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A B S T R A C T

With the deployment of floating offshore wind turbines, the effect of their wind- and wave-induced platform
motion on the turbine’s performance and life is of concern and requires low-order models to develop
appropriate control strategies. This work focusses on platform surge as one of the main additional degrees of
freedom. The aerodynamic behaviour during the rotor’s transition into propeller state is explored by assessing
the spanwise and rotor-integrated aerodynamic forces on the rotor of the NREL 5 MW turbine through a 3D
URANS CFD simulation. The CFD findings are compared with a modified actuator disk (AD) theory and 2D
Blade-Element Momentum (BEM) approach. In addition to propeller state, where both rotor torque and thrust
are negative, two other states were observed with opposite signs of torque and thrust: a braking state, with
negative torque but positive thrust, and the second a quasi-windmill state with thrust negative yet torque
positive. The results demonstrate that BEM coupled with AD can reliably predict the transitions to these states
during such high levels of platform surge and give hints to how the underpinning force balances are affected
by temporal perturbations.
1. Introduction

The world’s first commercial floating offshore wind farm (Hywind
Scotland) proved to be a major success, achieving a capacity factor of
65% in the first three months of operation [1]; far higher than can be
expected onshore. In the wake of this much-anticipated demonstration,
there has been a great deal of interest in the future of floating wind
energy. The Kincardine offshore wind farm in Scotland, now fully
operational [2], has installed 9.5 MW turbines in what is the world’s
largest floating offshore wind farm at the time of writing at 50 MW
installed capacity. The offshore wind sector for the UK as a whole
aims to increase installed capacity to 30 GW by 2030, as set out
in the Offshore Wind Sector Deal [3]. At the time of writing, the
conclusion of the North Sea seabed leasing round by the Crown Estate
Scotland, known as ScotWind, has awarded up to 25 GW of offshore
wind development [4], most of which will be floating. With offshore
wind being identified as a key technology in the UK’s future energy
mix [5], the sector has high expectations.

Whilst the potential for floating offshore wind is high [6,7], and is
likely to be a key contributor to the offshore wind future, there is no
shortage of challenges in designing and operating a floating turbine [8].
Aerodynamic challenges stem from the additional degrees of freedom
associated with the platform, resulting in unsteadiness not experienced
by their fixed-based equivalents. These extra degrees of freedom are
shown in Fig. 1: three rotational motions about the 𝑥, 𝑦 and 𝑧 axes
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defined as roll, pitch and yaw, respectively, and three translational
motions in the 𝑥, 𝑦 and 𝑧 directions defined as surge, heave and
sway, respectively. The platform motion arising from wave and wind
forcing itself is highly complex [9,10] and understanding how these
additional degrees of freedom impact the performance of a floating
wind turbine is vital for the effective design and operation of these
machines. Under the IEC TS 61400-3-2:2019 standards [11] (design
requirements for floating offshore wind turbines), the interaction of
potentially large translational or rotational motions on the aerodynamic
loading of the rotor nacelle assembly and tower must be considered.
One such example would be if a turbine pitches or surges under wave
action so much that it moves backwards faster than the local wind
velocity, known as propeller state, which would qualify as an event
that must be considered in the design as well as any fatigue lifetime
estimations of a floating turbine. Propeller state is described in more
detail in the following section.

1.1. Propeller and vortex ring state

The motions experienced by a floating turbine will lead to a fluc-
tuation in the wind velocity seen by the rotor. Although the extent
of these motions depends largely on the platform type and sea con-
ditions [12–14], there is the potential for these rotors to experience
translational or rotational motions of similar magnitude to the wind
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Fig. 1. The additional degrees of freedom associated with a floating offshore wind
turbine.

velocities themselves. In such an event, the flow at the rotor becomes
highly unsteady and, should the rotor move leewards with a speed
approaching the velocities in the wake, the rotor risks interacting with
its own wake. This has been referred to as a turbulent wake state [15].
As the motion increases further, the rotor can interact strongly with
its own tip vortices and vortex recirculation occurs leading to what
has been referred to as vortex ring state (VRS) [16–18]. If the leeward
motion of the rotor exceeds the free wind speed, the flow will now be
returning through the rotor swept area and it will experience propeller-
like conditions. Hence, this is referred to as propeller state [19]. Each of
these flow regimes are shown in Fig. 2 considering surge-only platform
motion.

Among the first to investigate propeller and vortex ring state in the
context of wind turbines were Sebastian & Lackner [19,20]. They used
the axial induction factor to determine in what state the rotor would
be: a positive value would show ‘windmill state’, whilst a negative
value would show ‘propeller state’ [21]. For a floating wind turbine
experiencing a combination of surge, heave and pitch, they found that
the rotor was most susceptible to propeller state at above rated wind
speeds. The root and tips of the blade were most likely to experience it,
and thus propeller state onset was attributed to tip and root vortices.

Leble & Barakos [22] also investigated the onset of VRS using
a 10 MW rotor experiencing pitch. Using a pitch angle of 5o, the
authors found that the rotor did enter VRS with visible signs of tip-
vortex interaction, but did not enter propeller state. More recently,
Kyle et al. [23] used the NREL 5 MW rotor during high levels of
surge-only motion who identified propeller state with a negative thrust
on the rotor. Similar to the definition by Leble & Barakos [22], they
used the relative velocity at the rotor to predict the onset of propeller
state, where a negative relative velocity would result in flow entering
from the rear of the rotor. They found that the rotor would experience
propeller state on its downwind surge cycle as the angle of attack across
the blade reduces to and surpasses zero. With the angle of attack at
low relative inflow velocities being highly dependant on blade twist,
and the blade twist being highest at the root, they postulated that this
region is therefore most susceptible to propeller state.

Each of the aforementioned studies varied in their computational
approach to explore propeller and vortex ring state, each with their
respective benefits and restrictions, as will be discussed in the following
section.
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1.2. Computational methods

Due to their scale, it is impossible to carry out full-scale experiments
while field data from observing turbines in operation are currently too
sparse to draw firm conclusions from. For fully-coupled models of float-
ing turbines, the models for individual parts or components have to be
simplified. This includes the lift and drag forces on the turbine blades
which are frequently derived from tabulated coefficients together with
assumptions on the local velocities. Examples of this include tests and
simulations of floating vertical-axis wind turbine platforms [24], or
even more simplified by overall thrust and power coefficients [25].
Likewise, the interpretation of laboratory experiments using either
scale models or equivalent process models, such as multi-propeller
devices [26–28], require confidence in that the models capture the rel-
evant processes and responses well enough in the simulated operating
conditions.

Computational methods include computational fluid dynamics (CFD)
methods solving the Navier–Stokes equations and the free-vortex method
(FVM). Here, we only introduce the most relevant work based on CFD
or FVM, summarised in Table 1. For a more thorough overview of
the current state of the art in floating offshore wind turbine studies
in relation to the additional platform motions, as well as the methods
adopted to model the aerodynamic behaviour, the reader is directed to
the work by Micallef & Rezaeiha [29].

1.2.1. CFD based on Navier–Stokes equations
Fully resolving a complete wind turbine for Direct Numerical Simu-

lation (DNS) requires computing resources currently far beyond possi-
ble, but Large-Eddy Simulation (LES) and Unsteady Reynolds-Averaged
Navier-Stokes (URANS) as well as the intermediate Detached-Eddy
Simulation (DES) are now standard tools [30]. The most appropriate
choice would be guided by the desired balance between the scale of
the flow domain, the required resolved detail in a simulation, and the
number of simulations required to answer the research question. In
addition to the choice of solver, there are choices of how to model the
interacting forces between flow and turbine blades. The direct choice is
to resolve the blade surfaces as solid objects with appropriate boundary
conditions, which requires a high resolution near the surfaces. An
alternative is to represent the action of the blades in the form of
actuator lines which use the tabulated lift and drag coefficients and
apply them as body forces to the fluid volumes within range of the
actuator lines.

Turbine motions using URANS CFD with full blade shapes and
appropriate boundary conditions were applied by Tran et al. [31–34],
Wu et al. [35], Liu et al. [36], Feng et al. [37], Kyle et al. [23] and
Lienard et al. [38]. Feng et al. [37] implemented an overset mesh
method in STAR-CCM+ to investigate the NREL 5 MW turbine under
pitch and surge, separately in isolation as well as combined. Propeller
state with significant variations in power output including negative
power was observed as expected. Similar to Kyle et al. [23], they
observed that, whilst vortex ring state was expected theoretically, it
may not have been observed through tip vortex interaction alone. In
one of their other test cases, VRS was found to occur both theoretically
and visually with tip vortex interaction observed. The recent CFD study
by Lienard et al. [38] of the NREL 5 MW wind turbine under pitching
during a free wind speed of 11.4 m/s reported that the power coef-
ficient briefly became negative while the thrust coefficient remained
positive during pitching by 8◦ with a frequency of about 0.1 Hz, which
they associated with vortex ring state. Less strong pitching by 4◦ took
the rotor only into turbulent wake state with both thrust and power
coefficient remaining positive throughout. Corresponding simulations
of surging by 8 and 16 m, respectively, showed similar results, albeit
further into the vortex ring state at the larger surging amplitude. One
observation to note is that, while the thrust coefficient reached its
minimum during the fastest backward motion, the power coefficient
appears to be most negative around the time when the thrust coefficient
changed sign, with a local (but still negative) maximum of the power
coefficient coinciding with the thrust coefficient minimum.
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Fig. 2. Turbine flow states during high levels of platform surge motion. From left to right: windmill state (WS), turbulent wake state (TWS), vortex ring state (VRS) and propeller
state (PS).
1.2.2. Vortex methods
The free-vortex method (FVM) is essentially an inviscid method and

relies on the knowledge of tabulated steady drag and lift coefficients for
the rotor blade aerofoils. It was used for floating turbines initially by
Sebastian & Lackner [39] and taken up by, e.g., Farrugia et al. [40],
Wen et al. [41], Shen et al. [42], Ramos-García et al. [43] and Dong
et al. [44–46] to study the aerodynamics of a floating offshore wind
turbine during platform motion.

Sebastian & Lackner [20] highlighted that the momentum balance
assumption breaks down if surge and pitch rates are high, with the
consequence that the use of the blade element momentum (BEM)
theory would become invalid. Therefore, they recommended that full
CFD with faithfully represented turbine blades should be preferable
over FVM or simplified CFD representing rotor blades as actuator lines,
despite their much increased computational cost. Although this may be
true, Dong et al. [45,46] successfully demonstrated the use of the vortex
method for high levels of platform motion with results that agreed well
with rotor forces calculated using CFD. This proved that FVM can still
be a suitable tool for floating wind turbine rotor analysis. Similarly, the
free-vortex method has been applied by Ramos-Garcia et al. [43] across
a range of platform motions resulting in a range of turbine responses.
However, full external validation of their results could be strengthened,
be that through direct full CFD simulations of the same conditions or
by confirming the validity of key assumptions.

