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ARTICLE INFO ABSTRACT

Keywords: Unsteady aerodynamic loads significantly influence the design and wake flow field of floating offshore
Floating wind wind turbines, especially due to wave- or vibration-induced tower top motions triggering various unsteady
FOWT

phenomena. Recent studies show that increasing turbine sizes amplify unsteady aerodynamic effects, as
their impact typically grows with rotor diameter. This work combines recent findings from experiments and
simulations on model-scale FOWT aerodynamics with new numerical analyses of large-scale rotors, providing
a comprehensive understanding of unsteady phenomena occurrence and impact. Numerical analyses of the IEA
15-MW and 22-MW rotors undergoing surge motions characterise the combined influence of motion-induced
unsteady phenomena on rotor thrust. Results indicate that unsteady effects can reduce thrust force variations
by up to 40% at realistic surge periods. These findings contrast with prior model-scale rotor investigations,
attributed to the specialised design of the model rotors. Comparisons between numerical methods — the
dynamic blade element momentum method in OpenFAST and free vortex wake modules in panMARE and
OpenFAST — reveal persistent differences in thrust predictions under both idealised and realistic conditions.
This highlights that classical blade element momentum approaches require enhancement to accurately capture
unsteady loads on large-scale floating offshore wind turbines at low wind speeds.

Unsteady aerodynamics
Returning wake

Surge motion

IEA 15-MW

1. Introduction

Floating offshore wind turbines (FOWT) are an emerging technology
with the potential to harness a large amount of wind energy in deep-
water locations. Accurately predicting the aerodynamic loads on these
turbines, taking platform motions due to wave excitation into account,
is essential for designing turbines that use resources efficiently. In
addition, the precise prediction of rotor loads is a prerequisite for
modelling the wake flow field and its recovery, which is potentially
enhanced by tower top motions [1,2]. Although numerous studies have
been performed in this field, a general understanding of how and
which unsteady aerodynamic phenomena affect the loads on a moving
wind turbine rotor is still lacking. The present work aims at closing
this knowledge gap by extending prior investigations on model-scale
rotors to large-scale rotors and generalising the findings to draw a clear
picture of unsteady phenomena caused by surge motions.

An attempt to identify the relevant unsteady aerodynamic phenom-
ena was recently made by some of the authors [3]. The analysis in [3]
is based on the idea that the load fluctuations caused by platform
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motions can be described in terms of a quasi-steady and an unsteady
part. The present work follows this fundamental idea: The quasi-steady
part of the load response corresponds to the change of the actual inflow
conditions (i.e. relative inflow velocity and tip speed ratio (TSR)).
It usually dominates the load response in the case of a tower top
motion parallel to the wind speed (i.e. platform surge or pitch motion).
The unsteady part can be interpreted as a perturbation on the quasi-
steady response caused by different unsteady phenomena. Experiments
performed in the previous study revealed no influence of unsteady
effects on the rotor loads during surge motions for the considered
motion frequency range. However, free vortex wake (FVW) simulations
exceeding the motion frequency range of the experiment predicted the
occurrence of the unsteady airfoil effect and returning wake effect and
hinted to the presence of the dynamic wake effect. The returning wake
effect has been discovered in the context of helicopter aerodynamics,
and its occurrence in the context of FOWT under wave-induced motions
was demonstrated for the first time in [3]. These findings extend the
knowledge gained in an extensive validation and verification study on
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Nomenclature

Abbreviationss

(D)BEM (Dynamic) blade element momentum

FOWT Floating offshore wind turbine
FVW Free vortex wake
IEA International Energy Agency
LES Large-eddy simulation
NREL National Renewable Energy Laboratory
0C6 Offshore Code Comparison Collaboration,
Continued, with Correlation and unCertainty
panMARE Panel Code for Marine Applications
RAO Response amplitude operator
TUHH Hamburg University of Technology
TSR Tip speed ratio
VRS Vortex ring state
Symbols
a Axial induction factor
Ay Lift force amplitude
Al s Quasi-steady part of A,
Ap Thrust force amplitude
A 4 Quasi-steady part of A,
AL Ar normalised by Ar
AA,’;) dyn. wake Part of A} attributed to
the dynamic wake effect
AA,’;) ret. wake Part of A7 attributed to
the returning wake effect
c Chord length
C, Thrust coefficient
D Rotor diameter
f (Surge) motion frequency
fa Airfoil reduced frequency
fp Motion to blade-passing frequency ratio
fr Rotor reduced frequency
H, Significant wave height
m An integer value
ny, Number of blades
P(fy fp) Unsteady perturbation function of A;
r Radial coordinate
R Rotor radius
T Thrust force
AT nsteady Part of the thrust force amplitude
caused by unsteady phenomena
T, Peak period
Vo Wind velocity
Uin Actual inflow velocity seen by the rotor
Vind Axial induced velocity
Avinq Difference of v;,q during forward and backward motion
vy Avy,q normalised
(by the no-motion condition)
vy, s Quasi-steady part of Avj ,
v, Surge motion velocity amplitude
AV Normalised motion velocity amplitude
a Angle of attack
A Tip speed ratio
Q Angular frequency of the rotor
p Air density

the UNAFLOW model rotor undergoing surge motions, which was per-
formed during International Energy Agency (IEA) Task 30 / OC6' Phase

1 Offshore Code Comparison, Collaboration, Continued, with Correlation
and uncertainty.
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III [4]. It has to be noted that both studies focused on the identification
of the basic unsteady phenomena and therefore considered simplified
setups excluding turbine control. Since scientific developments in this
field are crucial, two relevant experimental studies and a number
of numerical investigations have emerged recently. These works are
described briefly, while a more comprehensive literature review can
be found in [3].

The first experiment is a new test campaign of the UNAFLOW rotor
in motion focusing on wake dynamics conducted by Fontanella et al.
[5]. In addition to the investigation of the wake, rotor thrust and torque
measurements were performed and an inertia compensation strategy
was applied to remove the inertia loads from the measurements. From
previous studies using the UNAFLOW rotor, a linear trend between the
thrust force amplitude normalised by the platform motion amplitude
and the motion frequency would be expected. However, during these
experiments a slight deviation of the normalised thrust amplitude at
high motion frequencies (rotor reduced frequency f, = 1.2, see Eq.
(6)) in surge and pitch motion cases was observed. In case of the pitch
motion, where the increase of the thrust amplitude was strongest, a
large scattering of the results persists. Fontanella et al. [5] attribute
the deviation from the linear trend to inaccuracies of the measurement
setup, namely, rotor speed variations and tower vibrations. This inter-
pretation is in line with the experimental results in the abovementioned
study [3], where the rotor torque of the TUHH (Hamburg University of
Technology) model turbine was instigated in a similar range of rotor
reduced frequencies (f, between 0.55 and 1.09), and no hint on a
deviation from the quasi-steady behaviour was found.

The second experiment focused on the measurement of the thrust
force of a model turbine during harmonic surge, pitch and yaw motions
and was conducted by Taruffi et al. [6]. For surge motions with rotor
reduced frequencies between 0.15 and 0.9, the thrust force amplitude
scatters in a range of 80 to 100% of the quasi-steady reference. A
sudden increase of 30 to 70% of the amplitude was observed at f, = 1.5
for a number of different motion velocity amplitudes. This increase
is attributed to the presence of unsteady aerodynamic phenomena by
the authors. In a follow-up study, results from large-eddy simulations
(LES) combined with an actuator line approach were compared to
selected measurements [7]. The simulations were unable to reproduce
the sudden increase of the thrust force amplitude. Taruffi et al. [7]
conjectured that the unsteady phenomena were caused by airfoil-level
aerodynamics which could not be resolved by the actuator line formu-
lation. Similarly, other numerical studies using different methods and
rotors did not show a significant increase of the thrust force amplitude
at the corresponding rotor reduced frequencies (e.g. [3,8-10]). There-
fore, it is of major interest for the research community to determine
whether the measurements of Taruffi et al. [6] can be reproduced in a
different setup in the future.

The explicit numerical analysis of unsteady aerodynamic phenom-
ena in the context of a moving rotor was in focus of three recent studies
[9,11,12]. In the one of the studies, Zhou et al. [11] investigated the
behaviour of the National Renewable Energy Laboratory (NREL) 5-MW
rotor using a (lifting-line) FVW method with an in-house implementa-
tion of the Leishman-Beddoes unsteady airfoil model [13]. It was found
that there is an increasing phase lag between the rotor loads and the
surge motion with increasing motion frequencies at moderate motion
amplitudes (where dynamic stall is of minor relevance). This is in line
with findings from several studies (e.g. [3,4]). While it is common sense
that the unsteady airfoil effect contributes to this phase shift, it is still
not fully understood if there is a contribution of the dynamic wake
effect.

