etc.) could influence VIM motions in addition
to the damping from attached structures such as the truss on a truss spar. As a follow-up
study [70], the wave effects on the VIM motions of a truss spar platform was studied at
the MARIN Offshore Basin. It was observed that waves in line with the current direction
generally reduced VIM responses, while for the waves in the transverse direction, the
effects were not consistent.

Chevron and Shell performed a series of spar VIM experiments in three different
facilities—Force Technology in Denmark, the David Taylor Model Basin in Bethesda Mary-
land and UC Berkeley in California—to investigate the Reynolds number effects and hull
appurtenances on spar VIM for a vertically moored 6 DOF truss spar hull model with
strakes [30]. For spar with strakes, when the reduced velocity is smaller than 7, there were
very little difference between the sub-critical and super-critical Reynolds number VIM tests.
Another important finding was that strake’s mitigation effectiveness was very dependent
on heading, even without chains and pipes. The performance of the strakes is influenced
by the presence of the pipes and chains significantly, and the effectiveness with respect to
the suppression of VIM is also dependent on the heading.

The effects of initial roll or pitch angles on the VIM amplitudes of a floating circular
cylinder with a low aspect ratio (m∗ = 1, AR = 1.5) were investigated experimentally [74],
with Reynolds numbers from 1.2× 104 to 1.0× 105. The reduced velocity varied from 1 to
12. The results of VIM amplitudes showed that the yaw motion was affected by the initial
pitch angle. The initial roll or pitch angle did not affect the VIM amplitudes for the motions
in the in-line, transverse and vertical directions nor the roll and pitch motions.

As a result of the development of the offshore wind industry in Japan, extensive
VIM research work have been performed by the Maritime Bureau, Ministry of Land,
Infrastructure, Transport and Tourism [59,75–77]. VIM tests on two spar models with
different dimensions, a large model (D = 1.5 m , L = 5.0 m) and small model (D = 0.3 m,
L = 1.0 m), were carried out at The National Maritime Research Institute (Japan) [75,76].
The corresponding Reynolds numbers were at super-critical and sub-critical regions. The
comparisons clearly illustrated the Reynolds number scaling effect. It was necessary to carry
out model tests at super-critical Reynolds numbers, in which ACF,max ≈ 0.6–0.7D, while
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AIL,max ≈ 0.2ACF,max. The drag coefficient of the spar in the super-critical Reynolds number
region was about 0.4–0.6. Two mono-column models with much smaller aspect ratios (AR)
were tested with the same test set-up at the same facility [77]. The VIM amplitude and lift
coefficient of a fixed floater were checked, which were used as input for the wake oscillator
model. The most recent publication [59] summarized the experimental work and presented
the time domain simulation using a wake oscillator model. The inputs such as the new
increased ratio of the drag coefficient, lift coefficient on a fixed floater and modified wake
frequency were calibrated. The comparison of VIM amplitude in the CF direction showed
good agreement.

Relevant VIM research articles have been continuously published in the past decade
led by Rodolfo T. Gonçalves, initially affiliated as University of São Paulo [78–80], and then
University of Tokyo [42,73,81,82]. An overview of principle effects that could influence
the VIM of spar and mono-column floaters was presented in [78]. It was pointed out
that both model tests and computational fluid dynamics (CFD) could be used to evaluate
the VIM suppression devices. Another finding was that waves and external damping
could influence the VIM responses. VIM experiments on floating circular cylinders with
low aspect ratios (AR: 0.2, 0.3, 0.4, 0.5, 0.75, 1.0, 1.5, 2.0, m∗ = 1) were carried out at a
recirculating water channel at the Fluid & Dynamics Research Group Laboratory facility of
the University of São Paulo, Brazil [81]. The VIM amplitudes in both IL and CF directions
decreased with the decreasing aspect ratio. The results of drag and lift forces also showed
the same behavior, confirming the reduction in amplitudes with decreasing aspect ratio. The
heave plate effects on the VIM amplitudes were further investigated [82]. VIM experiments
on a floating circular cylinder with aspect ratio AR = 2 were carried out with heave plates
of various dimensions (diameter and height) appended. In general, the heave plate with
larger dimensions mitigates the VIM amplitudes more effectively. Ref. [42] studied the
VIM responses of single floating circular cylinders with low aspect ratios and different
free-end corner shapes (r/R = 0, 0.25, 0.5, 1.0, m∗ = 1, AR = 0.5). Both the CF and IL
VIM amplitude ratio were the highest for the semi-sphere case (r/R = 1.0). The amplitude
ratio behaviors were practically the same for the other radius values (0.0 6 r/R 6 0.5); the
difference was observed in the high reduced velocity larger than 7, in which the maximum
amplitudes decreased by increasing the corner radius.