Greco and Testa [47] have demonstrated through validation of their
simulations against experimental data that a free-wake panel method,
in complexity in between BEM and CFD, can be used successfully for
fixed-base situations but the validation exercise also highlighted its
limitations.

1.2.3. How simple can one go?
The even simpler approach of combining quasi-static 1D actuator

disk and 2D BEM theory has also been shown by de Vaal et al. [48]
to capture a number of the phenomena illustrated in Fig. 2. Comparing
against a Navier–Stokes actuator disk solution and common dynamic
BEM approaches, the thrust coefficient was captured very well. How-
ever, the induced velocity was less well-captured with differences of
up to 20% versus the Navier–Stokes approach. Nonetheless, it served
as an example of how simplified models such as the BEM approach
1471
could be adopted for otherwise complex flow around a floating turbine.
Similarly, Ortolani et al. [49] found good agreement between CFD and
OpenFAST/AeroDyn, with dynamic model corrections, which further
suggests that the complexities of such levels of platform motion can be
handled by simplified methods.

This survey shows that even though full-scale CFD is regarded as
the most reliable method, it also requires the most resource and time.
At the same time, computationally less demanding methods have been
found to perform well within sufficient ranges of operating conditions.
These were found to be useful not only to understand the phenomena
but also predict the performance and loadings for floating turbines
under the typical range of operating conditions during a turbine’s life.
In this study, we attempt to provide a development and validation of a
much simplified model, based on 1D actuator disk and 2D BEM theory
introduced in the following section, by exploring its validity against
fully-resolved CFD. Furthermore, a reasonable assumption is that if a
simple theory is valid for conditions modelled by CFD, that validity will
also apply for modelling approaches with a fidelity in between that of
the simple model and that of the CFD.

1.3. Aims and objectives

This work further expands upon previous findings by Kyle et al. [23]
with two specific aims, where the first was to determine if modified
AD theories alone, or 2D BEM theory based on modified AD theories
can be used to predict transitions in rotor performance from windmill
conditions to more challenging situations. The second objective to
provide a firm basis for that aim was to explore the aerodynamic origin
of the change in sign of the overall thrust and power by analysing
the local aerodynamic conditions along the rotor blades. This uses
BEM modelling validated against CFD simulations with the objective to
ascertain the degree to which these local aerodynamics can be modelled
reliably by BEM.

The rotor used was the NREL 5 MW turbine [51] due to it being
well-established throughout research and a good benchmark for a
typical offshore turbine. Only surge motion with a prescribed sinusoidal
response was considered here. Wind shear was neglected to minimise
any variations in velocity across the rotor swept area that is not
considered with the standard 1D actuator disk approach. The objectives
were therefore to:
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Table 1
Previous research with a focus on the aerodynamics of floating turbines.

Year Author Method Motion type Motion/
wave
amplitude

Motion/
wave
period (s)

Wind speeds
(m/s)

2022 Dong et al. [45] FVM Surge 9.4 8.1 7.0
2021 Dong & Vire [44] FVM All 1.7–10.0c 8.0–30.5 4.0–23.8
2018 Shen et al. [42] FVM Surge 1.3–16 8.2–49.5 7.2–15.4
2018 Wen et al. [50] FVM Surge 2.5 5.0–15.4 11.2
2017 Wen et al. [41] FVM Surge 0.5–2.5 5.0–33.3 11.2
2016 Leble & Barakos [22]a FVM Pitch 3.0◦−5.0◦ 8.8 11.0
2016 Farrugia et al. [40] FVM Surge 3.0◦−5.0◦ 12.7–15.3 6.0–18.0
2013 Sebastian & Lackner [20] FVM All 1.8–4.1c 12.7–15.3 6.0–18.0
2012 Sebastian & Lackner [21] FVM All 1.8–4.1c 12.7–15.3 6.0–18.0
2011 Sebastian & Lackner [19] FVM All 3.0c 12.0 6.0–18.0
2021 Ramos-Garcia et al. [43]b BEM/FVM Surge, Pitch 5.0–15.0 m,

3.2◦−12.7◦
8.8–70.5 8.0–15.0

2020 Ortolani et al. [49] CFD/BEM Pitch 1.0◦−4.0◦ 10.0 11.0
2016 Tran & Kim [34] CFD/BEM Surge 4.0–16.0 8.2–49.5 11.0
2015 Tran & Kim [33] CFD/BEM Pitch, Yaw 1.0◦−4.0◦ 10.0 11.0
2021 Feng et al. [37] CFD Surge, Pitch 1.0–4.0 m,

1.0◦−4◦
5.0–10.0 11.40

2020 Kyle et al. [23] CFD Surge 9.4 8.1 7.0–11.4
2020 Lienard et al. [38] CFD Pitch 4.0◦−8.0◦ 10.0 11.4
2017 Liu et al. [36] CFD Surge, Pitch, Heave 2.0–2.2 m,

1.7◦
12.1 7.3–11.0

2015 Tran et al. [32] CFD Surge 4.0–16.0 8.2–49.5 11.2
2015 Wu et al. [35] CFD Surge, Pitch 2.0–4.0 m,

1.0◦−4.0◦
12.0–20.0 11.4

2014 Tran et al. [31] CFD Pitch 1.0◦−4.0◦ 10.0 11.0

Note that all studies adopted the NREL 5 MW turbine unless otherwise stated:
aUsed the DTU 10 MW turbine.
bUsed the IEA Wind 15 MW turbine.
cSignificant wave height.
1. Review and extend existing 1D actuator disk models for floating
wind turbines.

2. Establish under which wave and wind conditions a given plat-
form would respond with surge velocities likely to result in
propeller state, 𝑢𝑠 > 𝑢∞.

3. Recreate these conditions in CFD to calculate the thrust and
torque acting on sections of the rotor blade, as well as integrated
over the rotor to obtain turbine thrust and power coefficients.

4. Compare and discuss the state transition differences between the
CFD results from above and those found through the modified
1D and 2D momentum approaches.

The review and extension of 1D models is presented in Section 2.
The test cases studied and the computational methodology are de-
scribed in Section 3 before the results are presented and discussed in
Section 4 and Section 5, completed by conclusions in Section 6.

2. Simplified models

In the current work, simplified models are placed against a full
URANS CFD approach to model the transitional states of a floating
turbine. This transition process and the flow phenomena therein has
been interpreted in a framework stemming from a 1D momentum
theory of a helicopter in vertical descent [17], from which the concept
of propeller and vortex ring state has originated.

2.1. Standard actuator disk theory

The original concept of the helicopter in descent can be extended
to a floating wind turbine surging leeward, since in both cases the
motion of the rotor is in the same direction as the local air velocity.
However, where the helicopter in descent can be modelled as a steady-
state situation, the turbine’s surge is always a transient process with the
turbine surging or pitching back and forth.

In the steady-state analysis of the wind turbine rotor, the effective-
1472

ness of the rotor is quantified by the axial induction factor, 𝑎. Using
subscript 𝑓 for the fixed turbine and an upstream wind speed of 𝑢∞,
this leads to an air velocity at the fixed rotor of 𝑢𝑓 , a far-wake velocity
of 𝑢𝑤, the thrust coefficient 𝐶𝑇 and the power coefficient (or efficiency)
𝐶𝑃 as

𝑎𝑓 ≡ 1 −
𝑢𝑓
𝑢∞

(1a)

𝑢𝑓 =
(

1 − 𝑎𝑓
)

𝑢∞ (1b)

𝑢𝑤 =
(

1 − 2𝑎𝑓
)

𝑢∞ (1c)

𝐶𝑇 = 4𝑎𝑓
(

1 − 𝑎𝑓
)

(1d)

𝐶𝑃 = 4𝑎𝑓
(

1 − 𝑎𝑓
)2 . (1e)

This theory holds for 0 ≤ 𝑎𝑓 ≤ 0.5 with the Lanchester–Betz limit
reached at 𝑎𝑓,𝐵𝑒𝑡𝑧 = 1∕3. For 0.5 < 𝑎𝑓 ≤ 1 this simple theory would
break down as the far wake velocity would be negative while the
velocity through the rotor would still be positive, and a flow reversal
would need to occur behind the rotor. For the steady-state analysis, the
Glauert correction [15] provides a solution to this breakdown but, for
this transient analysis the simple Betz theory is sufficient to provide the
framework.

The case of 𝑎𝑓 > 1 would represent the situation where the flow
through the rotor is reversed while the upstream air velocity is still
positive, and a flow reversal would occur within the control volume
upstream of the rotor. While they are unrealistic for fixed wind tur-
bines, such situations could arise for a helicopter in descent, and this
has been the inspiration for Leishman [17] to develop this framework.
A negative axial induction factor relates to a speed-up of the air by the
rotor and therefore represents a propeller.

2.2. Modified actuator disk theory

Periodically varying surging motion can be incorporated into the
steady-state actuator disk theory in two ways, each representing a

limiting case.
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2.2.1. Surging much slower than far-field adjustment
Dong et al. [44] introduced a modification of the relevant velocity

at the rotor in the form of

𝑢1 =
(

1 − 𝑎𝑓
) (

𝑢∞ − 𝑢𝑠
)

(2)

where 𝑢𝑠 is the platform velocity. In the framework of the actuator disk,
this represents the assumption that the adjustment of the momentum
balance and overall control volume is much faster than changes in the
turbine motion, so that at every time, the steady-state actuator disk
solution with a constant axial induction factor is achieved. In practice
and in addition to this assumption, this would require at the very least
control of the blade pitching or of the rotor’s rotation rate to maintain
dynamically similar flow conditions. In this limit, the relationship
between the local air velocities at the rotor and those up- and down-
stream only change qualitatively from windmill state to propeller at the
point of 𝑢𝑠 = 𝑢∞.