The other two studies by Papi et al. [9] and Sanvito et al. [12]
extended the simulation study of the UNAFLOW rotor from OC6 Phase
I1I. The motion frequencies were increased up to 16 Hz (f, = 9.09). Both
could reproduce the presence of the returning wake effect found for the
same rotor and motion frequencies in [3]. Sanvito et al. [12] used an
actuator line method while Papi et al. [9] performed actuator line, FVW
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and dynamic blade element momentum (DBEM) theory simulations.
The normalised thrust amplitudes of all three studies agree closely.
Sanvito et al. [12] kept the motion velocity amplitude constant and
varied the motion frequency of the rotor in order to distinguish between
quasi-steady and unsteady parts of the thrust response. Papi et al. [9]
compared the thrust amplitudes at different motion frequencies to an
empirical quasi-steady reference to identify such unsteadiness similar
to the one used by Taruffi et al. [6]. Both studies also investigated the
phase shift between the surge position and the thrust force and found
an increasing magnitude of the phase shift up to the point where the
motion frequency equals the 3P frequency and a sharply decreasing
phase shift for higher motion frequencies. Comparable results were
found by Schulz et al. [3], but an error in post-processing led to higher
peaks being reported at higher motion frequencies.

In addition, the distribution of the axial induction over the blade
during the surge motion cycle was analysed in the two recent numerical
studies. As indicated by Ferreira et al. [14], the choice of the reference
frame has a major influence on the calculated axial induction factor,
and the absolute reference frame is considered to be the correct one.
Therefore, Sanvito et al. [12] define an absolute axial induction based
on the absolute reference frame and Papi et al. [9] directly consider the
absolute induced velocity. Papi et al. [9] found that the dynamic inflow
model in the DBEM simulations reduces the fluctuation of the induced
velocity caused by the surge motion. This is in line with theoretical
expectations as the dynamic wake effect acts as a low-pass filter on the
induced velocity. However, no impact of this effect could be identified
in the total thrust force response. Papi et al. [9] argue that the impact
of the attenuation of the induced velocity in the inner and the outer
blade regions compensate each other due to their 180° phase shift.
Sanvito et al. [12] found that the amplitude of the absolute axial
induction significantly increases when the surge motion reaches the
3P frequency. At first glance, this seems to be a contradiction to the
expected behaviour of the dynamic wake effect and the observations
by Papi et al. [9]. The current authors believe that this issue is not of
physical nature but a matter of definition of the induced velocity, which
is discussed in Section 4.4 later in this work. Furthermore, all three
studies as well as previous works find that the dynamic wake effect
does not alter the thrust or torque amplitude in case of the UNAFLOW
rotor. In contrast to this, a clear indication that the load amplitude of
the IEA 15-MW rotor is affected by this effect was found by Schulz et al.
[3]. This apparent contradiction will also be investigated in Section 4.4.

Scope of work

The present work attempts to improve the general understanding
of the unsteady aerodynamic phenomena in the context of FOWT by
addressing the following goals:

Characterisation of the impact of the relevant unsteady phenom-
ena (dynamic wake, unsteady airfoil and returning wake effect)
on the thrust force response to tower top surge motions of the IEA
15-MW and IEA 22-MW wind turbine rotors based on DBEM and
FVW simulations.

Generalisation of the principal unsteady behaviour of a wind
turbine rotor in surge motion by a thrust force response charac-
teristic based on suitable dimensionless numbers.

Provision of an explanation for the unexpected absence of the
dynamic wake effect in model-scale by an investigation of the
induced velocity.

Demonstration of the applicability of the generalised thrust re-
sponse characteristic and the significant impact of the returning
wake effect under realistic conditions.

Investigation of the impact of modelling fidelity on the simulation
of the unsteady aerodynamic phenomena.

FVW and DBEM simulations using the codes panMARE and Open-
FAST (described in Section 3) are used to characterise the unsteady
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phenomena acting on the considered turbines. In Section 4, the ded-
icated load cases proposed in the previous work [3] are adopted to
the larger rotors in order to identify the unsteady contributions. In
Section 4.3, the impacts of the three unsteady effects are summarised in
the generalised thrust response characteristic. Finally, the occurrence of
the returning wake effect under realistic motions generated by coupled
simulations of the 22-MW semi-submersible FOWT is demonstrated in
Section 5 and the most relevant conclusions are drawn in Section 6.

2. Fundamentals
2.1. Thrust force response to tower top surge motions

A wind turbine’s response to a surge motion can be considered as
unsteady. This is due to the fact that the flow situation seen by the rotor
changes progressively. Nevertheless, such response can be expressed
in a quasi-steady manner, when the movement is sufficiently slow. In
contrast to this, fast motions presumably trigger unsteady aerodynamic
phenomena that additionally influence the rotor loading. In the fol-
lowing, this kind of behaviour is denoted as unsteady, which excludes
quasi-steady effects. Considering a pure, harmonic surge motion with a
velocity amplitude V,,, the resulting relative inflow velocity v;, acting
on a rotor in a uniform wind field (v,) becomes

Vjp = Ug — V,,cos 2z ft). D

With the normalised motion velocity amplitude* 4V*, defined as:

v,
AVE = 2, (2)
Vo
the amplitude of the thrust force response A; to such motion at
constant rotational speed can be written as follows (see [3]).

pRzﬂvg 1 532 #\2
Ar=—5—3 (C (Amin) A +AV*)? = C; (Apay) (1 — AV*)?)
quasi-steady
+ ATunsteady 3
——
unsteady

In Eq. (3) R, p and v, describe the rotor radius, the air density and
the wind velocity parallel to the rotor axis, respectively. The thrust
coefficient C, is determined by the TSR, which reaches its minimum,
Amin> during the forward motion, where v;, is highest, and its maxi-
mum, Ap,,, during the backward motion, where v;, is smallest. The
first part of the equation describes the quasi-steady load response, while
AT nsready SUmMmarises all contributions to the thrust force amplitude
that arise from unsteady phenomena. Consequently, the thrust force
amplitude can be determined from the quasi-steady part alone in case
of a motion with a very high period, for which ATpg,q, tends to zero.

The minimum and maximum TSRs can be resolved in terms of AV*:

R R

Apin = —22__ and A = —22 4
min = 5 Ty aye) oG Amax = L Ay )

where the rotational speed is denoted as (2. Finally, the quasi-steady
part of the thrust force amplitude Ay is completely determined by AV,
because A, and A,,,, are only dependent on 4V* when the rotational
speed is constant. As the quasi-steady part typically dominates the load
response (see Section 1), the normalised motion velocity amplitude
AV'* is most relevant to determine this response. However, it does not
contain any information on the degree of unsteadiness that can be
expected.

2 This parameter was introduced as b,,, in [3].
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2.2. Unsteady phenomena

The most significant unsteady aerodynamic phenomena arising for
a typical FOWT in moderate tower top surge motions are the unsteady
airfoil, the dynamic wake (or dynamic inflow) and the returning wake
effects. Only a very brief summary of these effects is given in the
following, while a more detailed description in the context of surge
motions can be found in [3].

The unsteady airfoil effect summarises the impact of vortices shed
from the trailing edge on the inflow of the airfoil (circulatory part)
and added mass effects (non-circulatory part). The latter arise from the
unsteady displacement of the air around the accelerated airfoil. Both
parts are attached flow phenomena and can be described by thin-airfoil
theory (e.g. Theodorsen’s theory). The unsteady airfoil effect can be
characterised by the airfoil reduced frequency f, defined by Sebastian
and Lackner [15] for every radial station of the blades:

zfe(r)

N +(r.(2)2‘

where f is the motion frequency, r is the radius and ¢ denotes the chord
length of the considered radial section, respectively. The unsteady
airfoil effect can be related to dynamic stall. However, the stalled blade
regions do not contribute significantly to the overall rotor thrust force
of large-scale wind turbines in normal operation (below-rated) and at
typical motion conditions. Therefore, dynamic stall is excluded from
the following analysis and not discussed here.

The dynamic wake effect captures the fact that a distinct time is
needed for the wake to propagate and reach a steady state after a
change of rotor loading (or rotor circulation). Therefore, the induced
velocities at the rotor, which are mainly due to the trailing vortices
of the wake (e.g. tip and root vortices), also changes progressively
according to the time constant of the wake propagation. This time
constant can be characterised by the rotor reduced frequency f,:

_fD
=%

fo= ()

Ir (6)

where D describes the rotor diameter.

The returning wake effect describes the impact of shed vorticity®
from one blade to another. It develops its maximum impact on the
rotor loads when the surge motion frequency f is a multiple of the
blade passing frequency (3P for a three-bladed rotor) and can there-
fore be characterised by the motion to blade-passing frequency ratio f,
introduced in [3]:

2nf
o= 2’ (7)
where n;, denotes the number of blades. It has to be noted that both,
the (circulatory) unsteady airfoil and the returning wake are caused by
the same vortices shed from the trailing edge. As a consequence, the
presence of the unsteady airfoil effect is a prerequisite for the returning
wake effect.

In some studies, the occurrence of blade-wake interactions is anal-
ysed (e.g. [16] or [9]). However, these studies employ quite extreme
motion conditions (e.g. a normalised motion velocity amplitude AV* of
100% and more), which are relatively uncommon. The same applies for
the occurrence of a vortex ring state (VRS) or a propeller state during
operation* (e.g. [17,18] or [16]).

