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a b s t r a c t

The wind condition around floating offshore wind turbines (FOWTs) can be largely different from that
developed around bottom-mounted wind turbines due to the platform motions. The existing literature
identifies four working state of FOWTs, one of them being the vortex ring state (VRS) which may occur as
the rotor moves in its ownwake. It is potentially a problem that influences the aerodynamic performance
and lifetime of FOWTs. It is still unclear when, and to what extent, does the VRS happen to floating
offshore wind turbines. The aim of this paper is to quantitatively predict the occurrence of VRS during
the operation of FOWTs. Three different criteria are used and compared: the axial induction factor,
Wolkovitch’s criterion and Peters’ criterion. The results show that the VRS phenomena may occur for a
large range of operating conditions and can be correlated with the minima in the relative wind speed
normal to the rotor plane. Also, the probability of occurrence of VRS is smaller for the floating platforms
that exhibit the least motions such as the TLP. Finally, Wolkovitch’s criterion seems to be the most
suitable one for the VRS prediction, while Peters criterion indicates the initial aerodynamic change and is
thus suitable for early warning of VRS.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

In order to significantly increase the share of wind energy
produced worldwide, wind energy technology is moving from
onshore to offshore and from shallowwater to deep water. Floating
offshore wind turbines (FOWTs) are expected to be economically
better than bottom-mounted turbines when placed inwater deeper
than 50 m. Despite key initiatives such as the installation of the
world’s first floating wind farm off the coast of Scotland in 2017,
many design challenges need to be solved to make floating offshore
wind turbines economically attractive. One of the challenges con-
cerns the complex aerodynamics of FOWTs. Due to the combined
effects of wind andwaves, FOWTs often experience large amplitude
motions. It is shown that a FOWT can is subjected to four working
states [1] when the floating platform undergoes pitching motion:
windmill state, turbulence state, vortex ring state, and propeller
state. The windmill state is the initial operating state, when the
turbine extracts energy from the flow field, as shown in the first
frame of Fig. 1, where the yellow arrows represent the direction of
r Ltd. This is an open access article
the rotor motion. The turbulent state starts when the rotor reaches
windward tip and begins to pitch leeward, interacting with its own
wake, as shown in the second frame of Fig. 1. The vortex ring state
(VRS), or ‘settling with power’, begins when the relative wind ve-
locity severely drops and a toroidal recirculation flow takes place
normal to the rotor disk, as shown in the third frame of Fig. 1.
Eventually, the relative wind velocity reverses, and the wind tur-
bine outputs energy in the flow like a propeller, which is the pro-
peller state as shown in the fourth frame of Fig. 1.

For the aero-servo-elastic coupled analysis of bottom-mounted
wind turbines or the aero-hydro-servo-elastic coupled analysis of
FOWTs, blade element momentum (BEM) [2] and vortex methods
[3e5] are preferred over computational fluid dynamics methods for
the aerodynamics analysis in order to keep the computational cost
relatively low. Despite the shortcomings of BEM, it has low
computational cost and can give acceptable accuracy when
comparedwith CFDmethods [6,7]. Corrections have been proposed
to compensate for the various assumptions of BEM and make it
more suitable for some specific real conditions [8].

Generally, when calculating the aerodynamics of onshore wind
turbines with BEM theory, only the windmill working state and the
turbulent working state (TWS) are considered. This is acceptable
because the foundation of bottom-mounted turbines is relatively
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. Four working states of FOWTs (adapted from Sebastian [1]).
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stable and the rotor is only subjected to small amplitude vibrations.
Thus the VRS and propeller state rarely occur. Glauert’s correction
[9] is often used to correct the rotor thrust coefficient when the
rotor enters the turbulent state, which can be identified by an in-
duction factor a>0:5. By contrast, the VRS may seriously influence
the aerodynamic performance of FOWTs. Leishman [10] reports the
effect of the VRS on a helicopter rotor as follows. First, the rotation
becomes apparently unsteady and aperiodic. Second, the blades
experience successive forward and backward velocities, which can
lead to significant blade flapping and a loss of rotor control. Third,
the level of thrust fluctuations is high. When the VRS occurs, the
momentum theory assumption breaks down and the BEM theory
does no longer hold true for the aerodynamic calculation. After
Sebastian’s hypothesis [1] that the VRS occurs as a transient phe-
nomenon, several scholars did some research about FOWTs un-
steady aerodynamics. Tran [11,12] studied the unsteady
aerodynamics of FOWT platform motion using a computational
fluid dynamics (CFD) model. Jeon et al. [13] studied the unsteady
aerodynamics of FOWTs in platform pitching motion using the
vortex lattice method. Kyle [14] researched on the alleviation of the
vortex ring state for FOWTs using a modified blade-tip shape based
on a CFD method. Additionally, Kyle [15] researched on propeller
and vortex ring state of floating offshore wind turbines during
surge motion. However, among all the studies about the VRS, two
questions have not yet been answered: how often does the VRS
happen for FOWTs and to what extent does it occur. The answer to
these questions is important to assess if, and how, the VRS should
be taken into account in the modeling and design of FOWTs.
Moreover, the VRS is a transient phenomenonmainly influenced by
the pitch and surge motions of the turbine. Thus the simulation of
VRS must be integrated with the simulation of other working states
of the wind turbine to assess the aerodynamic response. Tradi-
tionally, the unsteady aerodynamic analysis of wind turbines does
not distinguish the VRS from the turbulence working state. It does
not separately analyze its influence on the rotor either.

So far, there is no special criterion for the prediction of VRS for
FOWTs when the rotor interacts with its own wake. However,
criteria exist for the prediction of VRS in the context of helicopters
during their descent. Basset [16] classified the prediction of the VRS
boundaries in three different theories, i.e. zero transport velocity of
rotor tip vortices, bifurcation of equilibria, and zero heave damping.
Different methods are used to predict the VRS boundaries: Drees
[17] identified the VRS as a roughness region based on the ratios
between rotorcraft vertical or horizontal velocity and the hover
induced velocity. Whashizu [18] experimentally researched on the
VRS based on the fluctuation of thrust force. By contrast, Xin and
Gao [19] predicted the VRS with model tests taking the torque
fluctuation as a reference, while Betzina [20] investigated the VRS
with an experimental method taking the decrease of mean thrust
as a reference. Wolkovitch [21] and Peters [22] predicted the VRS
based on the momentum theory with the assumption that the tip
vortices velocity drops to zero. Leishman [23] predicted the VRS
based on a free wake vortex method, which shows that the blade-
flapping fluctuation can also be a feature of the VRS, besides the
thrust and torque fluctuation. In particular, the angle of the blade-
flapping fluctuation can be used to predict the VRS onset. Newman
883
[24] built up a method about the VRS prediction based on the
momentum theory, refined using measurement data from Drees
[17], andmade further reductions based on the nature of the flow in
the breakdown regime. Taghizad [25] researched on the VRS with a
flight test, during which the VRS boundary was identified with
three criteria: first an increase of vibration, followed by a sudden
increase in descent rate, and exiting the VRS when the descent rate
was stable again. As shown by Basset [16], the different criteria can
lead to different VRS boundaries. Generally speaking, the Peters
criterion covers relatively larger descent speeds of the rotor than
the Wolkovitch criterion.