2.2.2. Surging much faster than far-field adjustment
The other limit assumes that the surging motion is much smaller

than the rotor diameter (which is certainly assured), and that it is a
short-term perturbation of the local flow velocities without changing
the overall force balance. This might be a valid assumption if the
surging period is much shorter than it would take for the information
to be carried into the farfield. With a wind speed of around 10 m/s
and the farfield several rotor diameters, this would be on the order
of 102 s compared to a surging period of 𝑂(101). As this limit has not
been analysed by Dong et al. [44], it will be analysed in more detail
in this section. The superposition of the rotor motion, 𝑢𝑠, to the set of
the three key velocities in Eq. (1) without affecting their relationship
in the reference frame moving with the rotor leads to

𝑢0 = 𝑢∞ − 𝑢𝑠 (3a)

𝑢1 =
(

1 − 𝑎𝑓
)

𝑢∞ − 𝑢𝑠 (3b)

𝑢2 =
(

1 − 2𝑎𝑓
)

𝑢∞ − 𝑢𝑠 (3c)

where 𝑢0 is the modulated upstream velocity, 𝑢1 the relative velocity
at the rotor, and 𝑢2 the relative velocity in the far wake. Extending
the principle of the axial induction factor to refer to these modulated
velocities, an effective induction factor 𝑎𝑠 can be calculated as

𝑎𝑠 = 1 −
𝑢1
𝑢0

= 1 −

(

1 − 𝑎𝑓
)

𝑢∞ − 𝑢𝑠
𝑢∞ − 𝑢𝑠

which can be expressed in terms of the fixed velocities and the ratio of
the surging velocity to the freestream wind speed, 𝜎 ≡ 𝑢𝑠∕𝑢∞ as

𝑎𝑠 =
𝑎𝑓

1 − 𝜎
. (4)

This effective induction factor is shown in Fig. 3 against the surging
ratio for an arbitrarily chosen fixed axial induction factor of 𝑎𝑓 = 1∕3.
The three horizontal lines indicate the range of axial induction factor
values relating to a propeller state (𝑎𝑠 < 0), the standard wind turbine
range (0 < 𝑎𝑠 < 0.5), the ranges 0.5 < 𝑎𝑠 < 1 and 𝑎𝑠 > 1.

At zero surging velocity, the value of 𝑎𝑠 coincides with the steady-
state axial induction factor. When the turbine is surging forward into
the wind, 𝑢𝑠 < 0 and 𝜎 < 0, and 𝑎𝑓 reduces. At the point where
𝜎 = 1 − 2𝑎𝑓 , the surging velocity equals 𝑢𝑤 resulting in 𝑢2 = 0, and
when 𝜎 = 1− 𝑎𝑓 , the surging velocity equals 𝑢𝑓 resulting in 𝑢1 = 0. The
range 1−2𝑎𝑓 < 𝜎 < 1−𝑎𝑓 therefore is equivalent to the situation where
a flow reversal would be implied by the standard actuator disk theory,
and this state has been referred to as the ‘turbulent wake state’.

At the point where 𝜎 > 1 − 𝑎𝑓 , the surging velocity is equal to 𝑢𝑓
and the flow reversal is expected near and upstream of the rotor. This
has been observed as the ‘vortex ring state’ for a helicopter in descent.
Finally, when 𝜎 > 1, the surging velocity exceeds the free wind speed
and the rotor acts as a propeller with 𝑎𝑠 < 0. These four different
conditions in the modulated actuator disk framework directly match
the situations illustrated earlier in Fig. 2.
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Fig. 3. Effective induction factor 𝑎𝑠 against surge ratio, 𝜎 = 𝑢𝑠∕𝑢∞.

Fig. 4. Thrust and power coefficients against surging ratio, 𝑢𝑠∕𝑢∞. Note the change of
scale by a factor 10 for the negative range. This was necessary to show the detail for
the positive values while also capturing the strongly negative values in the propeller
state. The apparent kink in the thrust coefficient as it changes sign is an artefact of
that scaling.

Applying the modified induction factor, Eq. (4), to the basic thrust
and power coefficients, Eqs. (1d) and (1e), respectively, allows to
illustrate the thrust and power coefficients one would expect from the
basic actuator disk theory, shown in Fig. 4. The range 1 − 2𝑎𝑓 < 𝜎 <
1 − 𝑎𝑓 , corresponding to steady-state 0.5 < 𝑎𝑓 < 1, represents the
turbulent wake state. For this, the Glauert correction results in 𝐶𝑇 not
decreasing to zero but continuing to increase to up to 𝐶𝑇 = 2 while
the power coefficient reduces similar to the Betz result. The following
range, up to 𝜎 = 1 corresponds to the vortex ring state which has
no direct steady-state equivalent. Here, the basic equations suggest a
negative thrust alongside a positive power coefficient. If that were true,
the rotor would still be extracting power from the wind despite the
reversal in thrust. The propeller state at 𝜎 > 1, which is captured
by both modifications, Eqs. (2) and (3), is fully consistent with the
steady-state propeller actuator disk theory with both thrust and power
coefficient being negative.

2.3. Blade element momentum theory

Blade element momentum (BEM) theory has become a well-
established tool amongst industry experts and academia, where the
reader is directed to standard text books, e.g. [52,53] for a compre-
hensive derivation of the theory. Only a high-level review is presented
here for reference.
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The contribution to the axial force, or thrust 𝑇 , from a blade section
t a radial distance 𝑟, spanwise length 𝛿𝑟, and chord length 𝑐 is given

by

𝛿𝑇 = 1
2
𝜌𝑊 2 𝑐 𝛿𝑟

(

𝐶𝐿 cos𝜙 + 𝐶𝐷 sin𝜙
)

𝑓𝑙 (5)

nd the contribution to the torque driving the turbine shaft, 𝑄, from
hat same blade element is

𝑄 = 𝑟 1
2
𝜌𝑊 2 𝑐 𝛿𝑟

(

𝐶𝐿 sin𝜙 − 𝐶𝐷 cos𝜙
)

𝑓𝑙 (6)

where 𝑊 is the magnitude of the local relative velocity of the air with
density 𝜌 to the moving blade, and 𝜙 is the inflow angle of the air
relative to the rotor plane. The final factor, 𝑓𝑙, is Prandtl’s tip loss
factor. The coefficients 𝐶𝐿 and 𝐶𝐷 are the lift and drag coefficients for
the relevant aerofoil shape of that blade element.

The resultant velocity coming into the blade element, 𝑊 , is given
by

𝑊 2 =
[

𝑢0(1 − 𝑎)
]2 +

[

𝛺𝑟(1 + 𝑎′)
]2 , (7)

where 𝑢0 is the free-stream velocity (perpendicular to the rotor plane)
and 𝛺 is the angular velocity of the rotor. The stream-wise velocity is
reduced by the axial induction factor 𝑎, and the wake rotation is given
by the local tangential induction factor, 𝑎′,

𝑎′ =
𝑎(1 − 𝑎)

𝜆2𝑟
. (8)

he angle between the axial and tangential velocity components at a
iven blade element is given by

tan𝜙 =
𝑢0(1 − 𝑎)
𝑟𝛺(1 + 𝑎′)

. (9)

With a blade twist angle of 𝛽, the resulting angle of attack, 𝛼, is

𝛼 = 𝜙 − 𝛽. (10)

Prandtl’s tip loss factor [53]

𝑓𝑡𝑖𝑝 =
2
𝜋
arccos

(

exp
[

− 𝐵
2 sin𝜙

(𝑅
𝑟
− 1

)

])

, (11)

accounts for losses originating at the blade tip, and the losses from the
blade root are captured by

𝑓𝑟𝑜𝑜𝑡 =
2
𝜋
arccos

(

exp
[

− 𝐵
2 sin𝜙

(

1 −
𝑅𝑅
𝑅

)])

, (12)

where 𝐵 is the number of blades and 𝑅𝑅 is the radius of the blade root.
The total loss factor due to tip and root losses is the product of the two,

𝑓𝑙 = 𝑓𝑡𝑖𝑝𝑓𝑟𝑜𝑜𝑡. (13)

The total force acting on the rotor can then be determined by adding
the contributions from all elements from the root, 𝑅𝑅, to the tip, 𝑅, of
one blade and then multiplying by the number of blades, 𝐵, to give the
otal thrust on the rotor

= 𝐵
𝑅
∑

𝑟=𝑅𝑅

𝛿𝑇 (14)

nd the torque acting on the rotor shaft

= 𝐵
𝑅
∑

𝑟=𝑅𝑅

𝛿𝑄 (15)

hich leads to a rotor power of

= 𝛺𝑄. (16)

The extension from the steady BEM theory presented in the text
ooks to the surging wind turbines replaces the streamwise velocity
1−𝑎)𝑢0 in Eqs. (7), (9) by its equivalent derived in Section 2.2, be that
1 − 𝑎

) (

𝑢 − 𝑢
)

from Eq. (2) or
(

1 − 𝑎
)

𝑢 − 𝑢 from Eq. (3b).
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2.4. Implicit assumptions

This approach to estimating the rotor and wake velocities comes
with three notable assumptions:

1. The platform motion amplitude, 𝐴𝑖, is small in comparison to
the rotor diameter such that 𝐴𝑖 ≪ 𝐷. The velocity induction in
the wind direction is proportional to the rotor diameter [54],
where the velocity induction through the rotor results in a
gradual decrease in velocity. If 𝐴𝑖 ≪ 𝐷, the velocity at the up-
wind and downwind platform displacement locations is assumed
approximately equal to the velocity at the rotor.

2. Under symmetric platform motion, the quarter motion period is
small compared to the dynamic inflow timescale, 𝑇𝑝∕4 ≪ 𝐷∕𝑢∞,
such that the velocity induction process cannot adjust quickly
enough to the change in inflow seen at the rotor due to platform
motion. A quarter is used due to the sinusoidal nature of the
motion: the change affected by the first quarter cycle is then
reversed during the second quarter, and so on.

3. The unsteady aerofoil timescale is small compared to the plat-
form motion period, 𝑐∕𝛺𝑅 ≪ 𝑇𝑝, such that any added inflow
velocity as a direct consequence of platform motion is felt almost
immediately by the aerofoils of the blade.

Similar timescales were discussed in the work by de Vaal et al. [48]
for 1D and 2D element approaches for floating wind turbines during
surge, with promising results. If any of the assumptions stated above do
not hold true, the validity of Eq. (4) to estimate the rotor velocities may
not be well-founded. As assumption 2 depends largely on the quarter
period and rotor diameter, the validity of this approach drops as the
period increases. For regular operating conditions with generally slow
platform response, this will then not be a valid means of predicting
the velocities. Therefore, this approach is likely restricted to cases of
high motion only, i.e., when propeller state could be evident, and so
the modifications made to the standard actuator disk approach here
are not intended for regular operational conditions and normal loading
behaviour. Another observation is that, as the rotor diameter increases,
so too does the validity of assumption 2. This approach is therefore
favoured to large-scale rotors that are likely seen with offshore turbines,
such as the recent Siemens Gamesa SG-14-222, a 14 MW turbine with
rotor diameter of 222 m [55] in comparison to the 126 m diameter
considered here.