3 Vortices that are shed parallel to the trailing edge of the airfoil.

4 Ferreira et al. [14] argue that the occurrence of a VRS is often predicted
erroneously, because the moving reference frame instead of the absolute
reference frame is applied to evaluate the state of the stream tube. Papi et al.
[9] follow this reasoning and show that even in extreme cases, no flow reversal
can be detected in the absolute reference frame, which is considered to be
the correct one when evaluating the state of the stream tube. Papi et al. [9]
show that although VRS does not occur, a blade-wake interaction might be
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2.3. Typical motion conditions

The platform motions of FOWT are surge, heave, sway, pitch, roll
and yaw motions. When transferred to the reference frame of the rotor,
all platform motions can be represented as a combination of tower top®
translations and rotations (i.e. a platform pitch motion can be expressed
as a tower top surge motion and a rotation of the rotor around the
tower top). A number of studies show that the power and thrust of
a rotor is much less sensitive to sway or yaw motions compared to
pitch and surge motions (e.g. [19] or [5]). When assuming a uniform
inflow, the finding for the sway motion can be generalised to any
lateral motion in the rotor plane and is therefore also valid for heave
motions. Similarly, a rotation around the yaw axis is approximately
equivalent to the rotational part of a platform pitch motion in the rotor
reference frame. Consequently, sway and heave motions as well as pure
tower top rotations in any direction do not cause significant changes
of the overall rotor power and thrust.® In contrast to this, tower top
motions in surge direction (parallel the wind direction) cause the most
relevant fluctuations of thrust and torque. Such motions can be caused
by platform surge and pitch motions, since both cause a longitudinal
motion of the tower top in wind direction.

Tower top surge motions can be caused by wave-induced platform
motions and structural (tower) vibrations.” The wave forcing typically
is in a range from 5 to 20 s,® while tower vibrations occur at lower peri-
ods, typically up to 5 s. Typical response amplitude operators (RAOs) of
spar and semi-submersible FOWT usually show that non-negligible am-
plifications may occur in the abovementioned wave frequency region
and above.’ Platform eigenmodes may also be excited by wave forcing
or turbulent winds. These motions occur at higher periods, as large-
scale FOWTs are typically designed so that the natural periods in surge
and pitch lie well above the dominant wave period range. However,
due to nonlinearities in wave forcing, excitation can still occur from
wave regimes that do not directly overlap with the platform’s natural
frequencies. In the case of pronounced eigenmotions induced by waves
or turbulence, even longer periods may need to be accounted for.
Still, it remains uncertain to what extent such motions contribute to
significant tower top velocities during turbine operation.

As described in the previous paragraph, the tower top motion period
corresponds to a certain rotor reduced frequency f, for a specific rotor
(i.e. rotor size and rating) and wind speed (see Eq. (6)). Therefore,
a range of realistic rotor reduced frequencies can be given for a cer-
tain rotor (size) dependent on the wind speed and motion period. In

possible in extreme cases. However, for a 15-MW semi-submersible FOWT, it
is estimated that a wave height of 10-13m with wave periods between 7.7
and 11.1s and a wind velocity of 5 m/s resulting in AV* = 87% is required to
reach such conditions, which is an extremely seldom case.

5 Strictly speaking, motions of the rotor centre would be the correct
term here, but we stick to tower top motions to maintain a more intuitive
understanding.

¢ This does not necessarily apply for the loads acting on the individual
blades.

7 Hints on significant periodic tower top motions induced by aerodynamic
load fluctuations have not been found in literature.

8 Lower wave periods may occur; however, as wave height and periods
are correlated, only very low wave heights below 1 m are associated with
such periods. Wave periods of more than 20 s are associated with wave
heights above 14 m according to IEC 61400-3-1:2019 (Wind energy generation
systems - Part 3-1: Design requirements for fixed offshore wind turbines), which are
extremely unlikely to occur when the turbine is in operation (see e.g. [20]).

 For spar concepts, usually a rising amplification can be seen with the
motion period (see, e.g. 5-MW spar [21] and 10-MW spar [22]) for surge
and pitch motions. However, at periods below 5 s hardly any surge or pitch
motion can be expected. For the IEA 15-MW semi-submersible, Allen et al.
[23] directly show a nacelle fore-aft motion RAO, which is most suitable for
the estimation of tower-top surge motions. According to this, relevant motions
can be expected at motion periods above 4.5 s.
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Fig. 1. Maps of rotor reduced frequencies (f,) for the IEA 15-MW (a) and the IEA 22-MW (b) wind turbines at different wind speeds and surge motion periods.
f, increases from dark violet to yellow. Contour lines indicate absolute values of f,.

Fig. 1(a) and (b), these ranges are given in colour maps for the IEA
15-MW and the IEA 22-MW rotors. For the IEA 15-MW rotor, realistic
rotor reduced frequencies range from a bit less than 1 up to 16 near
cut-in and at 5 s motion period. At an intermediate motion period
of 10 s, reduced frequencies between 1.5 and 8 can be considered
as realistic. Even higher reduced frequencies with values from 2 up
to 10 are reached for the IEA 22-MW rotor. Knowing this, it seems
that previous studies often did not cover the upper range of realistic
rotor reduced frequencies properly for large-scale FOWT (see litera-
ture overview in [3]). For example, the maximum reduced frequency
reached in recent experimental studies is only 1.5.

3. Numerical methods and models

The two lifting line FVW methods panMARE and OpenFAST FVW (or
OLAF) as well as OpenFAST DBEM are used in the following to investi-
gate the unsteady aerodynamic phenomena relevant for FOWT rotors.
Lifting line FVW methods are able to capture all unsteady phenomena
based on shed and trailing vorticity intrinsically. This applies to the
effects listed in Section 2 with the exception of dynamic stall and the
non-circulatory part of the unsteady airfoil effect. Yet, both effects can
be modelled with empirical corrections. However, they are considered
to be of minor relevance as discussed above and in [3]. Therefore, in the
following the term unsteady airfoil effect mostly refers the circulatory
part of this effect, which is caused by vortex shedding from the trailing
edge. Despite the fact that static, empirical airfoil polars are used by
the FVW methods, this circulatory effect can be intrinsically modelled
by lifting line FVW methods since the change of circulation over time is
directly modelled (see [3] for a deeper discussion and demonstration).

All considered cases are additionally simulated in the widely-used
DBEM method AeroDyn, which is also part of the OpenFAST framework
and can be seen as a representative for the industry standard. A brief
description of all three methods can be found in Appendix A.

Numerical models for the IEA 15-MW turbine are set up in
panMARE, OpenFAST FVW and OpenFAST DBEM separately. For the
IEA 22-MW rotor, only one lifting line setup is created in panMARE,
as the investigations on the IEA 15-MW rotor show only marginal
differences between the two lifting line solvers with regard to the
unsteady load response. As the subsequent analysis shall focus on
basic unsteady aerodynamic phenomena, rotor cone and tilt angles are
set to zero. Concurrently, no structural flexibility and no tower are
considered in the models. The description of the model setups including
the configuration of the unsteady corrections is given in Appendix B.

Table 1
Comparison of steady rotor loads of the applied simulation models.
Method TSR

[-] G [-]

Power coefficient

A DBEM [%]

Thrust coefficient

A DBEM [%] C, [-]

IEA 15-MW

OpenFAST DBEM 9.0 0.800 - 0.483 -
OpenFAST FVW 9.0 0.830 3.7 0.535 10.6
panMARE FVW 9.0 0.816 2.0 0.510 5.6
IEA 22-MW

OpenFAST DBEM 9.15 0.803 - 0.488 -
panMARE FVW 9.15 0.875 9.0 0.500 2.4

3.1. Comparison of numerical models in steady conditions

A comparison of the thrust and power coefficients of the IEA 15-MW
and the IEA 22-MW rotors predicted by the three different simulation
methods is given in Table 1. For the IEA 15-MW rotor, three different
wind speeds in the below-rated range (7 ms~!, 8.5 ms~! and 10 ms™')
and a uniform wind field are applied. In all three cases, a constant
rotational speed resulting in an optimum TSR of 9 is chosen, so that
the desired operating condition defined by the control strategy is met
properly. As a result of the constant TSR, thrust and power coefficients
are identical for all three cases. The FVW methods predict consistently
higher thrust and power coefficients, while a remarkable difference of
10.6% in power coefficient between OpenFAST FVW and OpenFAST
DBEM is present. However, the generally higher loads as well as such
large deviations have already been reported in previous literature
(e.g. [24,25]) and can therefore be considered as a consequence of
the different simulation approaches. The deviations between OpenFAST
FVW and panMARE can be attributed to differences in the wake treat-
ment,'” because different solution procedures for the circulation and
blade loads are not known to lead to notable deviations of the results.

For the IEA 22-MW turbine, the optimum TSR is set to 9.15, and a
blade pitch angle of —0.64 ° is applied according to the control strategy
of the turbine. The deviations between the simulation approaches
are comparable to those observed for the IEA 15-MW rotor, but in
this case, the thrust coefficient calculated by panMARE is 9% higher
in comparison to OpenFAST DBEM’s result. The differences observed
in the steady-state responses between FVW and DBEM methods are
non-negligible, but considered marginal for the purpose of this work.