NREL’s 5 MW OC3 spar FOWT model (1:50) was tested in the ocean basin of Shanghai
Jiao Tong University [83]. A complete model including spar, wind turbine, and mooring
system was manufactured. The test matrix included wind, waves and combined wind and
waves. The tests followed the strategy in MARIN’s FOWT test [84] but with a compromise
of Froude scaling for the platform tests and Reynolds scaling for the wind turbine. VIM
was not investigated in the model test; actually, for the platform, it is also challenging when
consider Reynolds number effects (Reynolds scaling) and surface wave effects (Froude
scaling). One observation from the measurements was that the wind loads had a clear
influence on the dynamic responses of the mooring system.

VIV experiments of a moored spar were performed by [85] in a recirculating water
tunnel. Combined IL and CF oscillations were observed, and the response frequency ratio
was equal to 2.0, i.e., f IL = 2 fCF, resulting in the classic figure eight orbits. The lower end
of the spar model had a counterclockwise direction, while the upper end had a clockwise
direction. The hypothesis that the region with a counterclockwise orbital motion is the
region within which the cylinder is excited by the flow was validated. It indicated that
helical strakes should be placed in the region with counterclockwise orbital motions.

The first model of Hywind Demo was tested in the SINTEF Ocean’s ocean basin [86].
Towing tests of the Hywind Scotland floating wind turbine model were carried out at
MARINTEK’s towing tanks [87]. The model scale was 1:40, and two different draughts
(61 m and 76 m) were tested. The objective was to find the lowest threshold speed where
VIM was triggered.
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As a summary of research topics for VIM of spar/cylindrical floaters, the followings
have been focused on:

• Reynolds number effects;
• Strake mitigation efficiency;
• Response frequency ratio;
• Coupling between VIM and roll, pitch;
• Effects of hull appurtenances.

4.2. Model Tests on Rigid Circular Cylinders at High Reynolds Numbers

The dimensions of floaters of a floating wind turbine are significantly larger than those
of the marine risers and subsea pipelines, resulting in large Reynolds numbers. For spar
with diameters of 10–15 m and the current velocities of 1 to 2.5 m/s, the corresponding
Reynolds numbers are in the range of 106 to 3.8× 107. Therefore, VIV model tests on a
circular cylinder at high Reynolds numbers are relevant for FOWT VIM research.

There exist a handful VIV model tests at high Reynolds numbers (>2× 105) [18,19,21–23,88],
providing more realistic hydrodynamic parameters (drag coefficients, lift coefficients, ex-
citation coefficients, added mass coefficients) and response characteristics (amplitude,
frequency). High Reynolds number VIV tests are necessary to qualify the prototype miti-
gation devices such as strakes, fairings and grooves, and investigate effects from surface
roughness and auxiliary lines. High Reynolds number VIV tests shed light on the Reynolds
number scaling effects, reducing uncertainties in the design process.

The VIV test set-up could either be vertical (Figure 11a) or horizontal (Figure 11b); see
the two full-scale VIV test rigs in the towing tanks of SINTEF Ocean in Figure 11. System
stiffness of free oscillation tests is provided by spring packages. The driving force of forced
oscillation tests is provided by a hydraulic system. By locking the rig and model, stationary
tests could be performed. End plates are used to avoid 3D effects from both ends of the test
model and surface wave effects. The incoming uniform current is simulated by towing the
carriage at different speeds.

Key results from the free oscillation tests are the response amplitude and frequency.
Testing at a sub-critical Reynolds number regime is acceptable to a certain extent and slightly
conservative. The response of flexible pipes was reviewed by [52], when the Reynolds
number ranged from 103 to 2× 105. It was found that the response amplitude increased
with an increased Reynolds number. At large reduced velocities (Ur > 7), the sub-critical
tests will yield a slightly higher amplitude ratio [30], while [19,21,22] reported significant
differences of amplitude ratio between sub-critical and super-critical Reynolds numbers.
Figure 5 summarizes selected experimental data that illustrate the Reynolds number and
surface roughness effects on the CF VIV amplitude ratio. The maximum amplitude ratios
within a certain Reynolds number range obtained from different experimental works are
presented, and a clear decreasing trend is seen from Reynolds numbers of 105 to 106. When
the Reynolds number is larger than 5× 105, ACF,max is around 0.5D to 0.6D [22,23].