Given that the approach is based primarily on the streamwise veloc-
ity components, these assumptions apply to platform motions that have
strong leeward motion components such as that of surge and pitch.
If and how this approach applies to motions such as heave and sway
have not been considered. While other phenomena and blade loadings
might occur, the occurrence of propeller state is not expected with these
motions.

2.5. Criteria for expecting different states

Accepting the assumptions, both actuator disk theory and BEM in
their modified forms introduced here can be used to formulate criteria
as to when a particular state might be expected without having to solve
the full problem. The first criterion is that based on the surge ratio. In
one limit, the only transition captured by the actuator disk theory and
the surging expression from Eq. (2) is that from its original windmill
state to propeller state when 𝑢𝑠 = 𝑢∞. In the other limiting case
and resulting modified induction factor illustrated in Fig. 3, additional
transitions summarised in Table 2 from standard windmill state through
heavily loaded windmill state or turbulent wake state to vortex ring
state are predicted before the final transition to propeller state, also
at 𝑢𝑠 = 𝑢∞. The second is based on the BEM analysis to calculate
the rotor thrust and power coefficients. This relies on choosing the
appropriate air velocities at the rotor plane. For this, the two actuator

disk modifications create two possible limiting scenarios.
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Table 2
Summary of possible states according to the modified actuator disk theory.

Surge ratio Modified induction factor Expected state 𝐶𝑇 𝐶𝑃

𝜎 < 1 − 2𝑎𝑓 0 < 𝑎𝑠 < 0.5 Windmill state + +
1−2𝑎𝑓 < 𝜎 < 1−𝑎𝑓 0.5 < 𝑎𝑠 < 1 Turbulent wake state + +
1−𝑎𝑓 < 𝜎 < 1 𝑎𝑠 > 1 Vortex ring state – +
𝜎 > 1 𝑎𝑠 < 0 Propeller state – –

3. Methodology

This section introduces first the situation investigated, giving details
of the surging conditions selected and of the NREL 5 MW turbine used
in the model. This is followed by a description of the computational
methodology, model configuration and model validation, respectively.
OpenFOAM v1712 [56] was used for the work shown here to solve the
incompressible Unsteady Reynolds-Averaged Navier–Stokes (URANS)
equations.

3.1. Surge conditions

The previous work by Kyle et al. [23] highlighted that propeller
and vortex ring state are more likely to occur at lower wind speeds,
ceteris paribus. As an extension to that work, the current study focuses
on below rated wind speeds of 5, 7 and 9 m/s. Following the previous
study, the wave archive by Fugro GEOS [57] was again used to deter-
mine the highest likely significant wave height, 𝐻𝑠𝑖𝑔 , during a barge
peak surge response of waves with period of 8.1 s [12]. The highest
𝐻𝑠𝑖𝑔 between a period of 8 to 9 s was found to be in the region of 5.0
to 5.5 m for at least twelve sites within the Fugro GEOS database in the
UK waters in the North Sea and Atlantic near the UK coast, covering
an area from about 49.5◦N to 61.5◦N and 12◦W to 2.5◦E. From these,
the wave amplitude was determined from [58]

𝐴2
𝑤𝑎𝑣𝑒 =

𝐻2
𝑠𝑖𝑔

8
, (17)

with 𝐴𝑤𝑎𝑣𝑒 being the wave amplitude. This was then combined with
the surge response amplitude operator (RAO) in the 𝑥-direction (𝑖 = 1),
with

𝑅𝐴𝑂𝑖(𝜔) =
|

|

|

|

𝛯𝑖(𝜔)
𝐴𝑤𝑎𝑣𝑒

|

|

|

|

𝑖 = 1, 2, 3, (18)

where 𝛯𝑖(𝜔) is the translational response at a given wave period, 𝜔.
From a peak surge RAO of 5 at the period of 8.1 s [12], the final
surge amplitudes were then selected as 8.8 m and 10.0 m which
approximately represent the 5.0 to 5.5 m significant wave height range.
With the Fugro GEOS archive displaying wave period data in 1 s bins,
i.e. 8 to 9 s, a 9 s wave period was considered alongside the peak of
8.1 s. These four surging combinations together with the chosen wind
speeds result in 12 surging conditions. Note that the final set of test
conditions shown in Table 3 includes two fixed conditions, where the
third at 7 m/s was carried out previously and therefore not repeated
here [23].

The surge motion itself has been prescribed as being sinusoidal,
initiating from its downwind apex. With the wave period 𝑃 given and
the displacement amplitude 𝐴𝑠 from the wave height and RAO, the
surge displacement is given by 𝑥𝑠(𝑡) = 𝐴𝑠 (cos (2𝜋𝑡∕𝑃 ) − 1). From this,
the surge velocity is then

𝑢𝑠(𝑡) = −𝑢𝑠,max sin
( 2𝜋 𝑡

𝑃

)

, (19)

with the maximum surge velocity

𝑢𝑠,max =
2𝜋𝐴𝑠 = 𝑅𝐴𝑂1

𝜋 𝐻𝑠𝑖𝑔
√

. (20)
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Table 3
Details of the test cases run.

Case Wind Surge Surge 𝑢𝑠,max 𝜎max
speed amp. period [m/s] [–]
[m/s] [m] [s]

1 5.0 – – – –
2 5.0 8.8 8.1 6.8 1.37
3 5.0 10.0 8.1 7.8 1.57
4 5.0 8.8 9.0 6.1 1.23
5 5.0 10.0 9.0 7.0 1.40

6 7.0 8.8 8.1 6.8 0.98
7 7.0 10.0 8.1 7.8 1.11
8 7.0 8.8 9.0 6.1 0.88
9 7.0 10.0 9.0 7.0 1.00

10 9.0 – – – –
11 9.0 8.8 8.1 6.8 0.76
12 9.0 10.0 8.1 7.8 0.86
13 9.0 8.8 9.0 6.1 0.68
14 9.0 10.0 9.0 7.0 0.78

Table 4
Properties of the NREL 5 MW wind turbine by Jonkman [51].

Turbine parameter

Rated electrical power output 5 MW
Rotor orientation Upwind
Rotor diameter 126 m
Hub diameter/height 3/90 m
Cut-in/rated/cut-out speed 3/11.4/25 ms−1

Cut-in/rated rotation rate 6.9/12.1 rpm
Rated tip speed ratio 7
Shaft tilt/pre-cone 5/2.5 degrees
Axial induction factor at 5 m/s 0.399
Axial induction factor at 7 m/s 0.324
Axial induction factor at 9 m/s 0.303

Fig. 5. Recreation of the NREL 5 MW wind turbine model produced in 3D on CAD,
based on data provided by the designer [51,60].

3.2. Turbine specifications

The turbine used for the simulations was the NREL 5 MW turbine
by Jonkman [51,59,60]. Widely used within the research community,
it represents a standard utility-scale offshore wind turbine with full
specifications available. The properties of the turbine are given in
Table 4, with a 3D model representation given in Fig. 5.

The axial induction factors listed in Table 4 were estimated by
applying the BEM equations from Section 2.3 to the rotor and per-
formance specifications during the variable speed/zero-pitching wind
speed range given in [51] and empirically finding the axial induction
factor which yielded the published rotor power. The full set of axial
induction factors and thrust and power coefficients is shown in Fig. 6.
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𝑠

𝑠

Fig. 6. Estimated axial induction factor and thrust and power coefficients against wind
speed to match the BEM theory with published turbine performance. The horizontal
lines indicate the Lanchester–Betz limit efficiency and associated axial induction factor.

3.3. Computational methodology

The open-source CFD package OpenFOAM v1712 [56] was used
to solve the incompressible URANS equations through the PIMPLE
(merged PISO-SIMPLE) algorithm [61], to solve the velocity, pressure
and turbulence parameters iteratively with residuals set to 1 × 10−5 be-
fore moving on in time. OpenFOAM is a well-established and validated
environment used widely within academia and industry across a large
range of continuum mechanics problems. Further information on the
structure and solver options within OpenFOAM can be found in the
most recent user guide [62].1

Given that it is widely adopted in the wind energy research com-
munity, the 𝑘 − 𝜔 SST turbulence model was used for closure [63,64].
The mass and momentum conservation equations are
𝜕�̄�𝑖
𝜕𝑥𝑖

= 0 (21)

and
𝜕�̄�𝑖
𝜕𝑡

+ 𝜕
𝜕𝑥𝑗

(�̄�𝑗 �̄�𝑖) = −1
𝜌
𝜕�̄�
𝜕𝑥𝑖

+ 𝜕
𝜕𝑥𝑗

[

2𝜈�̄�𝑖𝑗 − 𝑢′𝑗𝑢
′
𝑖

]

, (22)

respectively, where −𝑢′𝑗𝑢
′
𝑖 is the Reynolds’ stress tensor,

𝑢′𝑗𝑢
′
𝑖 = 𝜈𝑇

𝑑�̄�
𝑑𝑦

, (23)

with 𝜈𝑇 being the turbulent eddy viscosity. The mean strain rate tensor,
̄𝑖𝑗 , is given by

̄𝑖𝑗 =
1
2

(

𝜕�̄�𝑖
𝜕𝑥𝑗

+
𝜕�̄�𝑗
𝜕𝑥𝑖

)

. (24)

3.3.1. Mesh generation and setup
With the complex mesh motion seen here, having both rotational

and translational motion for multiple components, the overset mesh
method was adopted [65]. The method has proven itself to be a suitable
candidate for wind turbine simulations, where Zahle et al. [66] and
Li et al. [67] both found it to match well with experimental data.
The method has also been applied successfully to floating offshore
turbine simulations by Tran & Kim [34]. The turbine itself consists of
two individual meshes that are merged together with the background
domain, consisting of the rotor with hub and the tower with nacelle.
The background domain has dimensions 600 m × 300 m × 300 m in

1 Or updates at https://www.openfoam.com/.
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Fig. 7. Overset regions used for simulation, with the rotor given in green and the
tower given in red.

the 𝑥, 𝑦, and 𝑧-direction, respectively. The three components of the
overset mesh come together as shown in Fig. 7, highlighting the rotor
and tower overset regions within the background domain. Dynamic
mesh handling using the tabulated6DoF dynamic solver which allowed
prescribed rotation and translation of the individual mesh regions for
each time step.

The near wake mesh refinement region extends to at least one rotor
radius downstream and the immediate wake just behind the rotor is at
least a half rotor radius, both of which can be seen in Fig. 8(a).