10 Both codes have different models for the convection of the wake
(e.g. transitioning from free to partially frozen) and its diffusion.
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Table 2
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Set of simulation load cases for the IEA 15-MW and the IEA 22-MW rotors. One row covers a load case series with constant wind speed and TSR, while ranges are
given for the amplitudes and periods. Motion amplitudes for the individual cases may be calculated from AV* with the motion periods, which are listed below

the table.
Absolute Dimensionless
Wind speed Rot. speed Period Amplitude (A) TSR fr A/D AV
[ms™'] [rpm] [s] [m] -] -] -] -]
IEA 15-MW
7.0 5.01 2.5-1000" 0.30-140.0 9.0 13.71-0.03 0.1-58.3% 12.57%
8.5 6.09 - - - 11.29-0.03 - -
10.0 7.16 - - - 9.60-0.02 - -
IEA 22-MW
5.5 3.39 2.95-2000" 0.33-220.0 9.15 17.50-0.03 0.1-78.6% 12.57%
7.0 4.31 - - - 13.75-0.02 - -
8.5 5.23 - - - 11.33-0.02 - -
10.0 6.15 - - - 9.63-0.01 - -

a 25,28, 3.3, 4,55, 7, 10, 14, 21, 35, 70, 100, 200, 300, 500, 1000s

b 2.95, 3.1, 3.25, 3.8, 3.95, 4.6, 5.9, 7, 10, 14, 21, 35, 70, 100, 200, 300, 500, 1000, 1600, 2000s

Indeed, the following analyses strictly focus on the isolation of unsteady
aerodynamic effects and are therefore insensitive to steady modelling
differences between the methods.

4. Impact of unsteady phenomena on rotor thrust
4.1. Load cases

The aim of the following analysis is to identify unsteady contribu-
tions in the load response of the two rotors undergoing harmonic surge
motions. For this purpose, specialised load case series are applied to
isolate the impact of such phenomena from the quasi-steady effect of
the varying relative inflow velocity seen by the moving rotor. The idea
of these load case sets, which were proposed in [3], is to apply the
same variation of the relative inflow velocity (i.e. a constant 4V*) to
the rotor while varying the motion period. When additionally keeping
the rotational speed constant, this results in the same cyclic variation
of the instantaneous TSR'' for all load cases in a series.

The selected load case series are listed in Table 2. For every load
case series, the wind speed, blade pitch angle and rotational speed are
constant. One line in the table describes a whole series. For all cases,
a normalised motion velocity amplitude AV* of 12.57% of the wind
speed is chosen.'? However, it is shown later in this work that the
presented results are insensitive to 4V* and can therefore be transferred
to any tower top surge motion condition of a FOWT in non-extreme
sea states. The relative inflow velocity during one surge motion cycle
is shown in Fig. 2(a) for different motion periods of the 7 ms~! load
case series of the IEA 15-MW rotor. All load cases are in the below-
rated control region in order to exclude the influence of the blade pitch
controller. Similarly, the rotational speed is kept constant for every load
case series, because rotational speed variations can also lead to the
occurrence of unsteady phenomena (see [10]), which may be confused
with the effect of the surge motion itself. Keeping the rotational speed
constant does not reflect the real behaviour of an FOWT, however, it is
necessary to isolate and identify the unsteady phenomena. It has to be
noted that some of the load cases are academic in nature and may not
occur in reality (especially the ones with large periods). However, those
are useful to understand the development of the unsteady contributions
with varying motion period.

11 The instantaneous TSR is based on the relative inflow velocity rather than
only the wind speed.

12 This is an arbitrary choice roughly meeting the tower top motion of a
semi-submersible in moderate to harsh conditions at realistic wave periods.

4.2. Simulation results

Sample results of the IEA 15-MW rotor from panMARE simulations
for the 7 ms~' wind condition are shown for selected motion periods
in Fig. 2(b). The thrust force is normalised to the steady condition
without surge motion. Two dashed grey lines show the results of
steady panMARE simulations at wind velocities of vy + V,, and vy — V.
These represent the quasi-steady behaviour at maximum and minimum
relative inflow velocity caused by the motion. The thrust force in Fig.
2(b) follows a sinusoidal shape when undergoing the surge motions.
This compares well to the behaviour of the relative inflow velocity
in Fig. 2(a). In case of a motion period of 1000 s, the peak-to-peak
amplitude exactly equals the difference between the steady simulations
(dashed grey lines). Therefore, it is very likely that the thrust force
response can be considered as quasi-steady and is determined by the
first term of Eq. (3). The second term of Eq. (3), which summarises
possible unsteady contributions to the thrust force amplitude, tends to
zero in this case. However, with decreasing motion period, the thrust
force amplitude is reduced. Since the relative inflow velocity is the
same for all load cases (i.e. motion periods), it can be concluded that
this reduction is caused by unsteady aerodynamic phenomena. It is
remarkable that this can already be noticed for a motion period of 200
s, which corresponds to approximately 17 full rotor rotations and is far
slower than a wave-induced motion.

In order to visualise the impact of the unsteady effects more system-
atically, Fig. 3 shows the thrust force amplitudes in absolute numbers
over the motion period. The x-axis is displayed with a logarithmic
scale in order to resolve the wave frequency region properly while
including the extremely large periods. The results of all three simula-
tion methods are shown. At the largest period of 1000 s, the thrust
force amplitude can be considered as approximately quasi-steady. The
obvious differences between the results at this period are therefore
caused by differences of the steady modelling of the simulation methods
and setups. As mentioned in Section 3.1, such differences are relevant
to determine the overall load response, but do not provide insights
into the unsteady behaviour of the turbine. The impact of unsteady
aerodynamic phenomena on the results, however, can be observed
by the change of the thrust amplitude from large to small periods.
In order to highlight these changes, the thrust force amplitudes A,
are normalised to the quasi-steady amplitude Ay, in Fig. 4. The
normalisation can be expressed as follows:
Ap= ®

T.qs

Ar 45 18 determined by means of the thrust force T in steady simu-
lations with maximum and minimum relative inflow velocities during
the motion cycle:

AT,qs = %(T(Uin = Umax) - T(Uin = Umin)) 9
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Fig. 2. Illustration of relative inflow velocity (a) and rotor thrust force (b) of the IEA 15-MW rotor during selected surge motions from Table 2. The thrust force
is obtained by panMARE FVW simulations. Dashed grey lines indicate steady results at minimum and maximum relative inflow velocity.
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Fig. 3. Rotor thrust force amplitude of the IEA 15-MW rotor for varying surge
motion periods as defined in Table 2 for the 7 ms~! wind condition. Results
are obtained by all three simulation methods. The x-axis is displayed in a
logarithmic manner. The dotted vertical line indicates f, = 1 i.e. the motion
frequency equals the blade passing frequency.

where

Umax = Vo + Vi Umin = 09 = Viy- (10)

As Ag, is calculated individually for every method, the normalised
thrust force amplitude AJ. is unity when there is no difference to the
quasi-steady case. Opposite to this, differences from unity indicate the
presence of unsteady phenomena.'® It is therefore evident that the
sudden minima predicted by the FVW methods in Fig. 4 (b, ¢ and
e) represent unsteady behaviour. The minima occur exactly at the
dotted vertical lines, which mark the 3P blade passing frequency for
the different load case series. Consequently, the motion to blade passing
frequency ratio f, equals 1 at the marked periods. The occurrence of
the minima at f, = 1 is in line with the findings previously published
in [3] and can therefore be assigned to the presence of the returning
wake effect. Since returning wake effect and (circulatory) unsteady
airfoil effect occur simultaneously, a distinction of their individual
impact on the FVW results is difficult. However, the impact of the

13 In contrast to this, a normalised amplitude equalling unity does not
necessarily indicate the absence of such effects, as the impact of two effects
may compensate each other.

isolated unsteady airfoil effect can be observed in the OpenFAST DBEM
results in Fig. 4(a) and (d), because the returning wake effect is not
modelled in this method. It causes a decrease of the thrust force
amplitude at periods lower than 10-15 s for the IEA 15-MW rotor. With
the unsteady airfoil correction deactivated (BEM no UA in Fig. 4(a)),
this trend vanishes. Therefore, it can be concluded from the DBEM
results that the unsteady airfoil effect is not active in the flat region
(plateau) in Fig. 4(a), i.e. at motion periods lower than the one at
which the saddle point in Fig. 4(d) occurs. Since the unsteady airfoil
correction in OpenFAST DBEM has shown to be reliable in predicting
the occurrence of the unsteady airfoil effect in the past, this conclusion
reflects the physical behaviour, although it is drawn from the results of
a correction method.

The gradual reduction of the thrust force amplitude between 500 s
and 70 s is predicted by all three methods in all load case series of the
IEA 15-MW rotor and can ultimately not be caused by the unsteady
arifoil or returning wake effect. Therefore, the dynamic wake effect
seems to cause this reduction since it is the only known unsteady
phenomenon impacting the global loads of a wind turbine in a relevant
manner. This conclusion is supported by the DBEM results. Another
hint on this can be found by comparing the results of the DBEM with
(DBEM) and without unsteady airfoil correction (DBEM no UA) in Fig.
4(a). In this case, the dynamic wake correction is the only source
of unsteady behaviour, because the BEM itself is quasi-steady. It is
obvious that the gradual reduction from high to intermediate periods
is caused by this correction method. This pinpoints that the dynamic
wake effect is the source of this behaviour. The same can be argued in
case of the IEA 22-MW rotor; however, the effect takes place at higher
motion periods (see Fig. 4(d) and (e)). Although the principal impact
of the dynamic wake effect is modelled similarly by all methods, the
magnitude of the reduction deviates between the results of the FVW
methods and the DBEM method. A more detailed investigation of these
differences caused by the dynamic wake effect is given in Section 4.4.