Empirical numerical VIV prediction tools [89–92] need hydrodynamic coefficients and
response characteristics (amplitude, frequency) at prototype Reynolds numbers. ExxonMo-
bil performed full-scale Re number VIV model tests on a rigid bare riser and a riser with
helical strakes, the Reynolds number ranged from 8× 104 to more than 106 [18]. Various
surface roughnesses were modeled by using sandpaper. It was found that in the critical
Reynolds number regime, the VIV response amplitude and the excitation coefficient of a
bare riser are sensitive to the Reynolds number and surface roughness.

Full-scale VIV tests have been developed and carried out in the towing tanks at
MARINTEK/SINTEF Ocean [19,21,22]. The hydrodynamic diameter of the test model
varied from 0.3 to 1.2 m approximately, and the highest towing speed reached up to
2.5 m/s.
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(a)

(b)

Figure 11. Full-scale VIV model test set-up at SINTEF Ocean [22,68]. (a) Vertical set-up [22]. (b) Hori-
zontal set-up [68].

In [23], free oscillation tests with controlled dampling were used to calculate the
hydrodynamic coefficients, and ramp tests (varying towing speed) were illustrated to give
similar response data as constant speed towing tests.

To the author’s knowledge, the hydrodynamic coefficients and response data from
existing high Reynolds number VIV tests still could not form a solid generalized basis for
empirical tools due to the following reasons:

• The tests only includes pure CF motion but with a lack of IL motion.
• Different frequency ratios between IL and CF were not investigated at high Reynolds

number tests. This is crucial for the VIM of FOWTs.
• The Reynolds numbers were either discrete or limited up to supercritical. Even though

the Reynolds number effects in this regime seem to be weak [21–23], it is unclear if
this is still true at even higher Reynolds numbers, e.g. trans-critical and post-critical.

• Interaction between surface waves and currents has not been investigated at high
Reynolds numbers.
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4.3. Model Tests on Semi-Submersibles

VIM responses of a semi-submersible with four squared columns (1:70) were per-
formed at MARIN [93]. The largest VIM motions were observed for the 45° towing direc-
tion. The drag amplification, effect of mass ratio and correlation length were checked. At
higher reduced velocities, a combination of VIM and galloping responses occurred. Large
yaw motions were observed for the galloping in high currents.

A series of experimental results of a typical Deep Draft Semi-submersible® were
presented [65,94]. It showed that VIM can be excited by a static current and results in
a dynamic motion. This motion was along one of the platform’s diagonals under full
lock-in conditions, while the directionality of the response became less pronounced for
conditions well above lock-in. The IL and CF VIM motions could be of equal magnitude
under conditions of high reduced velocity. The current-induced response amplitudes
formed a distribution, and the distribution was dependent on the current velocity and the
current heading with respect to the vessel. Approximations of these distributions were
provided to be used in conjunction with fatigue computations of risers and mooring lines.

A small-scale (1:100) semi-submersible model unit with four square columns sup-
ported by a set of equivalent moorings was tested in the towing tank at the Institute of
Technological Research in São Paulo, Brazil [95]. Eight incident angles/headings were
tested in a reduced velocity range from 2.5 to 20, corresponding to a Reynolds number
range from 6× 103 to 8.5× 104. The lock-in range in the CF and IL directions was identified,
ACF,max/L ≈ 0.4 (L is the width of the column), AIL,max/L ≈ 0.15. Considerable yaw
motions were verified. It was found that the effects of the current incidence angle and hull
appendages (e.g., chains, pipes and anodes) are decisive in the VIM of a semi-submersible
floating unit.

Wave effects on VIM responses were investigated by performing VIM tests with co-
linear current and wave conditions [79]. Both regular waves and irregular waves were
tested. Regular wave tests showed that the VIM was completely mitigated, while yaw
motions were smaller than for the cases of the pure current conditions. Irregular wave tests
showed lower VIM than the pure current tests, but the power spectral density showed
considerable energy levels around the natural frequency of motions, transverse and yaw. It
was speculated that the VIM amplitudes depend on the IL motions imposed by the incident
waves on the platform. Damping tests and tests with different drafts were also performed.
These studies illustrated the importance of considering VIM in the design phase not only
for risers and mooring lines definition but also for the hull definition.