The mesh of each blade comprises of its individual nodes, of which
there are 17 from root to tip [51]. As the tip is approached the level of
refinement is increased, as shown in Fig. 9. The refinement levels vary
such that the cells at the tip prior to layer addition are in the region
of 10 mm cubes (equivalent to 12,600 cells per rotor diameter), where
the background domain cells for the rotor mesh consists of cubes of
0.625 m (equivalent to 200 cells per rotor diameter). Four layers have
been applied to the rotor with a total height of 20 mm at the tip (nodes
15 to 17), 25 mm for mid span nodes (node 9 to 14) and 30 mm for root
spans. As wall modelling has been adopted, this was done to ensure a
y+ of 500 or below is achieved at all blade span locations and wind
speeds. With an expansion ratio of 1.3, the cell centre closest to the
wall at the tip has a height normal to the wall of 1.6 mm.

3.3.2. Boundary and initial conditions
A no-slip boundary condition was applied at the turbine and tower,

with slip conditions at each of the domain walls. The inlet is a constant
velocity inlet, and the outlet an inlet–outlet condition. For turbulence
parameters at the rotor and tower, the kqRWallFunction is applied for
turbulent kinetic energy, with an omegaWallFunction for specific dissi-
pation rate and nutUWallFunction for the turbulent eddy viscosity [62].
These wall functions apply a constraint to the turbulent kinetic energy,
specific dissipation rate and turbulent viscosity, respectively, to align
with the Law of the Wall assumptions within the viscous and inertial
sub-layer of the boundary layer.

The simulations were run using 288 cores on the Cirrus supercom-
puting facility [68]. With the PIMPLE algorithm adopted for solving,
the maximum Courant number was in the region of 4 and below at
the tip region. This equated to a time step of between 9.0 × 10−4 and
6.3 × 10−4 s.

Each simulation is given a 3 s period with no surge motion to act as
a brief settling period. After this, three surging cycles were completed
to provide sufficient evidence of periodic, repeatable response. This
resulted in simulation times for the shorter surge period (8.1 s) of

https://www.openfoam.com/
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Fig. 8. Mesh slice views of (a) side and (b) frontal, both highlighting dimensions of refinement regions.
Fig. 9. Mesh resolution across the blade.
27.3 s, and for the longer surge period of 9 s and full simulation of
30.0 s. We observed clear transient response during the first cycle but,
at least in terms of the key performance indicators of thrust and power
coefficients during the downwind surge, as well as transition between
rotor states, the second and third cycle were indistinguishable. For the
analysis, only the final complete cycle was used.

3.3.3. Turbine performance metrics
Thrust, 𝑇 , and torque, 𝑄, for the rotor and each node individually is

recorded during each simulation, where the thrust coefficient is given
by

𝐶𝑇 = 𝑇
1
2𝜌𝐴𝑢

2
∞

, (25)

and the power coefficient is given by

𝐶𝑃 = 𝐶𝑀𝜆 = 𝛺𝑄
1
2𝜌𝐴𝑢

3
∞

(26)

where 𝐴 is the swept area, 𝑅 is the rotor radius and 𝛺 is the rotor’s
angular velocity.

It has to be noted that the reference wind speed, 𝑢∞, is the free wind
speed and therefore a constant irrespective of the turbine’s motion. As
a result, the range of coefficients observed is not restricted to the range
possible for fixed turbines.

The thrust alone was initially considered to be the primary and
sufficient metric for identifying rotor states. Therefore, to work within
storage constraints, only the thrust was saved to disk at every time step
(less than a millisecond), while the power coefficient was sampled only
every second. For Case 4, the sampling rate of the power was increased
to every 0.1 s, and for Case 13, it was saved at every time step. Where
interpolation of the power was necessary, cubic spline interpolation
was used.
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3.4. Grid independence and model validation

The mesh settings here have been tested against the thrust coeffi-
cient values from [23] as a benchmark, considering it has only been
slightly modified. Fig. 10 shows how the simulation here performed
with 12.64 million cells, the final cell count taken forward, and is in line
with the previously converged mesh [23]. The final thrust coefficient
is in the region of 0.8, whilst the documented value by Jonkman
et al. [51] is approximately 0.76 (∼5% difference), assuming linear
interpolation between the values at 11 and 12 m/s. The current mesh
settings are therefore considered converged and acceptable for the full
study. As was shown in the work by Dong et al. [45], who adopted the
free wake vortex method under the same wind and surge conditions
with the NREL 5 MW rotor, the results through CFD demonstrate
good agreement with their findings, particularly so during surge. Their
findings further confirm that the mesh would be considered converged,
and suitable for measuring rotor forces during such levels of surge.

As correct wake behaviour is of importance to the investigations
of the project, tip vortex spacing has been measured and compared
against similar studies. The work by Tran & Kim [34] utilised the CFD
package STAR-CMM+ (Siemens CFD software) and the overset mesh
method, with the 𝑘 − 𝜔 SST model for closure, and recorded a tip
spacing of 0.26𝑅 with the NREL 5 MW rotor at rated wind speed.
Under the same wind conditions with the FVM (WInDS), a spacing
of 0.25𝑅 was found by Farrugia et al. [40] where WInDS has been
validated against the MEXICO experiment. The value measured within
the current analysis under the same conditions was approximately
0.25𝑅, which is in agreement with these studies and thus confirms that
the wake propagation is acceptable.

The convergence of the tip vortex locations has also been tested
with surge. Fig. 11 shows the velocity deficit measured along the 𝑥-axis
through the tip location and at an azimuth of 90 degrees, measured
during surge and with both 9.71 and 11.13 million cells. As can be
seen, the locations of minimum velocity signifying tip vortices are in
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Fig. 10. Grid independence test results against findings with [23], with 12.64 m cells
adopted here.

Fig. 11. Tip vortex locations based on velocity deficit along the 𝑥-direction at 90
degree azimuth after 11.5 s of simulation during rotor surge.

good agreement between both mesh cases. It was therefore concluded
that the mesh will sufficiently capture the location of the tip vortices
in the near wake as it is propagated and during surge conditions.

4. Results and discussion

This section begins with a detailed description of the CFD results
from three selected cases, namely Cases 4, 8 and 13, all with the
same surging conditions but covering the range of wind speeds. This
set was chosen as the results exemplify the two distinct states of
clearly entering full propeller state on one hand, and not approaching
propeller state at all on the other, and additionally an intermediate
case. Section 4.2 introduces the BEM analysis with a brief comparison
of BEM results corresponding to Case 4 as a motivation to test this
approach for the two possible local velocity assumptions outlined in
Section 2.2. That section provides an indication of the most appropriate
assumptions used in the rotor-integrated BEM analysis which are then
used to present a detailed analysis of the transition predictions by
actuator disk and BEM in Section 4.3. The rotor-integrated results are
then explained in Section 4.4 by extending the analysis to the individual
spanwise elements along the rotor blade. The section concludes in
Section 4.5 with a discussion of the observed vortex ring state.
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4.1. Observed rotor operational states

The rotor thrust and power coefficients for each free wind speed
during a surge period of 9.0 s and surge amplitude of 8.8 m, the most
conservative of scenarios, are shown in Fig. 12, starting with the highest
wind speed and hence lowest surge ratio in Fig. 12(a) and continuing
to the lowest wind speed and highest surge ratio in Fig. 12(c). The
thrust coefficient, given by the thick blue line, shows the expected
behaviour of increasing as the turbine surges forward and decreasing
as it surges backwards, but always remaining positive in Case 13 where
the maximum surge ratio is substantially smaller than one (see Table 3).
By the third surge cycle, the thrust coefficient develops a distinct dip
at 22 s, about half way between the turbine’s stagnation and maximum
forward surging. This dip is believed to be a result of rotor stall as
the windward surge velocity increases, and is observed across all cases
of Fig. 12 although shifting slightly with increasing surge ratio. The
amplitude of the thrust coefficient cycling increases with increased
maximum surge ratio to a degree where it briefly becomes negative at
𝜎max = 0.87, before propeller state would be expected from the simple
1D analysis as discussed in Section 2.2. By the time the maximum surge
ratio exceeds one, the thrust coefficient has a significant period of time
when it is negative as in Fig. 12(c).

Turning to the power coefficient, given by the thinner black lines,
the overall behaviour is similar but it always becomes negative much
earlier than the thrust coefficient and is briefly negative even in Case 13
with 𝜎max = 0.68 where thrust remains positive at all times. At the
higher surge ratios, the power coefficient develops a double-well shape
where it reaches a minimum at about the same time where the thrust
coefficient changes sign and then a local maximum when the thrust
has its minimum. Similar behaviour of the power coefficient returning
to a positive value during propeller state was also seen in the CFD
simulations by Feng et al. [37] during a peak combined surge and pitch
response.

The behaviour of all cases can be summarised in a variation of the
polar plot where, instead of 𝐶𝐿 versus 𝐶𝐷, the thrust coefficient 𝐶𝑇 is
plotted against the power (or torque) coefficient 𝐶𝑃 . Fig. 13 traces the
final surging cycle for each case, where the 𝐶𝑃 − 𝐶𝑇 space is divided
into four quadrants by the two zero-coefficient lines. All traces show the
brief dip or excursion during the forward surging in quadrant I, and
all have a power minimum at zero thrust. The maximum surge ratio
determines how far a case moves along its curve, both to the upper-
right extent and, more importantly, how far in the negative thrust
direction within the lower two quadrants. All cases cross into quadrant
II but only Case 13 with 𝜎max = 0.68 reverses before it reaches quadrant
III. Most cases have a significant trace well into quadrant III and only
the cases with the lowest wind speed (Cases 2 to 5) enter quadrant IV.

Similar to the classification of the expected actuator disk results
in Table 2, the possible behaviour splits into distinct categories given
by the sign of the two coefficients, where the upper-right quadrant
corresponds to the windmill and turbulent wake states, and the lower-
left to the propeller state. The vortex ring state, according to Fig. 4 is
associated with positive power but negative thrust and would therefore
occupy the lower-right quadrant. In addition, the upper-left quadrant
with negative power but positive thrust is a condition not predicted
by the actuator disk theory but always seen as the first stage out of
windmill state. Given that the rotor is drawing power from the shaft and
therefore applying a torque against the rotation, this state is referred
to here as the ‘braking state’. The power transitioning to a negative
regime ahead of the thrust has been shown in previous floating turbine
research, e.g., [22,31,33,38,50], but was not addressed at the time. It is
therefore probable that this braking state has already been documented
but not explicitly identified and discussed.