In summary, both rotors seem to be impacted by the unsteady
phenomena in the same way: The dynamic wake effect causes a gradual
reduction of the amplitude from high to intermediate periods. The
unsteady airfoil and returning wake effect lead to another decrease of
the thrust amplitudes at low motion periods, reaching a minimum when
f, equals unity. Interestingly, the impact of the dynamic wake effect
calculated by the FVW methods is much stronger in the case of the IEA
22-MW rotor compared to the IEA 15-MW rotor, which will also be
examined in the next sections. In addition, all unsteady effects seem to
come into action at slightly higher motion periods in the case of the IEA
22-MW rotor in Fig. 4(d) and (e). This can be detected by the motion
period corresponding to the minimum amplitude caused by returning
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Fig. 4. Normalised rotor thrust force amplitude A;. for varying surge motion periods for all wind conditions as defined in Table 2. Results for the IEA 15-MW
rotor are shown on the left side (a-c) while graphs on the right are obtained from simulations of the IEA 22-MW rotor (d-e). Results obtained from the same
simulation methods are shown in the same row. A logarithmic scale is applied to all x-axes.

wake effect: It moves towards the lower limit of the relevant wave
period range (approx. 5 s) at a wind speed of 7 ms~! (Fig. 4(e)). When
considering a wind speed of 5.5 ms~!, fp=1C0qe the minimum) lies
clearly within the realistic wave/tower top motion periods for the IEA
22-MW rotor. Although this minimum is outside the wave period range
at higher wind speeds, a notable impact of the returning wake effect is
present in the lower part of the wave period region for nearly all cases.
Furthermore, the plateau in Fig. 4 (b, ¢ and e) as well as the saddle
point in Fig. 4(a) and (b) indicate that the impact of the dynamic wake
effect is fully evolved in the wave period region. As a consequence, the
thrust force amplitude of both rotors is clearly impacted by the dynamic
wake effect in all realistic motion conditions.

4.3. Generalisation

When comparing the load case series for various wind speeds in Fig.
4 (all graphs), the main difference between the thrust force amplitudes
caused by the variation of the wind speed is a shift to lower periods
with increasing wind speed. This indicates that the observed behaviour
can be generalised by means of the rotor reduced frequency f,, which
includes a normalisation on the wind speed. Figs. 5 and 6 illustrate
the same simulation results as shown in Fig. 4 for the IEA 15-MW
and the IEA 22-MW turbines. However, the results are plotted over f,
instead of the motion period, and the results of all methods are shown
in one graph. The x-axis shows decreasing reduced frequencies from
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Fig. 6. Normalised rotor thrust force amplitude A;. of the IEA 22-MW rotor for the cases shown in Fig. 4 (d-e).

left to right in order to keep the same visual appearance compared
to Fig. 4.

As a result of the normalisation of the motion period in terms of f,,
the lines for all three load case series lie exactly on top of each other for
the three individual methods in both figures. This can be explained by
considering the three dimensionless numbers characterising the three
unsteady aerodynamic phenomena (see Section 2) that determine the
trend of the thrust force amplitude:

* f, is the dimensionless number determining the occurrence and
strength of the dynamic wake effect. It is therefore straightfor-
ward that the strength of the gradual reduction of the thrust
amplitude caused by the dynamic wake effect between f, ~ 0.05
and f, =~ 0.5 (for the FVW methods) is the same for all wind
conditions at a given f,.

The airfoil reduced frequency f, determines the strength of the
unsteady airfoil effect and influences the occurrence of the return-
ing wake effect. It is defined by the ratio of motion frequency and
the local blade inflow velocity for a given radius. When rewriting
Eq. (5) for the airfoil reduced frequency in terms of the TSR
(4), it becomes clear that it is proportional to the rotor reduced
frequency for a certain rotor at constant TSR:

fn=L 20tz an
Uy 2 2R P
1+ (%A) 1+ (%z)
f, « f, for A, c(r), r and R const. (12)

Therefore, the distribution of f, over the blade is linearly de-
pendent on f,.'* Consequently, an identical f, results in the

same distribution of f, over the blade ultimately causing the
same impact of the unsteady airfoil effect in Figs. 5 and 6.
This identical behaviour becomes apparent when comparing the
DBEM simulations at high reduced frequencies for the three wind
velocities.

The motion to blade passing frequency ratio f, characterises the
impact of the returning wake effect on the thrust force ampli-
tude in combination with f,. Analogous to the airfoil reduced
frequency, it can be shown that f, is linearly dependent on f,:

=L 2R 7 a3
vy npA nyA
fpo< fr for A const. a4

Consequently, f, = 1 is reached at the same rotor reduced fre-
quency for all considered wind speeds in Figs. 5 and 6, provided
that the TSR is constant. This leads to the observed behaviour,
where the minimum caused by the returning wake effect occurs
at the same f, in every load case series for the individual turbines.

As the three relevant dimensionless numbers vary linearly with each
other, the unsteady behaviour of one specific rotor can be characterised
by the reduced frequency at constant TSR.'® The fact that all wind
conditions lead to a nearly identical behaviour of the unsteady thrust

14 provided that the same rotor and TSR are considered.

15 The above derivation does not include a variation of the motion to inflow
velocity ratio. However, it is shown later in the text that the conclusion holds
true for all moderate motion to inflow velocity ratios.
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Fig. 7. Normalised rotor thrust force amplitude A}, for varying surge motion
periods for the 7 ms~1 wind condition with varied motion velocity amplitudes.

force amplitude when plotting them over f, in Figs. 5 and 6 is therefore
in line with theoretical expectations.

Rule of thumb to predict the returning wake effect

Another useful relation can be found when expressing f, in terms of
the rotor reduced frequency as shown in Eq. (13). As the first minimum
of the thrust force amplitude occurs at f, = 1, a rule of thumb can
be given for a three-bladed rotor to estimate the corresponding rotor
reduced frequency:

fpzf,r%%zl:frzatr—bzigza 1s)
The minimum of the rotor thrust force amplitude therefore occurs
approximately when the rotor reduced frequency approaches the TSR.
This rule of thumb can be applied to any modern three-bladed wind
turbine, because these reach similar levels of f, in operation, which is
the second prerequisite of the occurrence of the returning wake effect.

Variation of AV*

The findings from the analysis of the simulation results can be di-
rectly transferred to other surge velocity amplitudes AV *. As shown for
the IEA 15-MW rotor at a wind speed of 7 ms~! in Fig. 7, the behaviour
of the thrust force amplitude is insensitive to variations of AV* (at
least in a moderate range). This can be understood by considering the
impacts of the unsteady airfoil effect and the returning wake effect:
Both can be considered as perturbations of the quasi-steady lift force
amplitude (see [26]). The unsteady lift force A; (i.e. the variation of
the sectional thrust force) can therefore be expressed as a function of
the quasi-steady lift force amplitude A; ,; and a perturbation function
P(f,, f,) for a given f, and f,:

Ap = Ap s P(fo, 1)) (16)

where P(f,, f,) contains the combined impact of the unsteady airfoil
and returning wake effect on airfoil level. Therefore, the unsteady
contributions from these effects scale with the quasi-steady amplitude
Ar 4, N0 matter how strong it is altered by variations of AV*. This
observation also seems to apply for the impact of the dynamic wake
effect, which is further investigated in Section 4.4.

Four phases of the response

The fundamental behaviour of the thrust force response generated
by harmonic tower top surge motions for the two turbines considered
can be characterised as shown in Fig. 8. The sketch shows four phases
(from high to low motion periods): In phase I, the thrust force am-
plitude equals the quasi-steady one and stays constant for f, < 0.05
(no unsteady contribution). In phase II, the dynamic wake effect starts

10
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affecting the amplitude, and the amplitude decreases as the frequency
increases. The onset of this decrease is observed between f, ~ 0.02 and
f, ~ 0.05 for the different rotors in the FVW methods. Third, a plateau
is reached (dynamic wake effect fully evolved). In the case of the FVW
simulations, the plateau is reached at f, ~ 0.5. However, this limit is
predicted differently by the DBEM method. The level of the plateau
(AA% dyn. Wake) is predicted differently by the methods and seems to be
turbine-dependent. In phase IV, the unsteady airfoil and the returning
wake effect start to further decrease the amplitudes with higher f,.
In this phase, all three unsteady phenomena impact the thrust force
amplitude. While a minimum is caused by the returning wake effect
at f, =1, i.e. f, = 4, it is assumed that the effect starts to impact the
thrust force amplitude from f, > 1/4, i.e. f, > A/4. The unsteady airfoil
and returning wake effect need to be considered together since the
impact of the latter can be thought of as a perturbation on the decrease
of the lift force caused by the former effect. Therefore, the returning
wake effect cannot occur, when the limiting condition for the unsteady
airfoil effect (f, > 0.02) is not given. In contrast to this, the unsteady
airfoil effect may occur in isolation when f, < 1/4 and f, > 0.02. It
is important to note again that f, is an airfoil-related dimensionless
number, which varies over the blade span. Therefore, f, > 0.02 must be
true for a considerable portion of the blade in order to trigger a notable
impact of the unsteady airfoil (and returning wake) effect on the rotor
thrust. For even lower motion periods, an oscillation of the thrust force
amplitude seems to happen. Minima occur when the motion frequency
is an integer multiple of the blade passing frequency, i.e. f, = m and
maxima at f, = (2m + 1)/2.'° For the two turbines considered, the
first minimum is approximatively 20% less than the value in phase III
(AA;",reLwake)'
Context with previous works

The characteristic behaviour of the thrust force amplitude inves-
tigated in previous works can also be described in terms of the four
phases shown in Fig. 8. However, some aspects seem to depend on
the rotor and its modelling. Phase II reaches different values when
the dynamic wake effect is fully evolved (plateau level, phase III)
for the IEA 15-MW and the IEA 22-MW rotors in the case of the
FVW simulations.!” The same is true when comparing the FVW results
against AeroDyn’s results. For other rotors, this distance between the
plateau level and the quasi-steady amplitude (AA,’;’ dyn. wake) TAY also
tend to zero (e.g. the UNAFLOW and the TUHH rotors in [3,4,9,12])

or a slight increase can occur (44X < 0). Such behaviour
T,dyn. wake

was observed for the Vestas V90 in [10]. In these cases, phases 1,1
and III cannot be distinguished when considering the behaviour of the
thrust amplitude only. This is most likely the reason why the above
characterisation of the unsteady behaviour of the thrust force amplitude
has not been performed in such detail in previous studies. The reason
for these different behaviours is investigated in the next section.