VIM tests on the semi-submersible floating wind turbine design for the DeepCwind
project (OC4 Phase II) with a 1:72.72 reduced scale model were carried out in the towing tank
of the University of Tokyo, Japan [72,73]. The results showed that the CF VIM amplitudes
were around 70% of the diameter of the semi-platform column, which is similar to the ones
observed for the deep-draft semi-submersibles with circular columns and larger than for
the platforms with square columns.

As a part of a VIM joint industry project, VIM model tests on two deep draft semi-submersible
platforms were carried out in a towing tank (Ur = 1 − 25, Re = 7 × 103 − 8 × 104) [96].
One of these had square rounded columns, and the other had circular columns. By compar-
ing the VIM results of the bare hull and the hull with a higher level of surface roughness
(k/L = 7.8 × 10−3, L is the face dimension of columns), no significant difference was
observed for the model with squared columns, but it was clearly seen for the model with
circular columns. The effects of low surface roughness (k/L = 3.9× 10−3) were not fully
understood. Another interesting finding was that for the model with circular columns, the
yaw motion was found to be coupled with VIM responses, especially CF motions.

VIM model tests on a deep draft semi-submersible platform were carried out at dif-
ferent aspect ratios (0.87–1.90), draft conditions and current incidences (varying from
0° to 45°) at Shanghai Jiao Tong University [97,98]. It was observed that the most signif-
icant CF VIM occured at 30° to 45° incidence angle in the reduced velocity range from
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5 to 8, with ACF,max/L ≈ 0.67–0.75. IL responses were found to be random and with
smaller amplitudes.

Wave effects on the VIM responses of a generic bare hull semi-submersible with four
square rounded columns were investigated as a part of the ‘VIM JIP’ run by MARIN and
University of São Paulo [99]. It was suggested that the wave height and wave incidence
angle are relevant factors for wave–VIM interaction. The same irregular wave (Hs = 4 m ,
Tp = 10 s) was tested in the opposite direction of the current, collinear with the current, or
transverse to the current direction. A reduction of 15%, 30%, or no influence on the peak
response was observed, respectively. This was consistent with the observation from [70]. A
comparison between results from 3 DOF and 6 DOF test set-ups indicated that the latter
showed a smaller response with a narrower lock-in region. The reduction found for the 6
DOF set-up was attributed to the disruption of the vortex coherence caused by the heave,
roll and pitch motions, which were restricted for the air bearing set-up.

Heave plate effects on flow-induced motions (FIM) of a multi-mono-column platform
(JAPPAKU FOWT—JPK) model was investigated experiemntally [100]. It was shown that
the heave plate decreased the FIM (mainly transverse motions). The existence of a central
column also showed the importance of incident angle.

SINTEF Ocean has developed and validated the Real-Time Hybrid Model ReaTHM® test-
ing, which is an experimental method where numerical simulations are combined in real
time with model testing. Using this method alleviates the scaling issue, since the aerody-
namic loads are simulated and applied on the physical model by the use of six winches
and lines connected to the tower top. These loads are calculated by numerical tools such as
SIMA [101], and they include the elasticity, aerodynamics and control system [102–104].

5. Review of Numerical Studies of VIM

Comparing with experimental work, numerical studies on VIM are very limited.
This section reviews selected numerical simulation work including computational fluid
mechanics (CFD) work related to FOWT and VIM.

5.1. Numerical Simulation of FOWT

To study the VIM of spar and mono-column type floating production storage and
offloading, a wake oscillator model was proposed by [77], and results were compared with
experiments from [75,76].

There exist some notable general numerical studies on spar-type FOWTs [4,64,105–108].
A linearized aero-hydro-servo-elastic floating wind turbine model was presented and

used to perform integrated design optimization of the platform, tower, mooring system,
and blade-pitch controller for a 10 MW spar floating wind turbine [106,107].

The influence of vortex-induced loads on a spar-type FOWT was investigated in [105]
using a coupled aero-hydro-vortex-mooring numerical model, and the vortex-induced
loads are simulated by a CFD approach. It was concluded that the sway and roll motions
were dominated by the lift force induced by the vortex shedding. The coupling of different
responses and non-linearities of the stiffness was also observed. Ref. [4] investigated the
effect of wave–current–structure interaction on a moored 6MW spar-type FOWT. Regular
waves and uniform current were considered, while wind loads were not considered.