The cases with the highest maximum surge ratio explore all four
quadrants in this clearly specified sequence along the curve. This means
that the rotor actually leaves the propeller state and returns to ex-
tracting power from the wind during the highest surging velocities and
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Fig. 12. Thrust and power coefficients during surge period of 9.0 s and amplitude of 8.8 m with (a) Case 13 with 𝜎max = 0.68, 𝑈0 = 9 m∕s, (b) Case 8 with 𝜎max = 0.87, 𝑈0 = 7 m∕s
and (c) Case 4 with 𝜎max = 1.22, 𝑈0 = 5 m∕s.
Fig. 13. Polar diagram of thrust versus and power coefficient during a surge cycle for all cases.
highest negative thrust. Given this sequence, it is not clear whether this
state could be identified with the vortex ring state from the 1D theory.
To maintain the possible distinction, this state is for now referred to as
‘quasi-windmill state’ given that it extracts power from the wind albeit
with reversed thrust. Both the braking and quasi-windmill states can be
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quantified as shown in Table 5, alongside the well-established windmill
and propeller state. To understand the origin of these two states, as well
as the transition sequence, it is necessary to analyse the local thrust and
torque balances along the span of the rotor blade which is the subject
of Section 4.4.
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Table 5
Definitions of the states seen by the rotor during surge, with the indication of possible
transitions and the sign of the thrust and torque/power coefficients in the four
quadrants of Fig. 13.

Rotor state Thrust Torque

I Windmill ↓ + +
II Braking ↕ + –
III Propeller ↕ – –
IV Quasi-windmill ↑ – +

Fig. 14. Times of transitions between rotor states as observed with CFD; BS = braking
state, PS = propeller state, QWS = quasi-windmill state.

Fig. 15. Delay in transitions in and out of a rotor state; BS = braking state, PS =
propeller state, QWS = quasi-windmill state.

Fig. 14 shows the points in time, as expressed as fraction of the
surging cycle, at which the CFD results indicate transition from one
state to the next, in the order given in Table 5, where 𝑡∕𝑃 = 0 is the
point in the cycle when the turbine accelerates from rest into the wind,
and the backwards surge starts at 𝑡∕𝑃 = 0.5 with reaching maximum
velocity at 𝑡∕𝑃 = 0.75. The vertical axis denotes the maximum surge
ratio (from Table 3) so that each simulation traverses a horizontal line.
Each transition requires certain minimum surge conditions to occur,
and each state starts earlier and persists for longer as 𝜎max increases.
The threshold for braking state to occur is less than the range explored
(with the smallest 𝜎max = 0.68), propeller state is first seen at 𝜎max
around 0.86, and quasi-windmill state does not start until 𝜎max around
1.23. One key message is that propeller state starts significantly earlier
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than expected by actuator disk arguments or the simple explanation
that the turbine moves faster than the wind.

A final observation to draw from the observed transitions is that
they are not symmetric around the maximum velocity point but slightly
later, where that delay increases slightly with surging conditions. This
is shown as the timing of the mid point of each state after maximum
surging, or ‘delay’, in Fig. 15. Apart from a few outliers associated with
the initial onset of quasi-windmill state, that mid-point is consistently
around 1.5% of the surging period, well represented by a linear approx-
imation of 𝛥𝑇𝑒 = (0.0095 ± 0.0014) + (0.0058 ± 0.0013) 𝜎max. This linear
fit is shown as the dashed vertical line in Fig. 14.

4.2. Rotor-integrated BEM analysis

The overall forces on the rotor blade can also be calculated with
the BEM model described in Section 2.3. It has to be kept in mind
that almost all of the model parameters were taken from the reference
turbine specifications provided by [51]. The only ‘tuning’ of the BEM
model was to find the axial induction factor to obtain the published
rotor power for the three wind speeds (cf. Fig. 4 and Table 4). One
factor not included is the 5◦ tilt of the rotor axis. Instead, a horizontal
rotor axis and a uniformly horizontal wind speed perpendicular to the
rotor area is assumed. Inclusion of the tilt would alter free wind speeds
by 0.4% (cos 5◦) and the resultant velocity by even less, given the
dominant rotational component of the blade element velocity triangle
at the spans with highest aerodynamic loads, and so is considered
within the realms of uncertainty.

The two limiting assumption laid out in Section 2.2 as to how the
platform’s surging affects the control volume and relative air velocities,
give local air velocities relative to the rotor as either

𝑢1∕𝑢∞ =
(

1 − 𝑎𝑓
)

(

1 − 𝜎max sin
( 2𝜋𝑡

𝑃

))

(27)

for the modification used by Dong et al. [44] and given in Eq. (2), or
if one uses Eq. (3b),

𝑢1∕𝑢∞ = 1 − 𝑎𝑓 − 𝜎max sin
( 2𝜋𝑡

𝑃

)

. (28)

Fig. 16 shows the simulated thrust and power coefficients for Case 4
(Fig. 12(c)), using Eq. (27) in 16(a), and using Eq. (28) in 16(b). Both
show time series of the coefficients similar to those seen in the CFD
simulations, albeit generally smaller values in the upwind part of the
surge. Fig. 16(a) has a shape closer to the CFD in that part while
Fig. 16(b) flattens off considerably, and neither reproduces the brief dip
and recovery in the coefficients a short time before reaching maximum
forward velocity, although Fig. 16(b) does show a dip in the thrust
coefficient but without being followed by a recovery and increase to
a clear peak. During the downwind surge, both reproduced all features
of the CFD simulations qualitatively, with Fig. 16(a) under-predicting
the extent of power reversal at minimum thrust and Fig. 16(b) over-
predicting it. This suggests that the true fluid adjustment is somewhere
in between the limiting cases such that the air velocity relative to the
rotor should be expressed as a weighted mean of the two limiting cases,
leading to

𝑢1∕𝑢∞ = 1 − 𝑎𝑓 −
(

1 − 𝜉𝑎𝑓
)

𝜎max sin
( 2𝜋𝑡

𝑃

)

(29)

where 𝜉 is the relative weight, leading to Eq. (27) if 𝜉 = 1 and to
Eq. (28) for 𝜉 = 0.

To identify a suitable value or form of 𝜉, the mean absolute error
between BEM simulations and CFD results as well as Pearson’s cor-
relation coefficient over the range of possible weightings have been
evaluated. Considering that the upwind and downwind surge match the
CFD simulations differently, it is likely that the weighting factor is not
necessarily constant throughout the cycle. To capture this possibility
while keeping the analysis simple, the upwind and downwind cycles
were analysed separately but keeping within each the weighting factor
constant. The results for the mean absolute error are shown in Fig. 17
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Fig. 16. Thrust and power coefficients during surge period for Case 4 with (a) using
Eq. (27) and (b) Eq. (28).

Fig. 17. Mean absolute error between thrust and power coefficients from BEM and
CFD against velocity weighting factor 𝜉, split into the upwind and downwind part of
the surging cycle respectively.
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Fig. 18. 𝐶𝑇 versus 𝐶𝑃 through surging cycles calculated from BEM replicating all
surging cases from Table 3.

which clearly demonstrates the difference in behaviour between the
two cycles as well as a systematic minimum in the error during the
downwind surge for both thrust and power at around 𝜉 = 0.5, while the
error during the upwind surge is smallest at 𝜉 = 0. Given that the focus
of this paper are the possible transitions during downwind surging, the
following sections will use 𝜉 = 0.5 as the best value for the analysis.

The BEM results covering all cases investigated in the CFD simu-
lations can be summarised by replicating the polar plot from Fig. 13
for the BEM results; this is shown in Fig. 18. Given the nature of the
BEM equations, the tracks are much cleaner than those from the CFD
and not only show a similar spacing between the outer track for the
low wind speeds (Cases 2 to 5) but also show that set of tracks for
the two higher winds separate near their end in quadrant I, with the
highest wind speeds terminating at lower thrust and power coefficients.
Given that the fixed-turbine axial induction factor at 5 m/s is in the
‘heavily loaded’ range with 𝑎𝑓 > 1∕3, but it is below 1∕3 at the two
higher wind speeds, the initial thought that this was the main cause
for the separation of the tracks was not confirmed by repeating the
analysis with an identical axial induction factor of 𝑎𝑓 = 1∕3: those tests
resulted in the same separation of the tracks. To summarise, only some
operational control parameters for the fixed turbine, given by the wind
speed, determine the placement of the track while the surge conditions
determine how far a turbine moves along that track.

The two main differences between CFD and BEM are how far a
case follows a track and the fluctuations near the end of the track in
quadrant I. The CFD results move much further in quadrant I while
BEM moves a little further at the opposite end.

4.3. Rotor state transition prediction

The previous section has demonstrated that BEM is capable to
reproduce most features of the more realistic simulation of a surging
floating wind turbine through high-resolution CFD. In this section, it
will be explored to what degree BEM and the even simpler modified
AD theory from Section 2.2 can predict transition between the four
operating states summarised in Table 5.

While the transitions in BEM are identified by either 𝐶𝑇 or 𝐶𝑃
changing sign, they can be found analytically in the modified actuator
disk theory. Assuming a sinusoidal surging with an amplitude of 𝜎max
and surging period 𝑃 , the scaled local velocities, 𝑢𝑗∕𝑢∞ from Eq. (3)
with 𝑗 = 0, 1, 2 can be written as

𝑢 ∕𝑢 = 1 − 𝑗 𝑎 − 𝜎 sin
( 2𝜋𝑡).
𝑗 ∞ 𝑓 max 𝑃
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Fig. 19. Difference between modelled duration of a particular state to that observed
in the CFD simulations. BEM is for three values of 𝜉: BEM a for 𝜉 = 1, BEM b for 𝜉 = 0,
and BEM c for 𝜉 = 0.5.

This can be used to calculate the duration for which any of the
thresholds in Table 2 is exceeded as

𝑃𝑗 ≡ 𝑃 (𝑢 < 𝑢𝑗 ) =
𝑃
𝜋
arccos

(1 − 𝑗 𝑎𝑓
𝜎max

)

(30)

or entry and exit times from start of the cycles as

𝑇𝑒,𝑗 = 0.75𝑃 ∓ 𝑃
2𝜋

arccos
(1 − 𝑗 𝑎𝑓

𝜎max

)

(31)

with 𝑗 = 0 for propeller state, 𝑗 = 1 for vortex ring state, and 𝑗 = 2 for
turbulent wake state. The alternative modification of the actuator disk
theory can only predict propeller state, and does so for the same time
as Eq. (31).