This paper aims at quantitatively predicting the occurrence of
the occurrence of what is commonly referred to as the vortex ring
state in the literature on FOWTs supported by different floating
foundations. The paper is organized as follows. Section 2 presents
the theories used for the prediction of the vortex ring state. Section
3 introduces the simulation tools and the floating offshore wind
turbines to be used in the simulation as well as the design load
cases. Section 4 presents the VRS prediction results in both regular
and irregular wave states. Section 5 summarises the main conclu-
sion and discussion.

2. Theories for the prediction of the vortex ring state

There are numerous prediction methods of the vortex ring state
have been developed for the helicopter landing problem. As shown
in Fig. 2 [16], nine prediction criteria are listed with uniform pattern
coordinates, where the vertical axis represents the non-
dimensional relative speed normal to the rotor, the horizontal
axis represents the non-dimensional relative speed parallel to the
rotor, and the curves forms a envelop of the VRS region in each
frame of the diagram. It can be seen that the VRS regions defined by
different criteria are significantly different, which is mainly because
the aerodynamic phenomenon constantly changes during the
development of the VRS and different researchers describe the
onset of the VRS differently in their studies. In this paper, we adapt
Wolkovitch’s criterion and Peters’ criterion to the study of VRS for
FOWTs and compare their performances. These two criteria are
chosen as they represent extremes in the prediction of VRS: Wol-
kovitch predicting the narrowest area and Peters the broadest area
of the VRS. The modifications associated with these criteria in the
context of wind turbines are presented in this section. Additionally,
the VRS prediction based on the axial induction factor a is also first
introduced.

2.1. VRS prediction based on the axial induction factor

Fig. 3 shows the rotor states corresponding to the measured
thrust coefficient CT as a function of the axial induction factor a as
defined in Eq. (1),

Vrel ¼
�
V∞ �Vp

�ð1� aÞ; (1)

where Vrel ¼ V∞ � Vp þ Vi is axial relative velocity at the rotor, V∞ is
the free-stream velocity, Vp is the velocity of the platform motion,
and Vi is the axial induction at the operating point. From this figure,
it can be seen that the vortex ring state is situated between the
turbulent wake state and the propeller state, which are separated at
a ¼ 1. For a>1, Glauert’s empirical relation and the momentum
theory are invalid. In the context of wind turbines, the vortices are
generated on the blades and shed regularly in the wake, forming
vortex rings. The VRS may occur on FOWTs as the rotor can move in
its ownwake, mainly due to the platformmotions such as pitch and
surge. At certain times during these motions, the rotor has a
downwind speed approximately equal to the traveling speed of the



Fig. 2. A summary of VRS boundaries from the literature, where VZ is the relative speed normal to the rotor, VH is the relative speed parallel to the rotor, is the rotor-induced velocity
at hover [16]. (published with permission).

Fig. 3. The rotor states corresponding to the measured thrust coefficient CT as a function of the axial induction factor a (taken from Ref. [26]).
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wake. Following Eq. (1), when a ¼ 1, Vrel ¼ 0. Thus, the value a ¼ 1
can be taken as one criterion to predict the VRS.

2.2. VRS prediction based on Wolkovitch criterion

Even if the momentum theory breaks down when the rotor
enters the VRS, it can still be used to predict the occurrence of VRS.
Wolkovitch [21] developed a method based on the momentum
theory and actuator disk concept to predict the vortex ring state
during the descent of a powered helicopter. The flow model in this
theory can be adapted to wind turbines, as illustrated in Fig. 4, in
884
which VR is the wind velocity related to the rotor, VI is the wake
induced velocity at the rotor and a represents the angle between VR
and the rotor disc. The rotor is assumed to be surrounded by a
vortex tube. The flow is uniform inside the tube, at any cross sec-
tion. Outside the tube, the wind speed equals the relative value.
This vortex tube is formed of a series of vortex cores. Thus, near the
rotor and outside of the tube, the leeward component of the stream
velocity is VRsina, while inside the tube the windward velocity
component is ðVI � VRsinaÞ. The velocity of the vortex core center
is the average between these velocities, i.e. ðVI =2 � VRsinaÞ, and
points in the down-wind direction. The vortex ring state is assumed



Fig. 4. Illustration of a stream tube and components of the wind speed in the context
of the Wolkovitch’s model.
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to occur when the relative velocity of the vortex cores normal to the
rotor disc falls to zero. Thus the critical velocity Vcrit associated with
Wolkovitch’s criterion is given by

Vcrit ¼
VI

2 sin a
: (2)

When the velocity is smaller than the critical velocity, the rotor
is in a vortex ring state. Different criteria predict VRS with different
aerodynamic conditions, and Wolkovitch’s criterion predicts the
VRS onset when the rotor has a speed that can catch up with the
core center of the vortex ring.
2.3. VRS prediction based on peters criterion

Peters criterion [22] can be used to predict the VRS of a rotor
with both axial and in-plane velocities and was also developed
based on the momentum theory. The flow model of this theory
adapted to wind turbines is shown in Fig. 5. It can be found that the
component of the free stream velocity vector a in the direction of
the wake stream velocity vector b can be given by

a,b
jbj ¼

m2 þ h2 � nhffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2 þ ðn� hÞ2

q ; (3)

where h is the non-dimensional axial component of free stream
Fig. 5. Illustration of the velocity components in Peters’ flow model.
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velocity, which is equal to VRsina=vh, vh ¼
ffiffiffiffiffiffi
CT

p
=2, CT is the thrust

coefficient; n is the non-dimensional induced velocity, which
equals VI=vh, and m is the non-dimensional inplane component of
the free stream velocity.

According to the momentum theory and the flow model, the
induce velocity n inside the slipstream can be replaces with kn,
where the value k varies from 1.0 at the rotor disc to 2.0 at infinity
[21]. Following the same reasoning as before, i.e. that the averaged
velocity inside and outside of the wake should be zero for the VRS
to occur, the condition becomes [22].

m2 ¼ðkn� hÞ
�
h� kn

2

�
¼3
2
knh� 1

2
k2n2 � h2; (4)

combining with the momentum equation which is given in
terms of normalized flow-rates [22].

n2
h
m2 þðn� hÞ2

i
¼1; (5)

the boundary between windmill state and vortex ring state, for
the case of k ¼ 1, is derived as

m2 ¼ 1
n2

� 4
n6
; (6)

h¼ n� 2
n3
; (7)

and the vortex ring boundary from vortex ring state to propeller
state, for the case of k ¼ 2, is derived as

m2 ¼ 1
n2

� 1
n6
; (8)

h¼ nþ 1
n3
: (9)

It is worth noting that the two vortex ring boundaries intro-
duced above are opposite to those from the original paper of Peters
[22] as the latter deals with helicopters, where the working state of
the rotor changes from propeller state to vortex ring state in the
near wake and the rotor goes from vortex ring state to windmill
state in the far wake. For wind turbines, the near wake and the far
wake boundaries are exactly opposite. The influence of wake
expansion is always considered in the far wake.