Mooring lines are one of the key elements of FOWTs. Digital twins were developed
to detect the long-term drift and near-future axial tension of mooring lines to predict the
extreme loads and fatigue [108]. The dynamic response of a fully non-linear model of a
DeepCWind FOWT was investigated [109] after one of its three-catenary mooring systems
was broken. It was suggested that the tension change was closely related to the drift
motion, necessitating an increase in the minimum breaking load (MBL) of the mooring
line components.
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A spar-type FOWT with a conventional three-line mooring system in catenary config-
uration was studied by [110] using RIFLEX [111], and it included the non-linear restoring
force–offset relationship (restoring stiffness). Such non-linear stiffness has been further
confirmed in the data analysis of Hywind Scotland field measurements [17], resulting in a
large variation of natural frequency ratio between IL and CF, which needs to be considered
in the VIM analysis.

Along with the collaboration between Equinor and SINTEF on the topic ‘Large floating
wind turbines’, SINTEF Ocean carried out relevant numerical studies on the VIM of a
FOWT. A case study of a spar-type FOWT using three different analysis methods was
carried out [64]:

1. Linear frequency domain analysis with coefficient-based VIV loads [111].
2. Non-linear time domain simulation with a harmonic load applied perpendicular to

the current direction.
3. Non-linear time domain simulation with the recently developed time domain VIV

load model [92].

Load coefficients established for the VIV of slender structures have been used in the
analyses. The focus was on the qualitative characteristics of the predicted response and
on what is included in the different types of analyses values. The time domain VIV load
model has advantages of handling non-linearities and time-varying flow, it is therefore a
promising analysis method for VIM predictions. The hydrodynamic coefficients may be
influenced by the high Reynolds numbers and small aspect ratios of FOWTs, which need
further investigation.

5.2. Application of CFD on VIM Study

CFD has been used as an important tool for studying the vortex-induced motion of
offshore floating structures since the early 2000s, with a major focus on the spar concept.
Early studies also investigated the VIM of straked cylinders given the similarities between
straked cylinder and spar platforms [112]. Later on, there have been a good number of
publications that used CFD to simulate the VIM of spar, to name a few [113–116]. Most of
these works have focused on exploring the capabilities of CFD to predict VIM and validate
against model tests. A variety of CFD methods have been considered, including Reynolds
averaged Navier–Stokes (RANS) equations and Detached Eddy Simulations (DES).

Overall speaking, due to the limitations of computational power, the above-mentioned
work could not achieve very high grid resolution. Seeing from today’s standard, one may
question the mesh resolution in these studies. However, in most of these papers, a mesh
convergence study was presented, giving additional confidence in the results presented
therein. Regardless, these early studies already demonstrated that CFD can predict the
vortex-induced motion of a spar with satisfactory agreement with model tests. In addition,
there are several important conclusions that can be instructive even for CFD studies today:

• Details of the structure matter. It is practical to ignore some details simply because they
may introduce unnecessarily additional work without bringing in equivalent gain, but
this must be undertaken with caution. This has been discussed in the above-mentioned
papers, and it turned out that by including or excluding some appurtenances on a
spar installation, predictions can deviate a lot, and this is confirmed by several model
tests [30,50,95]. Yet, choices must be made due to the compromises between cost
and accuracy.

• Flow direction matters. This is straightforward, because when a spar is fully appended
with strakes, chains, and pipes, the current from different directions will induce
different levels of VIM.

• Each design is different, and special considerations are needed even with a commonly
accepted practice. For example, as [116] has observed, whether or not flow separation
is happening on the spar hull will rather strongly impact the final prediction.
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In 2013, a CFD guideline for spar VIM was proposed by [117], in which different
CFD approaches have been reviewed, and some were tested. Numerical details have been
discussed in this paper, including choice of turbulence model, grid resolution, time step
size and method for handling dynamic motion. This guideline places a solid common
practice to increase the reliability of CFD results on spar VIM.

When it comes to more recent research, there is a clear tendency that more work starts
to investigate semi-submersibles [118–121]. In [121], the authors made a quite comprehen-
sive review on this topic, so the work mentioned therein is not repeated here.