Fig. 19 combines the CFD results with those from both, BEM and
AD, where the difference in the duration scaled by the surging period,
𝛥𝑝𝑗 = (𝑃𝑗,𝐴𝐷∕𝐵𝐸𝑀 − 𝑃𝑗,𝐶𝐹𝐷)∕𝑃 , is shown against the maximum surge
ratio. The predictions from the actuator disk consistently under-predict
the duration of the respective state, very similar to the predictions from
BEM if 𝜉 = 1 is used (BEM a). The other limit of 𝜉 = 0 results in
the opposite error, a consistent over-prediction of the duration of a
particular state. Using the best-fit value of 𝜉 = 0.5 results in a minimal
error albeit with a small but discernible trend of under-predicting for
weak surging conditions and over-predicting for strong surging.

Fig. 20 combines the CFD and BEM results in a plot equivalent to
Fig. 14. The bands illustrate the range of predictions for the entire range
of velocity weighting factor, 0 ≤ 𝜉 ≤ 1, with 𝜉 = 0.5 as the central
dashed line. These BEM predictions also incorporate the observed delay
in that the predicted transitions are shifted later to be centred around
the vertical dashed line. As a result, BEM modelling can be used to
identify the possibility of a turbine moving out of windmill state with
a fairly high degree of confidence. This makes it a valuable tool in
assessing the risk of turbines entering braking or propeller state without
the need for full modelling.

Briefly considering the potential use of the very simple actuator
disk theory as expressed in Eq. (31), one should view any results
from the AD alone with scepticism because the transition sequence is
very different from that observed by CFD and reproduced by BEM.
However, given that the AD predictions are closely aligned with the
corresponding BEM predictions when using 𝜉 = 1, it might be possible
to adapt this criterion as a first screening tool for an identification
strategy to anticipate potential entry into braking and propeller states
at very low computational cost. The use of 1D methods being a suitable
tool for representing the full 3D thrust behaviour was also found by de
Vaal et al. [48].
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4.4. Spanwise behaviour

After having demonstrated that BEM is a reliable tool to predict
rotor performance under the entire range of surging conditions investi-
gated, this section will go into the local aerodynamics along the turbine
blades to understand the processes leading to the different rotor states.

Fig. 21a and b show heat maps of the section-wise contribution to
the power output for cases 13 and 4, respectively. The horizontal axis
is time through the last surging cycle and the vertical axis is the radius
along the blade, namely from the first lift-producing blade section to
the blade tip. The additional ribbon at the bottom of the figure is
the rotor-integrated power output. The colour coding indicates positive
power in red and negative power in blue, separated by a white area of
near-zero power. The zero power output is indicated by the additional
black dashed contour, while the solid contour indicates the change in
sign of the axial thrust.

At the low surge ratio and high wind speed in Fig. 21(a), most of
the upwind surging has positive power, increasing to a maximum at
maximum surge velocity into the wind. However, leading up to this at
𝑡 ∼ 22 s, there is a brief period where the power contribution reduces
visibly in the outboard part of the blade (𝑟 > 30 m), and even reverses
at the very tip. This is the origin of the overall power fluctuations seen
in Fig. 12. As the turbine surges backwards the power output reduces to
zero first near the root and tip of the blade but soon all along the blade
span, followed by the entire rotor entering a state of negative power
but still positive axial thrust. Further into the surging cycle, the thrust
too reverses sign but only in the inboard half of the blade (𝑟 < 30 m).

The overall behaviour is reproduced at the higher surge ratio and
lower wind speed of Case 4 in Fig. 21(b). However, while the reduction
in power during the upwind surge is still observed, it is more limited
along the blade and without the reversal at the tip. In contrast, the
reversal of the power in the downwind surge not only starts much
earlier in the cycle but also shows a recovery towards zero almost
everywhere along the blade, and even a clear transition into positive
power contribution in the inboard part of the rotor (𝑟 < 40 m). This
transition is seen to originate from the mid-span locations. Shortly after
entering the negative power state, the axial thrust contribution too
starts to change sign, progressing from the inboard part of the blade
up to the tip. It is worth noting that the transition near the tip is not
symmetric in time around the minimum thrust point but somewhat
delayed. The peak surging velocity occurs at 𝑡 = 27.75 s, while the
power at the tip becomes negative at 27.8 s, is minimum at 28.2 s,
and becomes positive again at 28.4 s.

This can be explained by analysing the effective angle of attack at
each blade element through a surging cycle which is shown in Fig. 22
for Case 4. During the upwind surge, the angle of attack increases,
especially near the blade root where it exceeds the stall angle. While
the angle of attack also increases near the tip, it never exceeds the
static stall angle for that aerofoil of approximately 10◦. During the
downwind surge, the angle of attack decreases and correspondingly
enters the situation where the static lift coefficient becomes negative.
Given the evidence available here, one could suggest that the drop
and fluctuations in the rotor power and thrust during the upwind
surge is only partially explained by the inboard section of the blade
entering static stall but that dynamic effects not captured by the BEM
also contribute to these fluctuations. In contrast, BEM is fully capable
of explaining the observed rotor states during the downwind surge
without recourse to tip vortex interactions, albeit at a reduced response.
If at all, dynamic effects or tip vortex interactions would only provide
an amplification of the main responses captured by static lift and drag
coefficients on non-interacting rotor blade sections.
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Fig. 20. Observed transition times between rotor states, with the horizontal axis being the normalised time during a surge cycle and the vertical axis the surging condition. CFD
observations are shown by the symbols, while the coloured bands show the range of transitions between the two choices of local velocities. BS = braking state, PS = propeller
state, QWS = quasi-windmill state.

Fig. 21. Heat map of the power coefficient for each span and, at the bottom, for the entire rotor through one surging cycle for (a) Case 13 and (b) Case 4 as found through CFD.
The dashed contour indicates the zero-crossing of the power coefficient while the solid contour indicates the zero crossing of the thrust coefficient. Panels (c) and (d) show the
same quantities as calculate using the BEM method for the same cases.
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Fig. 22. Angle of attack (◦) along the blade span through one surging cycle for Case
4 calculated from BEM. The black contour indicates where the angle of attack reaches
the stall angle, the dashed red line zero angle of attack, and the white contour the
zero-lift angle of attack.

4.5. Vortex ring state

In the literature, the onset of vortex ring state has been charac-
terised by flow recirculation within the rotor plane, more specifically
tip vortex interaction [17,18]. Fig. 23 shows the time for Case 4 at
which tip vortex interaction was recorded from the CFD results. This
Case 4 had the transitions 𝑊𝑆 → 𝐵𝑆 → 𝑃𝑆 → 𝑄𝑊 𝑆 → 𝑃𝑆 →
𝐵𝑆 → 𝑊𝑆 at 26.21, 26.65, 27.65, 27.95, 29.14 and 29.57 s. Based
on the close-ups in Figs. 23(b) and 23(c), it appears that the blade tip
interacts with the wake from the preceding blade at 28.0 s, although
root recirculation is seen sooner and tip vortex interference begins at
27.8 s. However, this is much later than the observed change in thrust
and power. Given the time scales involved in the turbine motions, it is
not surprising that the tip ‘catches up’ with the wake only after the rotor
with three blades has turned by 120◦ to put the blade in the position
of the preceding blade which created that tip vortex. Since the turbine
is still accelerating downwind after entering BS, it will be able to catch
up with the wake. Here, this blade passing period is 2.64 s, suggesting
that one might expect the evidence of interacting tip vortices sometime
after 26.21 s but before 28.85 s, fully consistent with the observations
in Fig. 23. However, it also shows that the tip vortex interactions are a
consequence of the turbine’s surging but that they are not linked to the
main performance fluctuations and rotor state transitions, other than
maybe a minor modification of the thrust and power as seen earlier in
Fig. 21(b) as the tilting of the thrust and power zero contours.

Previously in [23], it was proposed that the reason vortex ring state
does not happen at the instant of flow reversal through the rotor is a
consequence of the blade passing period, with the original definition of
vortex ring state stemming from 1D rotorcraft aerodynamics and a rotor
in descent. A 4-bladed helicopter rotor rotating at circa 500 rpm will
have a blade passing period of 0.03 s, and is liable to experience VRS
at a descent similar to a downwash velocity of 5 to 10 m/s. Using the
rotor diameter to create an inertial time scale, 𝐿∕𝑈 , this time scale is
of order 1, leading to (101 − 102) blade tip passes per inertial time
unit. This can be used to put the opportunity for the wind turbine
to create a vortex ring by comparing the duration for which suitable
conditions exist against the blade passing period. This ratio is shown
in Fig. 24 which crosses unity at a maximum surging ratio of around
0.8 but never exceeds about 1.4. Given that more extreme surging
ratios are unlikely and that the current observations do not support
any expectation of this ratio to exceed 2, it is clear that the floating
offshore wind turbine dynamics are at least one, if not two orders
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of magnitude different from a helicopter in descent. While the blade
passing period for the helicopter is short enough to sweep many rotor
circumferences within the inertial time scale, the wind turbine rotor
will at best have single tip-wake interactions during a surging cycle.
This means that the helicopter rotor can create a large-scale rotor-
encompassing flow structure, the vortex ring, which then will dominate
the local aerodynamics. In contrast, the wind turbine rotor will never
be able to set up a full vortex ring but only ever create individual
events. These might have a significant effect on the wake dynamics
and wake decay but they can only have a minor impact on the wind
turbine rotor’s performance. It is therefore suggested to avoid the term
VRS for floating wind turbines and instead use a term derived from
the observed turbine’s performance, the ‘braking state’ as introduced
in Table 5 inspired by the term windmill-brake state introduced by
Stewart [69].

5. Discussion

In this section, the findings and initial discussion of the results are
pulled together to identify the main contributions and then discuss the
different time scales playing a role and how the result can be relevant
to industry.

The main findings were that a surging wind turbine can progress
through up to four different performance states in a clear sequence,
from windmill state through braking state and propeller state to a quasi-
windmill state and then return back to windmill state by following
the same route in reverse. The detailed analysis of the local air flow
conditions and resulting forces along the rotor blades from the CFD
simulations provided insight into not only how these transitions arise
but also that Blade Element Momentum theory using tabulated steady-
state lift and drag coefficients can reproduce the key features of the
entire transition reliably as long as the local air velocity is calculated
from a suitably modified actuator disk theory.

At the same time, the work highlighted that actuator disk theory
alone cannot be used reliably at present to predict transitions between
the different states but further work is required to explore if the
observed alignment of the predicted transitions from AD with those
predicted by the modification of the actuator disk theory outlined in
Section 2.2.2 is coincidental or can be used to develop a simple AD-
based prediction tool for an initial screening of likely conditions of
concern.