Furthermore, assuming that the vortex ring state occurs when
the free stream component along the wake is negative, i.e.

m2 þ h2 � nh<0; (10)

the vortex ring boundary between vortex ring state and
Table 1
Characteristics of the NREL 5 MW reference turbine.

Rating 5 MW

Rotor Orientation, Configuration Upwind, 3 Blades
Control Variable Speed, Collective Pitch
Drivetrain High Speed, Multiple-Stage Gearbox
Rotor, Hub Diameter 126 m, 3 m
Hub Height 90 m
Cut-In, Rated, Cut-Out Wind Speed 3 m/s, 11.4 m/s, 25 m/s
Cut-In, Rated Rotor Speed 6.9 rpm, 12.1 rpm
Rated Tip Speed 80 m/s
Overhang, Shaft Tilt, Precone 5 m, 5+ , 2:5+

Rotor Mass 110,000 kg
Nacelle Mass 240,000 kg
Tower Mass 347,460 kg
Coordinate Location of Overall CM (-0.2 m, 0.0 m, 64.0 m)



Table 2
Characteristics of the three floating platforms.

MIT/NREL TLP OC3-Hywind Spar Buoy

Diameter or width * length 18m 6.5e9.4m
Draft 47.89m 120m
Water displacement 12,180 m3 8029 m3

Mass, including ballast 8,600,000 kg 7,466,000 kg
CM location below SWL 40.61m 89.92m
Roll inertia about CM 571,600,000 kg,m2 4,229,000,000 kg,m2

Pitch inertia about CM 571,600,000 kg,m2 4,229,000,000 kg,m2

Yaw inertia about CM 361,400,000 kg,m2 164,200,000 kg,m2

Number of mooring lines 8 (4 pairs) 3
Depth to fairleads, anchors 47.89m, 200m 70m, 320m
Radius to fairleads, anchors 27m, 27m 5.2m, 853.9m
Unstretched line length 151.7m 902.2m
Line extensional stiffness 1,500,000,000 N 384,200,000 N

ITI Energy Barge

Width * length 40m* 40m
Draft 4m
Water displacement 6000 m3

Mass, including ballast 5,452,000 kg
CM location below SWL 0.2818m
Roll inertia about CM 726,900,000 kg,m2

Pitch inertia about CM 726,900,000 kg,m2

Yaw inertia about CM 1,454,000,000 kg,m2

Number of mooring lines 8
Depth to fairleads, anchors 4m, 150m
Radius to fairleads, anchors 28.28m, 423.4m
Unstretched line length 473.3 m
Line extensional stiffness 589,000,000 N
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windmill state is written as

m2 ¼ 1
n2

� 1
n6
; (11)

h¼ n� 1
n3
: (12)

Considering that the critical values of m on the propeller side and
on the windmill side should be equal, the final criterion is taken as

m2 ¼ 1
n2

� 1
n6
; (13)
Table 3
Natural frequencies of the three floating platforms [31].

Natural Frequencies of TLP System

Mode Frequency[Hz] Period [s]

Surge 0.0165 60.6061
Sway 0.0165 60.6061
Heave 0.4375 2.2857

Natural Frequencies of ITI Energy Barge System

Mode Frequency[Hz] Period [s]

Surge 0.0076 131.5789
Sway 0.0076 131.5789
Heave 0.1283 7.7942

Natural Frequencies of OC3-Hywind System

Mode Frequency[Hz] Period [s]

Surge 0.0080 125.0000
Sway 0.0080 125.0000
Heave 0.0324 30.8642
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h¼ n±
1
n3
; (14)

l¼ n� h ¼ H
1
n3
: (15)

When it is evaluated in the m� l plane, the vortex ring state is
located inside the envelop of the curve, whilst the upper half rep-
resents the boundary with the windmill state and the lower half
represents the boundary with the propeller state.

3. Simulation setup and load cases

3.1. Simulation tool

The comprehensive horizontal axis wind turbine simulation
code FAST v8 [27] developed by NREL is selected to perform the
analysis in this work. This version of FAST drives modules corre-
sponding to different disciplines of the coupled aero-hydro-servo-
elastic solution. The aim is to use FAST to output the velocities on
the blade sections when the wind turbine is subjected to both wind
and waves. These values can be compared to the critical velocities
introduced in the previous section, in order to assess whether VRS
occurs or not. In this work, the following FAST module are used:
AeroDyn v15 to calculate aerodynamic loads based on blade
element momentum (BEM) theory and generalized dynamic wake
theory [28]; InflowWind for processing wind-inflow including (but
not limited to) uniform hub-height wind and full-field (FF) wind
generated from TurbSim; HydroDyn to calculate hydrodynamic
loads on a structure; MAPþþ for mooring loads; ElastoDyn for the
structural dynamics; and ServoDyn for control and electrical drive
dynamics.

3.2. NREL 5 MW turbine and platforms

The analysis is performed on the NREL offshore 5 MW baseline
wind turbine. The basic parameters of the turbine are shown in
Table 1, and the reader can refer to the NREL report [29] for more
information.

Three types of floaters, namely barge, spar-buoy and TLP, have
been modified to support the NREL 5 MW turbine for realistic
simulations. The main dimensions and hydrostatic data of these
platforms are summarized in Table 2, with the center of mass (CM)
defined with respect to the still water level (SWL). The natural
Mode Frequency[Hz] Period [s]

Roll 0.2229 4.4863
Pitch 0.2211 4.5228
Yaw 0.0972 10.2881

Mode Frequency[Hz] Period [s]

Roll 0.0854 11.7096
Pitch 0.0849 11.7786
Yaw 0.0198 50.5051

Mode Frequency[Hz] Period [s]

Roll 0.0342 29.2398
Pitch 0.0343 29.1545
Yaw 0.1210 8.2645



Table 4
Case I: Regular wave þ steady wind load cases.