Compared to spar, semi-submersibles raise different challenges, amongst which the
most critical one is that as the structure becomes more complex, wake interactions among
different columns play a more important role. This means that the wake has to be properly
resolved in addition to the boundary layers and near-structure flow regions. In other words,
the application of CFD on semi-submersibles is more expensive. On the other hand, there
are more design parameters for a semi-submersible than for a spar platform, where CFD
can contribute to the early design stage where the number, size, shape and arrangement
of columns together may easily result in a massive parameter matrix. Multiple promising
designs may need predictions from CFD rather than theoretical estimations, and the above-
mentioned CFD studies demonstrated CFD’s strength in comparing the VIM performances
of semi-submersibles under different column arrangements.

The Reproducible Offshore CFD JIP was initiated for developing and verifying a CFD
modeling practice for several typical offshore applications [122–124], and SINTEF Ocean
joined some work packages. One work package was about semi-submersible VIM [123].
Model tests on squared column semi-submersible were used for benchmarking the CFD
models. Generally, the comparison between CFD simulations and model tests was good;
however, the yaw responses were over-predicted at higher reduced velocities.

CFD simulation of a multi-mono-column platform FOWT (OC4) was carried out by
using OpenFOAM [125]. A range of reduced velocities was investigated. By comparing
the results from current only and collinear wave and current cases, it was observed that
the given incident waves (collinear as current) mitigate VIM responses for a wide range of
reduced velocities. This finding is useful, and it is of interest to investigate the interaction
of incident waves and currents on VIM.

Summary of Application of CFD on VIM Study

• Using CFD for VIM has been shown to be a promising approach both for spars and
semi-submersibles. The comparisons presented above give confidence to the further
application of CFD in the design phase, especially when the screening of preliminary
designs is finished, and some promising candidates stand out. In this stage, running
CFD simulations of these candidates will give more reliable force and VIM predictions
than more simplified numerical tools, while also being a lot cheaper/faster compared
to model tests.

• High-quality model test measurements form a solid basis to validate CFD modeling,
providing the possibility to make a very detailed comparison and quality control.

• CFD provides flexibility to extract detailed forces/loads on segments, separated
columns, and even some small structural details. This can be important for optimiza-
tions. Emphasis can also be put to access the pressure and wall shear stress plots on
the structure, so instructive information is more easily extracted from CFD simulations
for designers to identify where improvements can potentially be made.

• Detailed flow visualizations, especially in the wake, are accessible in CFD. This may
be especially interesting for semi-submersibles. With the intuitive and detailed flow
visualizations, physical insight in the fluid/vortex dynamics could be improved.
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6. Review of Field Measurements of FOWTs

High-quality, high-resolution field measurements are essential to either check the
‘scaling effects’ of laboratory tests or validate numerical simulations. For FOWTs, the
following measurements are usually made, as listed in Table 3.

Table 3. Sensors and field measurements of FOWTs.

Sensor Measurement Reference

Wave rider buoy Waves and currents [126,127]
Sonic anemometer Wind speed [126–128]
Wave radars Air-gap/Wave elevations [126,127]
Acoustic current profiler Average current profiles [127]
Global Positioning System (GPS) Motion of floaters [67]
Motion reference unit (mruu) 6 DOF motions of spar [126,128]
Strain gauge Bending moment of tower and substructure [126]
Force sensor Mooring line tension [126]
Wind turbine control Turbine rotational speed [126,127]
Wind turbine control Blade pitch angle [126,127]

Blade-root strains in the flap and edge directions [127]
Low-speed shaft torque [127]

The VIM of a prototype Deep Draft Semi-submersible® (SBM Atlanta) with four
square columns was reported and compared with model tests in [67]. GPS measurements
provided the motion of the prototype Semi under current conditions. The measured mean
radial offset ranges from 0.2D to 0.6D, and the lock-in region is centered around 0.35D,
while the maximum measured Y-direction amplitude was around 0.2D. There was no
sea-state information available based on platform measurements. It was assumed that
the sea state was less than 6 ft for the presented data time frame based on observations at
nearby oceanographic buoys. A key observation from the comparison indicated that the
VIM motion from model tests was significantly less than from the field measurements.

‘The Hywind Demo is a demonstration system that was installed and commissioned in
Norway in 2009; it was the world’s first full-scale floating offshore wind turbine. The
installed capacity of the demo system is 2.3 MW. The demo unit is located 10 km west
of the island of Karmøy off the Norwegian west coast. The water depth is 220 m’ [127].
Field data of ‘Hywind Demo’ were provided by Equinor (earlier Statoil). The
field measurements were used to validate numerical tools [126,127].