For the UNAFLOW and the TUHH model rotors, a slight increase
of the thrust force amplitude occurs at the motion frequency, which
equals half the blade passing frequency (f, = 0.5). This is most likely
a consequence of the returning wake effect (see [3]). However, such
characteristic is not present for the considered large-scale turbines. This
behaviour is still a matter of investigation.

The drop of the thrust force amplitude from the plateau to the

minimum (447 ) caused by the returning wake effect is a bit
,ret. wake

16 Where m is an integer starting from 1.

17 When comparing panMARE’s present results for the IEA 15-MW rotor with
those shown in [3], the evolution of the plateau is predicted on a lower level,
although the same rotor model is used. This is due to the fact that the quasi-
steady amplitude Ay ,,, used to normalise the unsteady amplitudes, was chosen
to be the result of the simulation with the maximum motion period of 300 s. In
contrast to this, the definition in Eq. (8) is used in the present work. Therefore,
the reference amplitude for the IEA 15-MW rotor in [3] is slightly wrong.
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Fig. 8. Sketch of the overall behaviour of the normalised rotor thrust force amplitude A} for constant surge velocity amplitudes and varying motion periods.
Limits between the phases in terms of f, are approximate values derived from the FVW simulations.

more than 20% for the large-scale rotors. In contrast to this, the model
rotors show a drop of approximately 30%. This might be caused by the
consistently higher level of f, at the blade sections of the experimental
rotors, which indicate a stronger vortex shedding. The higher level
of f, is a consequence of the specialised design of the model rotors
reaching high Reynolds numbers at the blades. However, a proof for
this correlation is not given in this work.

Comment on universal validity

When combining the findings of the present numerical study and the
previous studies mentioned above, a first impression on the universal
validity of the proposed generalised characteristic can be derived. The
derivation of the four phases of response is physics-based and therefore
independent from the considered rotor. It can be expected that the
given f, for the transition between phases I, II and III will hold for any
typical wind turbine rotor. This is due to the fact that the occurrence
of the dynamic wake effect is known to be independent from the rotor
design, but determined by rotor size, inflow velocity and frequency of
external forcing (i.e. f,, see Section 2). However, for different turbines
and operating conditions, the borders between phase III and IV may be
shifted significantly. For example, a lower TSR would shift the onset
of the returning wake effect to lower f, so that phase III may cover
a significantly smaller period range. This can be easily predicted by
the dimensionless numbers shown in Fig. 8. In contrast to this, the
change of the thrust amplitude from phase I to phase III (AA;, dyn. wake)
or from phase III to the minimum in phase IV (AA’;M  wake) 15 most likely
dependent on the rotor design and -TSR. These values will therefore
have to be computed by a similar study as performed in this work
for one moderate AV* and can then be applied to any moderate surge
motions (see Section 5).

4.4. Induced velocities and dynamic wake effect

The fact that the unsteady airfoil and returning wake effect cannot
be active in phase II in Fig. 8 since f, <« 0.02 already gives indication
that the dynamic wake effect causes the gradual reduction of the thrust
force amplitude in this phase. However, a better understanding of the
impact of this effect on the rotor loads can be obtained by investigat-
ing the change of the axial induced velocity in this range of motion
periods. Unfortunately, the definition of the axial induced velocity (and
axial induction) is often different in BEM and FVW methods. In the
following comparison, the rotor averaged axial induced velocity is used
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to compare the results of the different methods in order to exclude the
impact of trailing vorticity from the results of the FVW method. A more
detailed explanation for this choice and how the induced velocity is
computed is given in Appendix C. The load case series with 7 ms™!
wind speed and the IEA 15-MW rotor are chosen as the subject of
investigation.

Fig. 9 shows the rotor averaged axial induced velocity calculated
by OpenFAST DBEM and panMARE for selected motion periods. The
induced velocity is normalised by the wind speed. The dashed grey lines
indicate steady simulations with an inflow velocity of vy+V,, and vy,—V,,
representing the quasi-steady behaviour at the maximum and minimum
relative inflow velocities. For the case where the period is 1000 s,
the axial induced velocity exactly reaches the theoretical minimum
and maximum values. However, the normalised quasi-steady peak-to-
peak amplitude 40} .0 is nearly 40% lower in panMARE compared
to OpenFAST DBEM. With decreasing motion period, both methods
predict an attenuation of the amplitudes to nearly zero at the lowest
motion periods. In addition, a significantly rising phase shift develops
with decreasing period, which is slightly stronger in case of panMARE.
This behaviour is generally in line with the expected impact of the
dynamic wake effect. We note that even at the extremely large motion
period of 1000 s the maximum does not occur exactly at a motion phase
of 0°. This indicates that a small contribution of the dynamic wake
effect is present in this case.

In order to obtain a direct comparison between the attenuation char-
acteristics of the methods, the peak-to-peak amplitude of the induced
velocity 4v} , is normalised to the quasi-steady one'® and is displayed
for all motion periods in Fig. 10. The same motion period scale in Fig. 4
is applied. Overall, the same attenuation trend can be observed for both
methods. However, panMARE predicts a stronger attenuation at low
and intermediate periods. It seems that the attenuation rate becomes
similar for motion periods below 35 s. Yet, the results of panMARE be-
come scattered in this region. This is due to the fact that the calculation
of the axial induced velocity based on the instantaneous flow field in
panMARE is unable to resolve such low amplitudes accurately.

As the dynamic wake effect theoretically acts like a first-order low-
pass filter, the same amplitudes are plotted in the fashion of a Bode
plot in Fig. 10(b). The attenuation characteristic of OpenFAST DBEM is

8 The quasi-steady peak-to-peak amplitude Av}, dgs 1S defined as the differ-
ence between the induced velocities at the inflow velocities v,+V,, and v,-V,,,

i.e. the dashed grey lines in Fig. 9.
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visualisation as Bode plot.

observed to follow a slope of 20 dB per decade for high motion frequen-
cies, which is representative for the behaviour of first-order low-pass
filter. For higher motion frequencies, the scattering of the panMARE
results prevents further analysis. These findings clearly link the gradual
reduction of the thrust force amplitude in phase II to the impact of the
dynamic wake effect, since the induced velocity is damped significantly
in the corresponding period range. In addition, the methods predict
a vanishing fluctuation of the axial induced velocity near the onset
of the plateau, which indicates that the dynamic wake effect is fully
active but does not change its impact when motion periods decrease.
The comparison also shows that the dynamic inflow correction in
OpenFAST DBEM is generally able to reproduce the unsteady impact of
the dynamic wake effect in this case. However, the attenuation appears
too weak compared to the higher fidelity model used here (FVW).

In spite of a fair agreement in the estimation of the attenuation,
the methods predict a different level of the plateau (phase III). This,
in turn, cannot be attributed to the unsteady modelling of the dynamic
wake effect.

Influence of steady behaviour on unsteady thrust force characteristic
Since the level of the plateau reached in phase III (i.e. AA; d )
,dyn. wake

is not determined by unsteady phenomena itself, it can be concluded
that the steady aerodynamic behaviour (and/or modelling) of the ro-
tor plays a major role in this context. In light of the observation

that this level can be very different (e.g. at the same height as the
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quasi-steady response in case of the TUHH and to UNAFLOW rotors), it
seems beneficial to investigate the quasi-steady behaviour of the axial
induced velocity during an infinitely slow surge motion. The (nearly)
quasi-steady case with a motion period of 1000 s in Fig. 9 serves as
a starting point for the analysis: At 0° motion phase, the rotor is in
backward motion and the minimum relative inflow velocity (v;, = vy —
V,,) and minimum thrust force occur (see Fig. 2). The minimum surge
position is reached at 90° (v;, = v,) and the maximum relative inflow
velocity during the forward motion occurs at 180° (v, = vy + V,,).
Knowing this, it is remarkable that the induced velocity has a phase
shift of 180° compared to the relative inflow velocity. At the highest
relative inflow velocity (180 °), the lowest induced velocity occurs in
Fig. 9. When assuming a similar operational state (i.e. momentum
equilibrium), a higher inflow velocity should yield a higher induced
velocity to reach a similar axial induction a. This does not seem to be
the case, which is a strong hint that the operational state (characterised
by the TSR) significantly changes within the quasi-steady motion cycle.