Set A, d ¼ 0:007

H (m) T (s) Wind Speed (m/s)

8 7 6 5 4

10 30.5 LCA-1-1 LCA-2-1 LCA-3-1 LCA-4-1 LCA-5-1
9 28.9 LCA-1-2 LCA-2-2 LCA-3-2 LCA-4-2 LCA-5-2
8 27.2 LCA-1-3 LCA-2-3 LCA-3-3 LCA-4-3 LCA-5-3
7 25.5 LCA-1-4 LCA-2-4 LCA-3-4 LCA-4-4 LCA-5-4
6 23.6 LCA-1-5 LCA-2-5 LCA-3-5 LCA-4-5 LCA-5-5
5 21.5 LCA-1-6 LCA-2-6 LCA-3-6 LCA-4-6 LCA-5-6
4 19.3 LCA-1-7 LCA-2-7 LCA-3-7 LCA-4-7 LCA-5-7
3 16.7 LCA-1-8 LCA-2-8 LCA-3-8 LCA-4-8 LCA-5-8
2 13.6 LCA-1-9 LCA-2-9 LCA-3-9 LCA-4-9 LCA-5-9
1 9.6 LCA-1-10 LCA-2-10 LCA-3-10 LCA-4-10 LCA-5-10

Set B,

10 25.3 LCB-1-1 LCB-2-1 LCB-3-1 LCB-4-1 LCB-5-1
9 24 LCB-1-2 LCB-2-2 LCB-3-2 LCB-4-2 LCB-5-2
8 22.6 LCB-1-3 LCB-2-3 LCB-3-3 LCB-4-3 LCB-5-3
7 21.1 LCB-1-4 LCB-2-4 LCB-3-4 LCB-4-4 LCB-5-4
6 19.6 LCB-1-5 LCB-2-5 LCB-3-5 LCB-4-5 LCB-5-5
5 17.9 LCB-1-6 LCB-2-6 LCB-3-6 LCB-4-6 LCB-5-6
4 16 LCB-1-7 LCB-2-7 LCB-3-7 LCB-4-7 LCB-5-7
3 13.8 LCB-1-8 LCB-2-8 LCB-3-8 LCB-4-8 LCB-5-8
2 11.3 LCB-1-9 LCB-2-9 LCB-3-9 LCB-4-9 LCB-5-9
1 8 LCB-1-10 LCB-2-10 LCB-3-10 LCB-4-10 LCB-5-10
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frequencies of the three floating systems are summarized in Table 3,
which were calculated by NREL with an earlier version of FAST [30].
3.3. Design load cases (DLC) and FAST settings

Two types of FAST-simulated DLCs in terms of wind speeds and
sea states are listed below. The regular wave load cases aim at
assessing the dependence of the VRS with wave and wind param-
eters. The irregular wave load cases aim at simulating real offshore
environmental conditions to see whether the VRS is likely to
happen on real wind turbines or not.
Fig. 6. Reference-site location.
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3.3.1. Regular wave state
In this group of DLCs, deep-water regular waves [32] are used

and zero-degree heading angles are considered for wind, wave and
current. The values of the constant wind speed V∞ and sinusoidal
wave with wave height H and wave period T are shown in Table 4.
The wind speed range covers the cut-in wind speed and cut-out
wind speed of the NREL 5 MW turbine. The wave height range is
determined according to the common sea states. The wave period
range covers the natural period of the pitch motion of the three
floating systems, as shown in Table 3. In order to reduce the set of
combined load cases for H, T and V∞, the wave steepness d is
considered, i.e.

d¼ H
cT

¼ 2p
H
gT2

; (16)

where c is the wave speed and g is the acceleration of gravity taken
as 9.8 m=s2. Since the FAST hydrodynamic solver HydroDyn as-
sumes linear wave theory [31], the present load cases are limited to
d � 0:011 (see Figs. 3 and 4 in ‘DNVGL-RP-C205’ [33]). In Table 4
two sets of load cases are given: in set A, d ¼ 0:007, the load
cases aremarked by ‘LCA-m-n’, and in set B, d ¼ 0:01, the load cases
are marked by ‘LCB-m-n’, where where ‘m’ and ‘n’ are the serial
numbers of the wind speeds and the wave height respectively. The
NREL 5 MW turbine supported by a OC3-Hywind spar buoy is
selected for the simulation with the regular wave load cases.
3.3.2. Irregular wave state
With irregular waves, we consider the NREL 5 MW turbine

supported by three different floaters, namely MIT/NREL TLP, ITI
Energy Barge and OC3-Hywind Spar Buoy. The IEC design standard
prescribes numerous DLCs. Here, in the power production situation,
one set of fatigue-type DLCs (NTM þ NSS) and one set of ultimate-
type DLCs (NTM þ ESS) are considered, where NTM stands for
normal turbulence wind model, NSS is the normal sea state wave
model and ESS is the extreme sea state wave model [34]. The other
DLCs described in the design standards with idling or fault of the
turbine are disregarded.



Table 5
Case II: Irregular wave þ full field wind load cases.

NTM þ NSS

LC1 LC2 LC3 LC4 LC5 LC6 LC7 LC8 LC9 LC10 LC11 LC12 LC13 LC14 LC15

V∞ (m/s) 4.2 5.6 7.0 8.4 9.8 11.2 12.6 14 15.4 16.8 18.2 19.6 21.0 22.4 23.8
Hs (m) 1.7 1.8 1.9 2.0 2.2 2.4 2.7 3.0 3.4 3.7 4.1 4.5 4.8 5.2 5.5
Tp (s) 12.7 12.7 12.8 14.8 14.1 13.4 12.7 12.1 13.4 13.4 15.5 14.1 13.4 16.2 15.5

NTM þ ESS 1-YEAR

LC16 LC17 LC18 LC19 LC20 LC21 LC22 LC23 LC24 LC25 LC26 LC27 LC28 LC29 LC30

V∞ (m/s) 4.2 5.6 7.0 8.4 9.8 11.2 12.6 14.0 15.4 16.8 18.2 19.6 21.0 22.4 23.8
Hs1(m) 10.8 10.8 10.8 10.8 10.8 10.8 10.8 10.8 10.8 10.8 10.8 10.8 10.8 10.8 10.8
Tp1 (s) 17.6 17.6 17.6 17.6 17.6 17.6 17.6 17.6 17.6 17.6 17.6 17.6 17.6 17.6 17.6

NTM þ ESS 50-YEAR

LC31 LC32 LC33 LC34 LC35 LC36 LC37 LC38 LC39 LC40 LC41 LC42 LC43 LC44 LC45

(m/s) 4.2 5.6 7.0 8.4 9.8 11.2 12.6 14.0 15.4 16.8 18.2 19.6 21.0 22.4 23.8
Hs50(m) 13.8 13.8 13.8 13.8 13.8 13.8 13.8 13.8 13.8 13.8 13.8 13.8 13.8 13.8 13.8
Tp50 (s) 19.2 19.2 19.2 19.2 19.2 19.2 19.2 19.2 19.2 19.2 19.2 19.2 19.2 19.2 19.2

Fig. 7. Values of the axial induction factor a on the different blade nodes (LCAe3e2), (r1�9 indicates the location on the blade starting from the root).
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According to the requirement of the IEC 61400-3 design stan-
dard, the loads analysis shall be based on site-specific external
conditions. The test site is located at 61+ 200 N latitude, 0+ 00 E
longitude on the prime meridian northeast of the Shetland Islands,
Fig. 8. Regions of VRS predicted with ‘a’ (in yellow) together with Vn and platform motions (
is referred to the Web version of this article.)
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the northeast of Scotland, as illustrated in Fig. 6. The environment
data as shown in Table 5 was extracted from the NREL technical
report [35] at the same location. The NTM þ NSS data set is the
long-term joint-probability distribution of wind speed V∞ ,
LCAe2e2). (For interpretation of the references to color in this figure legend, the reader



Fig. 9. Regions of VRS predicted with ‘a’ (in yellow) together with Vn and platform motions (LCAe3e2). (For interpretation of the references to color in this figure legend, the reader
is referred to the Web version of this article.)