In [126], numerical simulations by use of the SIMA analysis tool were carried out
and compared to field measurements. Comparative dynamic simulations were carried
out with the estimated wave elevation time series as input together with measured and
further refined statistical parameters of the wind field. VIM was not considered in the
study. Overall, good agreement was seen between the measured and simulated responses,
which built confidence to further develop the proposed analysis tool.

In [127], a FAST model developed by NREL was validated against the field measure-
ment of ‘Hywind Demo’. Measured wind speeds and wave spectra were used to develop
the wind and wave conditions used in the model. The overall system performance and
behavior were validated for eight sets of field measurements that span a wide range of
operating conditions.

The Hywind Scotland wind park is located about 25 km east of Peterhead in Scotland
at water depths in the range of 95–120 m, as illustrated in Figure 12A. The wind farm
consists of five floating units, each equipped with a 6 MW wind turbine. The turbines are
installed in two rows with a distance between each neighboring turbine of 9 rotor diameters
(RDs), as shown in Figure 12B [128].
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Figure 12. (A) The Hywind Scotland wind park is located 25 km east of Peterhead in Scotland.
(B) Layout of the wind park consisting of five turbines labeled HS1 to HS5. A blue arrow marks the
distance of 9 rotor diameters (RDs) between the turbines [128].

Measurements of floater responses from the Hywind Scotland wind farm both for
turbines in free wind and in wake and for different atmospheric stability conditions were
presented in [128]. Generally, the floater motions were small for all wind speeds, showing
that the design performs satisfactorily in both free wind and wake conditions.

The VIM of Hywind Scotland FOWT was investigated in [17]. The field measurement
data were analyzed and compared with time domain VIV analysis, focusing on the floating
unit HS4. Data analysis of field measurements on HS4 was carried out, focusing on the VIM
responses and mooring line tension. Key response characteristics such as amplitude and
frequency under various environmental loads were investigated and presented. Non-linear
time-domain simulation was carried out by using VIVANA-TD. Furthermore, the predicted
VIM responses and mooring line tension force were compared with field measurements.

7. Conclusions

The transition to offshore renewable energies calls for the cost-effective design, trans-
portation, installation, operation and maintenance of new-type offshore structures such as
FOWTs. FSI problems such as VIV and VIM need to be considered; moreover, the unnecessary
conservatism (FoS of 20–30) should be reduced to contribute to cost-effective design.

However, the industry has not yet had the opportunity to share and review the
collective data/knowledge on VIM in order to establish a common understanding of the
problem and an industry consensus on how to deal with VIM in design.

It is clear that the industry needs widely accepted and consistent practices for address-
ing VIM in order to ensure the integrity of existing and future designs of floaters. Both
experimental and numerical research activities have been carried out to investigate the
VIM responses in the past few decades. Existing knowledge and experience gained from
the oil and gas industry need to be examined, transferred and further developed in the
renewable energy industry.

Therefore, inspired by the massive research activities during the past decade, the
present paper reviewed a selection of influential VIV and VIM research work with a focus
on the VIM of spar and semi-submersible of FOWTs, as shown in Table 4.
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Table 4. List of selected VIM and relevant VIV research.