When taking into account this information on the induced velocity,
qualitative velocity triangles describing the flow at a representative
blade section during one motion cycle can be sketched. The upper row
in Fig. 11 shows the velocity triangles for different inflow velocities
and a constant rotational speed representing the flow situations at the
motion phases 0°, 90° and 180° for the limiting case of an infinitely
large motion period (no unsteady contributions). While the wind speed
v is constant, the relative inflow velocity v;, varies between the motion
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Fig. 11. Simplified sketch of the inflow conditions at a representative blade section of the IEA 15-MW rotor in surge motion. Backward motion, rest position
and forward motion conditions are shown from left to right. The upper row represents steady behaviour; the lower row includes the impact of the dynamic wake
effect. The blade twist angle is disregarded for the sake of simplicity. For comparison, the steady inflow vector is shown in the unsteady situation with dotted

grey lines.

phases, which results in a variation of the TSR. The axial induced
velocity is maximum for the minimum relative inflow velocity and the
other way around as it can be read from Fig. 9.

The second row of Fig. 11 shows the unsteady situation, where the
dynamic wake effect is active and damps the induced velocity variation
towards zero (phase III). For the sake of simplicity, it is assumed that no
influence of the unsteady airfoil or returning wake effect is present in
this case. The dynamic wake effect causes a constant induced velocity
Uind, dyn. wake fOT all motion phases (see second row of Fig. 11) since the
variation is damped completely. All other velocities remain unchanged
in comparison to the upper row. In the case of the backward motion
(0°), the impact of the dynamic wake effect leads to a higher angle
of attack compared to the steady case, because the induced velocity
decreased from the steady to the unsteady case. The opposite happens
in case of the forward motion (180°). As a consequence, the thrust
force increases at 0° motion phase (backward motion) and decreases
180° (forward motion) compared to the quasi-steady case, which is
equivalent to the behaviour discussed in the previous sections: an
increase of the thrust force minimum and a reduction of the thrust
force maximum during the surge motion cycle. This yields a decrease
of the amplitude to a constant level (plateau) in case the dynamic wake
effect has fully evolved, while no other unsteady effects come into
play. Knowing this, it is clear that the impact of the dynamic wake
effect on the thrust force amplitude increases with the magnitude of
change of the induced velocity between 0° and 180 °. The sensitivity
of the axial induced velocity on changes of the inflow wind speed
therefore determines how strong and in which direction the thrust force
amplitude is altered due to the dynamic wake effect.'’

Influence of turbine design and modelling on dynamic wake effect

The sensitivity of the axial induced velocity on changes of the inflow
velocity is dependent on rotor and modelling approach. This sensitivity
is closely linked to the 4-TSR curve shown in Fig. 12, where the axial
induction « is shown over a varying TSR. The figure is derived from
steady panMARE simulations, in which the inflow velocity is varied
while the rotational speed is kept constant so that the quasi-steady
flow situations at 0 ° and 180 ° motion phase are covered (marked with
dashed vertical lines). The diverging trend of inflow velocity and axial
induction is clearly visible in the figure: The axial induction (blue line)

19 This applies for a constant rotational speed.
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Fig. 12. Thrust coefficient, axial induction and inflow speed of the IEA 15-
MW rotor at constant rotational speed over TSR. Results are obtained from
steady panMARE simulations with uniform winds and no tower top motion.
The nominal operation condition at optimum TSR is indicated by the vertical
dotted line. The dashed lines mark the TSR reached at minimum and maximum
inflow velocity adapted from the load case series with 7 ms™! wind speed in
Table 2.

increases with decreasing inflow velocity (red line) and increasing TSR
at constant rotational speed. The axial induced velocity is simply the
product of axial induction and inflow velocity and is shown in Fig. 13.
All shown quantities, except the TSR, are normalised to their value at
Uin = Uy (no motion) in this Figure. The induced velocity is maximum,
when v;, is minimum (maximum backward motion velocity) at Ay,
and the other way around, which reflects the behaviour of the steady
velocity triangles. Finally, the amplitude of the axial induced velocity
v}, das during a quasi-steady surge motion cycle can be read from
the difference of the axial induced velocities at Apy;,(£2, vjn max) and
Amax(€2, Ujn min)- This difference exactly equals the difference between
the dashed lines in Fig. 9. 4v} das determines the impact of the fully
evolved dynamic wake effect on the thrust force amplitude, which
defines the level of the plateau in phase III in Fig. 8.

The reduction of the thrust force amplitude by the fully evolved
dynamic wake effect is the same for different surge motion velocity
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Fig. 13. Same data as shown in Fig. 12 but without thrust coefficient. A
dashed line representing the induced velocity is added. All quantities are
normalised to their value at nominal operating conditions (i.e. a wind speed
of 7 ms~! and no tower top motion).

amplitudes AV* (see Fig. 7). This is due to the fact that both the quasi-
steady thrust force amplitude A7, and the quasi-steady amplitude of
the induced velocity 4v} ;  show a linear dependency on the motion
velocity amplitude 4V*. £ In both cases, this linear dependency can be
assumed for moderate values of AV*, while this trend may change in
case of extreme motion conditions.

The influence of the dynamic wake effect on the normalised thrust
force amplitude A} for moderate AV* can therefore be determined by
the steepness of the induced velocity with regard to the TSR. A high
steepness indicates a strong influence of the dynamic wake effect on the
angle of attack and ultimately on the normalised thrust force, resulting
in a high AAT dyn. wake (plateau level, see Fig. 8).

In order to gain a valid comparison of this steepness for different
rotors, the x-axis in Fig. 13 can be normalised to the nominal TSR in
no-motion conditions. In Fig. 14 (a-c) the resulting graphs are shown
for the IEA 15-MW, IEA 22-MW and the UNAFLOW rotors. The results
are obtained by OpenFAST DBEM and panMARE. In contrast to Fig. 13,
only two points at the corresponding nominal, minimum and maximum
inflow velocities are directly calculated while the trend is visualised
by a linear fit. For the IEA 15-MW rotor, OpenFAST DBEM shows a
larger steepness than panMARE, while the opposite is the case for the
22-MW rotor. The qualitative ratio of the steepness in the different
cases compares well to the plateau levels reached in Figs. 5 and 6.%!
In case of the UNAFLOW rotor, the steepness is significantly smaller,
resulting in a nearly vanishing 447 , . . This is in line with the
aforementioned observations from dlffY rent simulation studies, where
no impact of the dynamic wake effect on the thrust force amplitude
was found.

Finally, it seems evident that the impact of the fully evolved dy-

namic wake effect can be determined by the steepness of the normalised
dv*
Yind

axial induced velocity over the tip speed ratio at constant rota-
tional speed. Positive values indicate that the level of the plateau lies
below the quasi-steady amplitude, while negative values should result
in a higher level of the plateau. Typically, a larger steepness results in a
larger impact of the dynamic wake effect on the thrust force amplitude.
Due to the fact that the steepness does not directly express the influence
of TSR changes on the thrust force but on the angle of attack, the

20 The linear dependency of the quasi-steady thrust force amplitude on AV*
has been observed for a number of turbines in a moderate range of AV*
(e.g. [3]1 or [27]).

21 This applies for method-to-method and rotor-to-rotor comparisons.
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comparison between different rotors may contain slight deviations in
terms of the thrust force amplitude.

It has to be noted that the above analysis is based on two different
ways of exporting the axial induced velocity in the two methods, which
might cause some deviations. However, the authors expect that the
trend of the induced velocity is not significantly altered by this fact.

Context with previous works

Papi et al. [9] also offered an explanation for the fact that the
dynamic wake effect impacts the induced velocity but not the rotor
thrust force amplitude of the UNAFLOW rotor: The authors show, by
means of a simulation study, that the induced velocity is in phase with
the relative inflow velocity at the inner blade parts while it is 180°
shifted at the outer blade parts. Consequently, the dynamic wake effect
has an opposite effect on the inner and the outer blade parts. Papi et al.
[9] therefore argue that the impact of the dynamic wake effect cancels
out between the inner and the outer blade parts. These findings are
in line with the current simulations. However, the 180° phase shift
of the induced velocity is not unique for the UNAFLOW rotor. It is a
consequence of the fact that the sensitivity of the angle of attack (and
rotor loading) to changes of the wind speed is very different in the inner
and outer blade parts. This generally applies for typical wind turbine
rotors. The unique characteristic of the UNAFLOW rotor seems to be
the following: The two blade regions where the induced velocity has a
phase shift of 0° and 180 ° with regard to the relative inflow velocity
are distributed in a way that their contributions to the overall induced
velocity fluctuation cancel out. Therefore, the overall (rotor averaged)
amplitude of the induced velocity tends to zero in the quasi-steady case.
As the dynamic wake effect only acts on this tiny variation, no distinct
impact develops on the thrust force. In the case of the IEA 15-MW
and 22-MW rotors, such phase shift is also present. However, for these
rotors, the two blade regions do not cancel out exactly so that a relevant
influence of the dynamic wake effect on the thrust force amplitude is
present.