Fig. 10. Regions of VRS predicted with ‘a’ (in yellow) together with .Vn . platform motions (LCAe4e3). (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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significant wave height Hs, and peak-spectral period of incident
waves Tp. The NTM þ ESS data set is the extreme waves with a 1-
year return period (Hs1, Tp1) and a 50-year return period (Hs50,
Tp50), respectively. The fifteen wind speeds of the NTM þ NSS data
Fig. 11. Regions of VRS predicted with ‘a’ (in yellow) together with Vn and platform motions (
is referred to the Web version of this article.)
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set are also used for the calculations with the extreme wave data
(NTM þ ESS set).

The default settings in FAST for these simulations are the
following. The 6-DOFs platform motions are switched on. The
LCAe5e4). (For interpretation of the references to color in this figure legend, the reader



Fig. 12. Regions of VRS predicted with ‘a’ (in yellow) together with Vn and platform motions (LCBe2e2). (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

Fig. 13. Regions of VRS predicted with ‘a’ (in yellow) together with Vn and platformmotions (LCBe3e2). (For interpretation of the references to color in this figure legend, the reader
is referred to the Web version of this article.)
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tower and blades are considered as rigid. For Case I, the free stream
wind is defined as constant, unidirectional and without shear,
while for Case II, the free stream wind is defined as a full-field 3-
component stochastic wind. The blade airfoil
aerodynamics model is Beddoes-Leishman (B-L) model and the
Fig. 14. Regions of VRS predicted with ‘a’ (in yellow) together with Vn and platformmotions (
is referred to the Web version of this article.)
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unsteady airfoil aerodynamic (UA) model is the B-L model devel-
oped by Minnema/Pierce. The blade pitch and electrical-drive dy-
namics control are switched on. The total simulation time is set to
1200s. The initial 300s of each simulation are omitted in the
analysis.
LCBe4e3). (For interpretation of the references to color in this figure legend, the reader



Fig. 15. Regions of VRS predicted with ‘a’ (in yellow) together with Vn and platformmotions (LCBe5e4). (For interpretation of the references to color in this figure legend, the reader
is referred to the Web version of this article.)

Fig. 16. VRS predicted with ‘w’ on two different blade nodes of the OC3 wind turbine: (a) node r ¼ 54:5m, (b) r ¼ 34m.
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4. Results and discussion

4.1. Regular wave load cases

4.1.1. Results using the axial induction factor criterion
In this section, the criterion based on the axial induction factor a,

abbreviated as ‘a’, as introduced in section 2.1, is used for the
Fig. 17. Regions of VRS according to ‘w’ (in blue) together with Vn and platform motions (LCA
referred to the Web version of this article.)
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prediction of the VRS. An example of the time history curves of a
from FAST v8 for 9 nodes spread equally along the blade of the OC3
Spar wind turbine is shown in Fig. 7. Due to tip loss and hub loss
settings in FAST, the blade nodes r1, r2 on the root and r9 on the tip
only have zero values of a. At the other blade nodes, a is positive
and increases towards the blade tip. Fig. 7 shows that, for the load
case V∞ ¼ 6m=s, H ¼ 9m, T ¼ 28:9s, the blade nodes r7 ¼ 47.6m
e2e2). (For interpretation of the references to color in this figure legend, the reader is



Fig. 18. Regions of VRS according to ‘w’ (in blue) together with Vn and platform motions (LCAe3e2). (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

Fig. 19. Regions of VRS according to ‘w’ (in blue) together with Vn and platform motions (LCAe4e3). (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

Fig. 20. Regions of VRS according to ‘w’ (in blue) together with Vn and platform
motions (LCAe5e4). (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)
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and r8¼ 54.5m exhibit a>1 at certain times, which is considered to
be in the VRS, while the blade nodes r6 ¼ 40.8m, r7 ¼ 47.6m and
r8 ¼ 54.5m have 0:5< a<1, which is in turbulent state.

Due to a sheer volume of results, only a small fraction is pre-
sented here. Eight samples of the VRS prediction results are shown
from Fig. 8 to Fig. 15. All the figures are obtained with the same
value of wind speeds andwave heights but differ inwave steepness.
For the first four figures, d ¼ 0:007 whilst for the next four figures,
d ¼ 0:01. The area colored in red represent 0:5 � a<1 and the area
colored in yellow color represent a � 1, corresponding to the
occurence of VRS. The relativewind speed normal to the rotor plane
Vn and the 6-degree of freedom platform motions are plotted as
reference, with the values shown on the right-hand-side vertical
axis. The Vn curve represented by the green line directly determines
the VRS prediction result which is a combined effect of the 6-Dof
platform motions. The surge and pitch motions of the platform
which are represented by the red line and the blue line, respec-
tively, dominate the rotor motion along the wind direction. From
the figures, it can be found that the VRS (a � 1) areas are sur-
rounded by the TWS (a � 0:5) areas, with the TWS area being larger
than the VRS area in both blade radial span and time span. The VRS
only shows on the outboard part of the blade, except at the tip due
to the tip-loss correction of the BEM theory. From Figs. 8e11, it can
be seen that the VRS area becomes larger when the wind speed
892
decreases. Furthermore, for identical values of wind speed and
wave height, the VRS areas are wider for larger values of the wave
steepness. Also, the VRS occurs periodically when Vn is negative. In
some cases, such as in Figs. 8 and 9, there are two centers of the VRS
in one period, and Vn is negative in two regions correspondingly
(see Fig. 12) (see Fig. 13) (see Fig. 14) (see Fig. 10).

4.1.2. Results using Wolkovitch’s criterion
Wolkovitch’s criterion, abbreviated as ‘w’, as introduced in



Fig. 21. Regions of VRS according to ‘w’ (in blue) together with Vn and platform motions (LCBe2e2). (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

Fig. 22. Regions of VRS according to ‘w’ (in blue) together with Vn and platform motions (LCBe3e2). (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

J. Dong and A. Vir�e Renewable Energy 163 (2021) 882e909
section 2.2, uses an axial velocity parameter to predict the VRS. The
examples of the VRS prediction results according to this criterion
on single nodes of a rotor blade are shown in Fig. 16, in which (a)
represents a typical case with VRS occurrence and (b) represents a
Fig. 23. Regions of VRS according to ‘w’ (in blue) together with Vn and platform motions (LC
referred to the Web version of this article.)
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typical case that the VRS does not occur. The blue dotted lines
represent the relative velocities on the blade normal to the rotor
disc and the red lines represent the critical velocities calculated
based on Wolkovitch’s criterion. Thus, when the blue dotted line is
Be4e3). (For interpretation of the references to color in this figure legend, the reader is



Fig. 24. Regions of VRS according to ‘w’ (in blue) together with Vn and platform motions (LCBe5e4). (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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below the red line at a given time, the blade node enters the vortex
ring state. It can be seen from Fig. 16a that, at the blade node
r ¼ 54.5m, the VRS often occurs when the relative velocities drop
Fig. 25. VRS predicted with ‘p’ criterion on blade nodes of OC3 wind turbine (The blue curv
propeller state, the yellow line corresponding to m ¼ 0:62). (For interpretation of the referenc
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rapidly. Fig. 16b shows that the change in relative velocities is
similar than in Fig. 16a. However, the VRS never occurs at that blade
node because the amplitude of the critical velocity is smaller than
e is the VRS boundary to the windmill state, the orange curve is the VRS boundary to
es to color in this figure legend, the reader is referred to the Web version of this article.)