Objective Reference Method Scale L [m] D [m] Remax

FOWT spar [85] Experiment 1:470 0.254 0.02 2.6× 103

Spar [75] Experiment - 5.0 1.5 7.0× 105

Spar [75] Experiment - 1.0 0.3 6.9× 104

Spar (straked) [30] Experiment 1:22.3 2.95 1.75 4.0× 105

Spar (straked) [30] Experiment 1:65 1.01 0.6 4.0× 105

Spar (straked) [30] Experiment 1:142.8 0.46 0.27 4.0× 105

Truss spar (straked) [71] Experiment 1:22.3 2.95 1.75 106

Truss spar [70] Experiment 1:40 3.85 1.4 1.3× 106

Truss spar (straked) [69] Experiment 1:47 NA NA NA

Mono-column [77] Experiment - 1.0 1.0 4.5× 105

Mono-column [77] Experiment - 0.536 0.8 1.8× 105

FOWT semi [72] Experiment 1:73 0.44 0.98 7.0× 104

Semi [99] Experiment 1:56.5 NA NA 104–105

Semi [96] Experiment 1:100 NA NA 7.0× 103–8.0× 104

Semi [66] Experiment 1:54 NA NA NA

Circular cylinder [23] Experiment - 6.233 0.325 2.4× 105–8.0× 106

Circular cylinder [21,22] Experiment 1:1 3.27 0.533 9.0× 104–6.0× 105

Circular cylinder [19] Experiment 1:1 3.26 0.533 7.5× 104–5.5× 105

Circular cylinder [80] Experiment - 0.29 0.125 7.0× 104

Tethered sphere [129] Experiment 1.4× 104

Semi-FOWT [130] CFD-ROM 1:73 0.44 0.98 7.0× 104

Circular cylinder [131] CFD - πD D 1.5× 103–3.5× 104

Spar-FOWT [132] CFD-OpenFOAM NA NA NA > 3.0× 106

Semi-FOWT [132] CFD-OpenFOAM NA NA NA > 3.0× 106

Semi [121] CFD-DDES-SST 2D 1:54 0.987* 0.359 3.0× 104

Triple cylinder [133] CFD-RANS 2D - - - 1.0× 103–3.0× 104

Semi [118] CFD 1:54 - - 23,500, 47,000
Semi [119] CFD-DDES/URANS 1:54 - - 1.0× 105

Truss spar [114] CFD-DES - 1.4/3.8(truss) 0.741 4.0× 104–1.5× 105

Semi [125] CFD-OpenFoam 1:73 0.44 0.98 7.0× 104

Spar-FOWT [64] FEM, FD&TD 1:1 76 * 14.4 3.5× 104

Spar/Mono-column [59,77] Wake oscillator - 0.536, 1.0, 5.0 0.8, 1.0, 0.3,
1.5 2.4× 104–7.0× 105

* Draft.

FOWT is a fully coupled system: aerodynamics, hydrodynamics, structural dynamics,
electrical dynamics, mechanical systems and controller. FSI problems should be investi-
gated with concerns on all related substructures and coupled effects. To obtain a better
understanding of the VIM of offshore floaters, especially FOWTs, the following activities
need to be carried out in the long-term and integrated organically to provide cost-effective
solutions in design, operation and maintenance phases:

• Sophisticated model tests;
• Advanced numerical models;
• High-fidelity field measurement data;
• Application of data science.

In the near future, the following research tasks are suggested:

1. VIM model tests on integrated models (floater–mooring–subsea power cables) at
small/moderate Reynolds numbers under representative sea states, investigating the
coupling between VIM and other dynamic responses.

2. Numerical case study on the model as mentioned above, and validation against
model tests.
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3. Application of CFD on screening of VIM of FOWTs in early design phase prior to
model tests. Trial cases on spar and semi-submersibles, validated against small-scale
model tests mentioned above.

4. Moderate Reynolds number two degree-of-freedom vortex-induced vibrations model
testing to obtain hydrodynamic coefficients for circular cylinder: excitation coefficients,
added mass coefficients, and drag coefficients.
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Nomenclature

RIFLEX Riser system analysis program developed by MARINTEK/SINTEF Ocean
SIMO A time-domain simulation program for study of motions and station keeping of

multi-body system, developed by MARINTEK/SINTEF Ocean
SIMA Numerical workbench for marine operations and mooring analysis softwares,

developed by MARINTEK/SINTEF Ocean
A Amplitude
Hs Significant wave height
ρ Density of fluid
fst Vortex shedding frequency of a fixed cylinder in water, or Strouhal frequency
fn Natural frequency
fx In-line oscillation frequency
fy Cross-flow oscillation frequency
g Gravity acceleration
k Roughness height
u
′

Root-mean-square of the turbulent velocity fluctuations
Ap Projected area
AR Aspect ratio, AR = L/D
Cd Mean drag coefficient
D Diameter
Fd Mean drag force
Fr Froude number
I Turbulence intensity
Re Reynolds number
St Strouhal number
Tn Natural period
U Fluid velocity
Ū Mean velocity
Ur Reduced velocity
L Characteristic length
ν Kinematic viscosity
CF Cross-flow
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CFD Computational fluid dynamics
DDF Deep draft floater
DOF Degree of freedom
FD Frequency domain
FEM Finite element method
FLS Fatigue limit state
FoS Factor of safety
FOWT Floating offshore wind turbine
GPS Global Positioning System
GW Gigawatt
IL In-line
MBL Mean breaking load
MODU Mobile offshore drilling unit
MRU Motion reference unit
MW Megawatt
PSD Power spectral density
ROM Reduced-order models
Semi Semi-submersibles
TD Time domain
TLP Tension-leg platform
ULS Ultimate limit state
VIM Vortex-induced motions
VIV Vortex-induced vibrations
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