The results also highlight that adopting the formal approach devel-
oped for helicopters in descent is a valid approach but that the results
are very different due to the very different time scales involved. For
example, the notion of a ‘vortex ring state’ is not appropriate for surging
wind speeds. This, and the other findings were all developed on the
analysis or assumptions of relevant time scales, which will be discussed
somewhat more in the following section.

5.1. Time scales

While doubt was cast on the relevance of vortex ring state for
surging turbines due to the different signature of the changes in hrust
and power in the transition sequence observed in the CFD simulations,
the main reason was that the ratio of the inertial and blade passing time
scales were several orders of magnitude different. While that ratio was
large for the helicopter, allowing for the development of a continuous
ring of tip vortices through many tip vortices accumulating, that ratio
was at best order of unity, restricting the interaction to individual
events.

One of the time scales not addressed explicitly so far has been
implicitly used when applying tabulated steady-state lift and drag
coefficients. A recent experimental study [70] analysed the response
time of aerofoil lift and drag coefficients during pitching. Normalising
the pitching rate by the convective time scale, 𝑐∕𝑈 , to give the reduced
pitch rate, 𝑘 ≡ 𝑐�̇�∕(2𝑈 ) with 𝑐 the chord length, �̇� the pitching rate (in
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Fig. 23. Vorticity iso-volumes at (a) 27.6 s, (b) 27.8 s and (c) 28.0 s for Case 4. Vorticity magnitude is filtered for values of 1/s and above. Image (c) scaled up for clarity.
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Fig. 24. Ratio of the observed duration of BS to the blade passing period.

rad/s), and 𝑈 the air velocity, they observed that the adjustment to
the steady-state lift and drag occurred within about three convective
time scales if 𝑘 ≳ 0.02, increasing to about 10 convective time scales at
𝑘 ∼ 0.004. Based on their analysis, [70] conclude that reduced pitching
rates 𝑘 ≲ (10−4) are sufficiently low to ensure that the observed lift
and drag coefficients are equal to those from the steady-state analysis.
Applying this criterion to the angles of attack observed in the BEM
analysis confirms that the outboard two-thirds of the blade always have
a reduced pitch rate well below that criterion but that the inboard
section does briefly reach up 𝑘 ∼ ±5 × 10−4 at the root. This will
partly explain why BEM matches the CFD results in Fig. 21 least in the
inboard part, but it does not explain the distinct differences during the
upwind surge near the tip. However, on a rotor-integrated level, it does
provide evidence that the use of BEM even in these transient conditions
is valid, as long as the local air velocity relative to the moving rotor is
appropriately captured.

This turns the attention to the underlying assumptions presented in
Section 2.2. Eq. (2) assumed that the momentum balance was adjusted
immediately to the changing velocities while maintaining a constant ax-
ial induction factor. Given that AD assumes an incompressible fluid, the
‘instantaneous’ should be interpreted as much faster than the changes
in the relative velocities but without becoming supersonic. Assuming
that the supposed control volume for the actuator disk theory is several
rotor diameters long, an information propagation at the speed of sound
leads to a minimum adjustment time of (0.1−1 s), clearly shorter than
the surging periods of around 10 s but not many orders of magnitude
shorter.

The other assumption expressed in Eq. (3) assumes that the far-
field velocities are not at all effected by the platform motion. This
can only be reasonably assumed up to a maximum time scale of the
convective time scale for the control volume. Assuming a single rotor
diameter, this shortest convective time scale is therefore 𝐷∕𝑈 , ranging
from 15 to 25 s, which is longer than any surging period observed
but again, not much longer. This puts the surging conditions covered
in this paper in the middle of these two limits. As a result it should
not be surprising that the ‘true’ local conditions partially reflect fast
adjustment (by information transmitted by the pressure field) and slow
adjustment (by information carried by the velocity field).

5.2. Industrial relevance

Although the frequency of occurrence for such events are likely to
be low over the course of the turbine’s lifetime, it is clear that it may
not be insignificant. Under the IEC TS 61400-3-2:2019 Standards [11],
the interaction of potentially large translational or rotational motions
on the aerodynamic loading of the rotor nacelle assembly and tower
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must be considered. The entry of the turbine into braking and propeller
state, and indeed turbulent wake state, is of course a set of transient
events that should therefore be included within any loads analysis. This
work shows that such states could be modelled through a modified BEM
approach, allowing such motion to be taken into account by engineers
both at the design phase of the turbine and during any remaining
fatigue lifetime estimations. The results of this study can provide a tool
to estimate both the likelihood of a rotor entering states other than
windmill state and the degree to which the power output and aerody-
namic blade loadings are affected. This tool does not require extensive
and expensive CFD simulations but it does need knowledge of the blade
design, turbine operating conditions and platform response to wave
motion. With this information, readily-available resource climatology
in the form of wind speed, significant wave height and mean wave
period can then be used to quantify the likelihood and magnitude of
conditions of concern such as these.

Assuming that the proposed simplified model using the local veloc-
ity given by Eq. (29), and that the surging response can be estimated
through the wave statistics and a response amplitude operator, Eq. (18),
the likelihood of encountering the different states can be estimated
from known wave and wind climatologies using a wave speed to wind
speed ratio. Following Eq. (17), that ratio can be calculated as

𝑟 ≡
𝑢𝑤𝑎𝑣𝑒
𝑢𝑤𝑖𝑛𝑑

=
𝜋 𝐻𝑠𝑖𝑔

√

2𝑃 𝑢∞
. (32)

The distribution of this ratio over a 12-year period, 2010–2021, at
58.4◦N and 1.25◦E from the ERA5 re-analysis database [71], which is
the closest grid point to the site of the Fugro database, on which the
surging conditions were initially based, is shown in Fig. 25(a) for hourly
data of significant wave height, mean wave period, and wind speed
at 100 m. The histogram itself only shows the resource data without
reference to turbine specifics. Applying the transition criteria developed
here, encapsulated in Eq. (30) and Fig. 20, allows to place the expected
transitions at the appropriate wave–wind velocity ratio. The locations
transitions indicated in Fig. 25(a) are those found for the NREL 5 MW
turbine on a platform responding with the assumed 𝑅𝐴𝑂 = 5 and 𝜉 =
0.5 in Eq. (29). This illustration assumes for simplicity a fixed 𝑅𝐴𝑂 and
therefore will overestimate somewhat the real likelihood but it serves
to illustrate the principle without loss of validity. The actual likelihood
is estimated to be about 10% lower but a detailed development of the
tool is beyond the scope of this paper.

Expressing the likelihood of finding a wave–wind condition exceed-
ing a threshold is given by the cumulative distribution function of the
histogram. This is shown in Fig. 25(b) as percent of time, with the left-
most column for the Fugro site. The central column is for a location
within the ScotWind area 13, West of Orkney at 59◦N, 4.5◦W, and the
right column for the ScotWind area 18, off the East coast at 56.5◦N,
0◦E/W. In all three locations, the braking state is relatively common,
with 3 to 6% of the time, while the others are found less than a percent
of the time. As one might expect, they are more likely to be found in
the more exposed Atlantic or Northern areas than the more sheltered
North Sea. However, even 0.5% of a 25-year period amounts to about
1000 h and 6% well over 10,000 h.

6. Conclusions

The process of a floating wind turbine rotor into propeller state has
been explored by means of a full URANS simulation. By taking the rotor
thrust and torque to determine the operational state of the rotor, the
CFD results here have shown the existence of two separate states that
could occur alongside the well-known windmill and propeller states:

• Braking state, with a negative torque yet positive thrust, where
the rotation slows down. This is likely to happen prior to a full
propeller state entry and thus more common.
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Fig. 25. (a) Distribution of ratio of ‘wave speed’ to wind speed for the Fugro site with transition points for the turbine modelled here. (b) Percentage of how often braking state
(BS), propeller state (PS), and quasi-windmill state (QWS) are observed in the three representative locations with the platform response behaviour considered here.
• Quasi-windmill state, where the thrust is negative yet torque
is positive, such that the rotor is extracting energy from the
freestream but the rotor is being forced into the wind direction.

Both of these states, in addition to the already-defined propeller and
windmill state, demonstrate the range of forces that fluctuate across
the rotor blades. It was also shown that, based on the 2D analysis
here, propeller state will occur from root to tip. This in itself then
demonstrates that force directions can vary both edgewise and flapwise
across the blade span that further adds to the complexity of operational
behaviour during high levels of platform motion.

In contrast, it has been shown by analysis of the flow in the tip
regions that the concept of vortex ring state is not relevant for wind
turbines.

The current work suggests that the use of 1D theory alone is
insufficient as a reliable predictor of a turbine entering states other
than its normal windmill state. However, the use of 2D predictions
through BEM constrained by 1D AD with suitable assumptions of the
modification of the basic AD relationships, is a good low-order model
of the key aerodynamic processes along the rotor blades, and therefore
a reliable tool to predict a rotor entering its different states. This would
be particularly useful for turbine operators where simple 1D or 2D
codes, along with the known surge response of the platform being used,
could be used to forecast if upcoming wind and wave conditions are
likely to pose a threat to the performance of the turbine through an
entry into braking state or propeller state. With additional research
into the spanwise transitional behaviour and any modifications to the
simplified 1D and 2D approaches, it could be extended as a tool for
span-wise state predictions for a more local blade pitch strategy.

The success of the simplified theory to recreate the CFD-derived
rotor forces and operational states raises the possibility of its use
for load analysis in line with the IEC TS 61400-3-2:2019 standards.
Assuming information of the operational wind and wave conditions
are known, such that a response amplitude operator for each motion
can be estimated, the theory gives a reasonable level of confidence
in predicting these states. Further research is however required in the
ability of the theory to predict the operational state during pitch motion
only as well as during coupled motion. Given that the operational
state is driven primarily by abrupt changes in the rotor normal wind
component which has been captured well in the current study, it is
believed that this modified framework will transfer easily to such
motion.

Following from the current analysis, a priority on the route to
developing the idea as a predictive tool should be a deeper systematic
investigation of the local flow modification to develop a reliable model
for the effective blending factor 𝜉 used in the local velocity used in the
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BEM analysis. In fact, the dynamic inflow modelling approach taken
by de Vaal et al. [48] seems to be an ideal tool for this. Beyond this,
as already suggested, future work should consist of applying alternative
motions, such as pitch, and similarly comparing the state entry and exit
behaviour using CFD and simplified AD-BEM. Furthermore, how these
aerodynamic forces impact the aeroelastic behaviour and fatigue life of
the blade should be explored in detail after further exploration of this
modified framework for spanwise force and operational state estima-
tions. In doing so, any negative implications on the life of the blade
(and consequently any other turbine components) can be considered
early, and maintenance strategies informed appropriately.
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