Fig. 26. Regions of VRS according to ‘p’ (in green) together with Vn and platform motions (LCAe2e2). (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

Fig. 27. Regions of VRS according to ‘p’ (in green) together with Vn and platform motions (LCAe3e2). (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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in Fig. 16a, whilst the magnitude of the relative velocity is larger.
Eight samples of the VRS prediction results according to Wol-

kovitch’s criterion along the blade in time domain are shown from
Fig. 17-22, with the same load cases as the figures in Section 4.1.1.
Fig. 28. Regions of VRS according to ‘p’ (in green) together with Vn and platform motions (LC
referred to the Web version of this article.)
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The shaded blue area represent the regions of occurrence of VRS
according to Wolkovitch’s criterion. The relative wind speed
normal to the rotor plan Vn and the 6-degree of freedom platform
motions are plotted for reference, with their values shown on the
Ae4e3). (For interpretation of the references to color in this figure legend, the reader is



Fig. 29. Regions of VRS according to ‘p’ (in green) together with Vn and platform motions (LCAe5e4). (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

Fig. 30. Regions of VRS according to ‘p’ (in green) together with .Vn . and platform motions (LCBe2e2). (For interpretation of the references to color in this figure legend, the reader
is referred to the Web version of this article.)
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vertical axis on the right-hand-side. Although the exact regions of
VRS differ from those obtained with the criterion based on the
induction factor, similar observations can be made. In particular,
the VRS area increasewhen thewind speed decreases and widen as
d increases. Also, the VRS occurs periodically when Vn reaches its
minimum values. In some cases, such as Figs. 17, Figs. 18 and 19, the
VRS occurs twice within a short period of time, which is because Vn

has two valley points due to the phase differences of the surge and
pitch motions of the platform. By contrast, Fig. 20 shows one large
area of occurrence of VRS per period of the platformmotion, mainly
because the surge and pitch motions have relatively small phase
differences in this load case. It can also be found that the VRS area
predicted with ‘w’ totally covers the area of a � 0 in Section 4.1.1
(see Fig. 23) (see Fig. 24).
Fig. 31. Regions of VRS according to ‘p’ (in green) together with Vn and platform
motions (LCBe3e2). (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)
4.1.3. Results using Peters’ criterion
Peters’ criterion, abbreviated as ‘p’, as introduced in Section 2.3,

uses one axial velocity parameter and one inplane velocity
parameter to predict the VRS. Examples of the VRS prediction re-
sults according to ‘p’ on single nodes of a rotor blade are shown in
Fig. 25. The blue points in each subfigure represent a set of non-
dimensional coordinates of (m,l) on a particular blade node, in a
certain period of time, and the solid curves represent the critical
velocities given by ‘p’. When a blue point is located inside the
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region enclosed by the curves l ¼ ±1
n3

(0 � m � 0:62) in the plane,
the blade node is considered to be in the vortex ring state. Fig. 25
shows that the VRS does not occur on the two blade nodes
located at r¼ 27.1m and r¼ 34.0m, as all the blue points fall outside
of the region of interest. For the two blade nodes located at
r ¼ 40.8m and r ¼ 47.6m, the sets of (m,l) go across the upper
branch of l critical values and fall into the VRS region. The blade
node r¼ 47.6m has some negative values of l, whilst the blade node



Fig. 32. Regions of VRS according to ‘p’ (in green) together with Vn and platform motions (LCBe4e3). (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

Fig. 33. Regions of VRS according to ‘p’ (in green) together with Vn and platform motions (LCBe5e4). (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

Fig. 34. Percentages of occurence of the VRS for a time interval of 1200s and a wave steepness d ¼ 0:007.
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Fig. 35. Percentages of occurence of the VRS for a time interval of 1200s and a wave steepness d ¼ 0:01.

Fig. 36. TLP with irregular waves (LC1): VRS predicted with ‘a’.

Fig. 37. TLP with irregular waves (LC1): VRS predicted with ‘w’.
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Fig. 38. TLP with irregular waves (LC1): VRS predicted with ‘p’.

Fig. 39. TLP with irregular waves (LC16): VRS predicted with ‘a’.
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r ¼ 40.8m has only positive values of l. Moreover, the VRS is wider
at r ¼ 47.6m than at r ¼ 40.8m, which is mainly because the pitch
motion of the platform can occasionally cause larger leeward ve-
locities on the outboard part of the blade while the rotor rotates.
The blade node located at r¼ 54.5m is the only one that has a set of
(m,l) that goes across both the upper branch and the lower branch
Fig. 40. TLP with irregular waves (
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of the critical values of l. It also has the largest proportion of VRS
among all the six blade nodes. The blade node located at r ¼ 61.3m
also has a set of (m,l) that goes across the upper branch of the
critical values. However, it exhibits a smaller proportion of VRS due
to the tip loss corrections effect. Among all the six blade nodes, m �
0:6 which is relatively small because only zero degree heading
LC16): VRS predicted with ‘w’.



Fig. 41. TLP with irregular waves (LC16): VRS predicted with ‘p’.

Fig. 42. TLP with irregular waves (LC31): VRS predicted with ‘a’.
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angles for wind, wave and current are considered in the design load
case.

Eight samples of the VRS predicted with ‘p’ along the blade in
time domain are shown from Fig. 26 to Fig. 33, with the same load
cases as in the two previous sections. The green shaded area
represent the region of occurrence of the VRS as predicted by ‘p’.
Fig. 43. TLP with irregular waves (
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The relative wind speed normal to the rotor plan Vn and the 6-
degree of freedom platform motions are plotted as reference,
with their values shown on the vertical axis on the right-hand-side.
The figures show that the VRS only occurs are the outboard part of
the blade and the VRS regions narrow down near the blade tip. The
VRS occurs when the FOWT has leeward platform motions, which
LC31): VRS predicted with ‘w’.



Fig. 44. TLP with irregular waves (LC31): VRS predicted with ‘p’.

Fig. 45. Barge with irregular waves (LC1): VRS predicted with ‘a’.
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can either be dominated by surge or pitch motion. The VRS area
predicted with ‘p’ totally cover that predicted with ‘w’ (see Fig. 28)
(see Fig. 29) (see Fig. 30) (see Fig. 31) (see Fig. 32) (see Fig. 27).
4.1.4. Summary of regular wave load cases
The above analysis shows that the three different prediction
Fig. 46. Barge with irregular waves
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criteria agree in that the VRS area increase significantly with a
decrease in wind speed and an increase in wave steepness. Fig. 34
and Fig. 35 further show the percentages of occurrence of VRS for
the OC3 Hywind Spar wind turbine with a wave steepness of
d ¼ 0:007 and d ¼ 0:01, respectively, over an operating time of
1200s. The different colors show different wind speeds, while the
(LC1): VRS predicted with ‘w’.



Fig. 47. Barge with irregular waves (LC1): VRS predicted with ‘p’.

Fig. 48. Barge with irregular waves (LC16): VRS predicted with ‘a’.
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symbols relate to the different VRS criteria: axial induction factor a
(B), Wolkovitch’s criterion (△) and Peters’ criterion (� ). Ac-
cording to the criterion based on a � 1, the upper limits in terms of
wind speeds for the VRS occurrence are V∞ ¼ 8m=s for d ¼ 0:007
and V∞ ¼ 9m=s for d ¼ 0:01. The maximum percentage of VRS
occurence is 29:48% for d ¼ 0:007 and 30:14% for d ¼ 0:01. Both
Fig. 49. Barge with irregular waves
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these values occur when V∞ ¼ 4m=s and H ¼ 7m. According to
Wolkovitch’s criterion, the upper limit in terms of wind speeds for
the VRS occurrence is V∞ ¼ 11m=s for both d ¼ 0:007 and d ¼ 0:01.
The maximum percentage for d ¼ 0:007 is 48:88% and for d ¼ 0:01
is 49:04%, and they both occur when V∞ ¼ 4m=s and H ¼ 7m. Ac-
cording to Peters’ criterion, the upper limit in terms of wind speeds
(LC16): VRS predicted with ‘w’.



Fig. 50. Barge with irregular waves (LC16): VRS predicted with ‘p’.

Fig. 51. Barge with irregular waves (LC31): VRS predicted with ‘a’.
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for the VRS occurrence is V∞ ¼ 12m=s for both d ¼ 0:007 and d ¼
0:01. The maximum percentage for d ¼ 0:007 is 50:96% and for d ¼
0:01 is 50:79%, which both occur when V∞ ¼ 4m=s and H ¼ 7m. It
can also be noted that the VRS area predicted by Peters’ criterion is
larger than that predicted by Wolkovitch’s criterion, which is also
larger than that predicted by the criterion based on the axial in-
duction factor. This is because the axial induction factor predicts the
very center of the VRS, which is between the turbulent wake state
and the propeller state at a ¼ 0. By contrast, Wolkovitch’s criterion
predicts the VRS when the rotor enters the core of the vortex ring.
Therefore, it covers a larger area than only a ¼ 0. Finally, Peters’
criterion leads to a larger region than Wolkovitch’s criterion as it
predicts the boundaries of the VRS region and not only the center of
the region.
Fig. 52. Barge with irregular waves
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4.2. Irregular wave load cases

4.2.1. NREL 5 MW turbine mounted on a TLP
The examples of the VRS prediction results for the NREL 5 MW

turbine mounted on a TLP under irregular wave load cases are
shown from Fig. 36 to Fig. 44 for the load cases LC1, LC16 and LC31.
For the NSS load case (LC1), there is a large area of a>0:5 but no
VRS predicted with the axial induction factor. With ‘w’, there are
small areas of VRS on the outboard of the blade, with a percentage
of 11.74% in time series. Finally, Peters’ criterion lead to larger area
of VRS on the outboard of the blade, with a percentage in time
series of 53.87%. In the ESS 1-Year load case (LC16), a small area of
a>1 is shown with a percentage of 4.66%, whilst ‘w’ gives a larger
area with a percentage of 39.22% and ‘p’ leads to the largest area of
VRS and a percentage of 51.87%. Similar trends can be found for the
ESS 50-Year load case (LC31), with the percentages of occurence of
VRS of 10.16%, 41.3% and 51.37% according to the ‘a’, ‘w’ and ‘p’,
respectively. According to Table 3, the natural period of the surge
motion for the TLP is 60:6s, which is larger than the wave periods of
the load cases considered here (see Table 5) and the natural period
of the pitch motion is 4:5s, which is smaller than the wave periods.
The results show that the low frequency surge motion of the TLP
platform is more sensitive to the wave loads than the high fre-
quency pitch motion. A further sensitivity analysis could help
confirming this more broadly (see Fig. 38) (see Fig. 39) (see Fig. 40)
(see Fig. 41) (see Fig. 42) (see Fig. 43) (see Fig. 37).
(LC31): VRS predicted with ‘w’.



Fig. 53. Barge with irregular waves (LC31): VRS predicted with ‘p’.

Fig. 54. Spar with irregular waves (LC1): VRS predicted with ‘a’.
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4.2.2. NREL 5 MW turbine mounted on the ITI Energy Barge
The examples of the VRS prediction results for the NREL 5 MW

turbine mounted on the ITI Energy Barge under irregular wave load
cases are shown from Fig. 45 to Fig. 53. For LC1, there is a large area
of a>0:5 and smaller areas of a>1 with a percentage of 5.83%. The
percentages become 40.38% and 56.62% based on ‘w’ and ‘p’,
Fig. 55. Spar with irregular waves
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respectively. These percentages increase for LC16 to 21.32%, 49.46%
and 54.87% based on ‘a’, ‘w’ and ‘p’, respectively. A similar trend is
found with LC31, with percentages of 19.48%, 47.38% and 51.54%,
respectively. The ITI Energy Barge has a natural period in surge of
131:6s, which is larger than the wave periods, and a natural period
in pitch of 11:8s. The results show that the surge and pitch motions
(LC1): VRS predicted with ‘w’.



Fig. 56. Spar with irregular waves (LC1): VRS predicted with ‘p’.

Fig. 57. Spar with irregular waves (LC16): VRS predicted with ‘a’.
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of the platform are both sensitive to the wave loads, while the pitch
motion has a bigger impact on Vn. As opposed to the TLP results, the
ITI Barge has lower percentages of occurence of the VRS under the
ESS 50-Year load case than under the ESS 1-Year load case. This is
mainly because larger velocities of Vn fluctuation occur for the ESS
1-Year load case, despite the fact that thewave height of the ESS 50-
Fig. 58. Spar with irregular waves (
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Year load case is bigger (see Fig. 47) (see Fig. 48) (see Fig. 49) (see
Fig. 50) (see Fig. 51) (see Fig. 52) (see Fig. 46).
4.2.3. NREL 5 MW turbine mounted on the OC3-Hywind Spar
The examples of the VRS prediction results for the NREL 5 MW

turbine mounted on the OC3-Hywind Spar under irregular wave
LC16): VRS predicted with ‘w’.



Fig. 59. Spar with irregular waves (LC16): VRS predicted with ‘p’.

Fig. 60. Spar with irregular waves (LC31): VRS predicted with ‘a’.
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load cases are shown from Fig. 54 to Fig. 62. As for the TLP, the
results based on the induction factor show no VRS for LC1. Based on
‘w’ and ‘p’, the percentages of occurence of VRS are 18.07% and
53.96%, respectively. Again, the percentages increase with the load
cases. Under LC16, these are 16.82%, 43.96% and 51.37% based on ‘a’,
‘w’ and ‘p’, respectively. For LC31, they are 21.23%, 45.05% and
Fig. 61. Spar with irregular waves (
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52.21%, respectively. The natural period of the surge and pitch
motions for the OC3 spar are 125:0s and 29:2s, respectively, which
are both larger than the wave periods of these load cases. The re-
sults show that the surge and pitch motions of the OC3-Hywind
Spar platform are both sensitive to the wave loads (see Fig. 56)
(see Fig. 57) (see Fig. 58) (see Fig. 59) (see Fig. 60) (see Fig. 61) (see
LC31): VRS predicted with ‘w’.



Fig. 62. Spar with irregular waves (LC31): VRS predicted with ‘p’.

Fig. 64. Percentages of VRS for the ITI Energy Barge in irregular wave state.
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Fig. 55).

4.2.4. Summary of the results under irregular wave load cases
Fig. 63, Fig. 64 and Fig. 65 show the percentages of occurence of

the VRS for the different floaters under irregular wave state. The
results show that the VRSmainly occurs for the design load cases in
irregular wave states at low wind speeds. Generally speaking, for a
given wind speed, the ESS 50-year load cases have a bigger risk of
leading to the VRS than the ESS 1-year load cases. The NSS load
cases exhibit the smaller risk of VRS occurence. Exceptions are
when large Vn fluctuations occur for small wave heights. Also, the
different floating foundations respond differently to the same load
case. For example, the ITI Energy Barge is the most sensitive one to
waves, leading to a higher probability of occurence of VRS. By
contrast, the TLP exhibits the least motion and has thus the smallest
percentage of occurrence of VRS in the three types of floating
foundations. The VRS of floating offshore wind turbines is a peri-
odic phenomenon, with an upper limit for the percentage of
occurence in the time series of around 50%.

4.3. Coefficient of variation analysis

The coefficient of variation, cv, of the angle of attack (AoA) is
Fig. 63. Percentages of VRS for the MIT/NREL TLP in irregular wave state. Fig. 65. Percentages of VRS for the OC3-Hywind Spar in irregular wave state.

907



Fig. 68. AoA coefficient of variation %, d ¼ 0:01, V ¼ 8m=s.Fig. 66. AoA coefficient of variation %, d ¼ 0:007, V ¼ 6m=s.
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evaluated in this section. The coefficient of variation is a dimen-
sionless measure of dispersion of a probability distribution defined
as the ratio of the standard deviation s and the mean m, as

cv ¼ s

m
: (17)

As for the angle of attack, its coefficient of variation represents
the level of its fluctuation frequency. Since the change of AoA will
directly change the lift and drag force on the blade, the frequent
change of AoA can be related to the fluctuation of aerodynamic
loads on the blade. Here we discuss the load cases with wind
speeds of 6 m/s and 8m/s where stable positive angles of attack can
be obtained along the whole blade of the bottom-mounted
monopile wind turbine. The results are presented in Fig. 66 for
design load cases of set A and Figs. 67 and 68 for design load cases
of set B. In these figures, the prediction methods based on a, Wol-
kovitch and Peters criteria are denoted as ‘a’,‘w’ and ‘p’, respectively.
The load cases with no VRS predicted are marked with ‘0’. Inter-
esting observations can be made. First, the cv of the AoA increases
with the decrease inwind speed. Also, for the samewind speed, the
cv of the AoA increases with the increase inwave steepness. Second,
with the same wind speed and wave steepness, the cv of the AoA
increases with the increase in wave height. Third, the cv of the
bottom-mounted wind turbine always has a peak value in the
Fig. 67. AoA coefficient of variation %, d ¼ 0:01, V ¼ 6m=s.
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middle of the blade (node 5), while the peak values of the cv for the
FOWT shifts to the VRS region outboard of the blade (node 6). This
agrees with Leishman’s finding that, during VRS, the level of thrust
fluctuations is high [10]. Fourth, the higher the cv, the higher the
chance of occurrence of VRS. We find that if the VRS occurs at a
certain value of cv, then the VRS also occurs when cv is higher than
the original one. In Figures 66e68, the peak cv of load cases where
the VRS occurs according to ‘a’,‘w’ and ‘p’ for the first time are
marked in the pictures.

Here we can see that ‘a’ leads to a cv between 64% and 97%, ‘w’

gives cv between 44% and 50%, and ‘p’ leads to a cv between 22% and
31%. Thus it can be concluded that the induction factor ‘a’ is a very
conservative method for the prediction of VRS, as the cv for this
prediction method is almost 3 to 4 times that of the bottom-
mounted monopile wind turbine. However, it is a good quantity
to assess when the BEM theory breaks down. By contrast, ‘p’ is the
loosest of the three prediction methods, and can sometimes lead to
a value of cv that is lower than that of the bottom-mounted wind
turbine. Finally, ‘w’ shows the strongest relationship with the value
of cv, where VRS is predicted with the peak cv stably above
approximately 40% and is clearly different than that of the
monopile wind turbine. Accordingly, Wolkovitch criterion is the
most suitable one for the VRS prediction, while Peters criterion
indicates the initial aerodynamic change and is therefore more
suitable for early warning of the occurrence of VRS during the
operation of FOWTs.
5. Conclusion and discussion

In this paper, the vortex ring state of floating offshore wind
turbines is quantitatively predicted. Three criteria were used to
predict the occurrence of VRS: the axial induction factor, Wolko-
vitch’s criterion and Peters’ criterion. The results show that the type
of floating foundation has a significant influence on the aero-
dynamic performance of the rotor. As expected, the TLP exhibits the
least motions, and therefore, also the least probability of occurrence
of the VRS. Also, the probability of occurrence of VRS generally
increases with the magnitude of the wave height, except in cases
where the velocity normal to the rotor exhibits large fluctuations.
However, importantly, for all the platform types, the turbine pre-
sents a risk of experiencing the vortex ring state even under normal
sea states. This study can therefore be used as a basis to derive
mitigation methods for the occurrence of VRS during operation.
Finally, this study looks at the occurrence of VRS purely due to
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platform motions, as the wind speed is assumed to be uniform.
Additionally, both the blades and tower are assumed to be rigid. In
futurework, the effect of turbine aeroelasticity and changes inwind
conditions could be taken into account. Also, the results are ob-
tained for a specific site located on the North Atlantic Ocean, where
the mean wind speed is relatively large throughout the year. The
VRS phenomenon may be even more problematic at other loca-
tions, where the wind speeds are smaller.
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