It was found in the previous sections that the axial induced velocity
fluctuation caused by the surge motion is damped by the dynamic wake
effect. At very low motion periods, the amplitude of the fluctuation
tends to zero, which is in line with theoretical expectations. This is
also in accordance with the findings of Papi et al. [9] showing that
the dynamic inflow correction damps the induced velocity. The fact
that Sanvito et al. [12] found increasing fluctuations of the axial induc-
tion with lower periods can be explained by the different definitions of
the axial induced velocity.?> While the axial induced velocity in [12]
contains contributions from trailing and shed vorticity, the present
study and common DBEM methods only consider the contribution
of the trailing vorticity as induced velocity (see Appendix C). The
unsteady airfoil and the returning wake effect therefore cause strong
changes of the induced velocity calculated by Sanvito et al. at low
motion periods in phase IV (see Fig. 8). These are naturally not damped
by the dynamic wake effect.

5. Impact of unsteady effects in realistic environmental conditions

In order to demonstrate the relevance of the identified unsteady
phenomena for large-scale FOWT, their impact is shown in a sim-
ple scenario. In this scenario, a 22MW semi-submersible FOWT is
subjected to realistic wind and wave conditions, and the unsteady
contribution to the fluctuation of the rotor thrust force is evaluated. The
semi-submersible is an upscaled version of the VolturnUS-S platform
equipped with the IEA 22-MW as described in [28]. Fully coupled
simulations are performed using OpenFAST, and the corresponding

22 Sanvito et al. [12] use the absolute axial induction, which is linearly
dependent on the axial induced velocity in the absolute reference frame used
in this work.
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Fig. 14. Comparison of the normalised axial induced velocity over TSR for the IEA 15-MW (a), IEA 22-MW (b) and UNAFLOW (c) rotors computed with OpenFAST
DBEM and panMARE FVW. Data points illustrate the values at wind speed as well as minimum and maximum inflow velocity adapted from moderate surge motions.
Dashed lines show a linear fit based on the data points. The TSR is normalised by its nominal value at below-rated wind conditions for the individual turbines.
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Fig. 15. Exemplary thrust coefficient fluctuations of a 22-MW semi-
submersible FOWT in irregular waves with H, = 1.5 m and 7, = 6.5 s at a
uniform wind speed of 5.5 ms~! computed with OpenFAST (black) compared
to a simplified simulation with prescribed tower top surge motion and constant
rotational speed.

FOWT model available at the official repository.* In order to maintain
a clear identification of unsteady phenomena, the blades are assumed
to be rigid. For the same reason, wind turbulence, wind shear and the
influence of the tower on the flow field are excluded from the analysis.
The pre-twisted blade geometry described in Appendix B is utilised.
Apart from these simplifications, the full model including active turbine
control and tower flexibility is used.

The semi-submersible is subjected to a randomly generated wave
time series based on a JONSWAP spectrum with H, = 1.5 m and
T, = 6.5 s as well as uniform wind with a speed of 5.5 ms~!. This
choice represents a frequently occurring wind and wave condition for
the calm and medium sites Gran Canaria Island and Gulf of Maine,
but can also be considered as typical for the harsh West of Barra site,
which were investigated in [29,30]. In order to further simplify the
demonstration case, it is assumed that the motion induced thrust force
fluctuations are mainly caused by the tower top surge motion and
rotor speed variations are very small. Therefore, the tower top motion
trajectory in surge direction is extracted from the coupled simulations
and fed into a pure aerodynamic simulation with a constant rotational

2 https://github.com/IEAWindSystems/IEA-22-280-RWT
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speed. The rotational speed of 3.48 rpm represents the average value of
the fully coupled simulation. Fig. 15 shows a comparison of the thrust
force calculated by the fully coupled (black) and the simplified (green)
simulations. From the good agreement of the full and the simplified
simulations it can be concluded that the thrust force fluctuations are
dominated by the tower top surge motion velocity as it is argued in
Section 2.3.

Fig. 16 shows the thrust force response for the simplified scenario
calculated with OpenFAST DBEM (green) and panMARE (blue). The
actual thrust force is normalised to its mean value for the individual
methods. In addition, a quasi-steady reference is shown in grey for both
simulations. While the unsteady corrections are simply turned off in
OpenFAST BEM to obtain this reference, this cannot be done in a FVW
method. In panMARE, the reference is created by extracting the actual
relative inflow velocity and TSR every time step and calculating the
thrust force from a lookup table. The table contains steady simulation
results for the corresponding inflow velocities and TSRs. Both methods
predict a significant decrease of the thrust force fluctuation compared
to their steady reference. When considering the average peak-to-peak
amplitude, the unsteady aerodynamic effects lead to a reduction of
21% in the case of OpenFAST DBEM and 30% in case of panMARE
compared to the quasi-steady cases. The reduction is considerable in
both cases. However, it is comparable to the reduction of the thrust
force amplitude in the harmonic surge motion cases in Fig. 4: Here,
OpenFAST DBEM predicts a reduction of approximately 19% while a
reduction of 35% can be read from panMARE’s results at a motion
period of 6.5 s and a wind speed of 5.5 ms~!. This is in line with the
reduction of the thrust force amplitude shown in the generalised thrust
characteristic in Fig. 6 at the corresponding rotor reduced frequency
calculated by means of wind speed and wave period. Therefore, it seems
that the characteristic of the thrust force amplitude in Fig. 6 can serve
as a transfer function from the quasi-steady to unsteady thrust force
response. The deviation between the reduction rates in the realistic
(this section) and the idealised (Section 4.3) case in panMARE is due to
the fact that the reduction is very sensitive to small deviations in the
motion period in this region. The tower top period is not constant in the
irregular sea state, therefore the reduction from the transfer function is
not met exactly. The strong difference between the reduction predicted
by the DBEM and the FVW methods again arises from the occurrence
of the returning wake effect that is not modelled in OpenFAST DBEM.

6. Summary and conclusions

The unsteady thrust force response of two large-scale wind turbines
to tower top surge motions was investigated with different numerical
methods. Two lifting line FVW methods, panMARE and OpenFAST
(OLAF), as well as the widely used DBEM method of OpenFAST were
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Fig. 16. Normalised thrust force fluctuations of the simplified scenario shown in Fig. 15. OpenFAST DBEM results (a) indicated by the green, dashed line are
identical to Fig. 15. panMARE results for the same scenario are shown on the right side (b). Grey lines denote the results of quasi-steady reference simulations
of the individual methods. Dotted lines mark the average height of minimum and maximum peaks.

used to simulate the behaviour of the IEA 15-MW and 22-MW wind
turbines. Differences of up to 10% could be observed between the FVW
and DBEM methods in steady cases. Those were assigned to differences
in the modelling approaches. However, a further investigation has not
been undertaken, since the impact of unsteady phenomena is the focus
of this work. The isolation of these unsteady impacts was achieved with
the aid of specialised load case sets covering an extremely large motion
period range and a number of wind speeds in the below-rated region of
a typical FOWT. A comparison of the unsteady thrust force response of
the turbines and methods revealed a number of findings that allowed
for a generalisation of the impact of unsteady aerodynamic phenomena.
In addition, an investigation of the axial induced velocity gave insights
into the way the dynamic wake effect impacts the unsteady behaviour
of the thrust force. Five key findings of these analyses are summarised
in the following paragraphs.

First, a significant impact of three unsteady phenomena on the
thrust force response to surge motions was found for the considered
large-scale FOWT. The dynamic wake, unsteady airfoil and returning
wake effect caused a reduction of the thrust force amplitude of up to
30% in case of the IEA 15-MW and up to 40% in the case of the IEA
22-MW rotor at realistic motion periods. Further analysis allowed us to
separate the impact of the dynamic wake effect and the two remaining
effects and to clearly link those to the change of the load response with
varying motion periods.

Second, an attempt to generalise the impact of unsteady phenom-
ena on the rotor thrust force in terms of a characteristic curve was
presented. The curve consists of four phases: A quasi-steady phase at
extremely slow motions, the dynamic wake evolution phase, a plateau
phase with fully evolved dynamic wake effect and a fully unsteady
phase at high motion frequencies, where all three unsteady effects are
active. The motion period ranges corresponding to the phases can be
predicted by the dimensionless rotor reduced frequency, airfoil reduced
frequency and motion to blade passing frequency ratio. At constant TSR,
the characteristic curve can also be expressed in terms of the rotor
reduced frequency only, due to the linear dependency between the
three dimensionless numbers. The corresponding period ranges for the
different phases can then be predicted based on the rotor reduced fre-
quency without prior simulations and can be assumed to be transferable
to any typical large-scale wind turbine.

Third, the dynamic wake effect significantly impacts the thrust
force response to surge motions, which contrasts findings from previous
investigations on model-scale rotors (UNAFOW and TUHH rotors). The
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motion period range, in which the dynamic wake effect is active, can be
predicted by the rotor reduced frequency for the considered turbines.
However, the strength of its impact on the thrust force response was
found to depend on the turbine and modelling approach. The reduction
of the thrust force amplitude induced by the dynamic wake effect was
found to be in a range of 15-20% in case of the IEA 22-MW. The present
analysis showed that the deviations to the model scale rotors result
from differences of the steady behaviour of the axial induced velocity
over the TSR. It could be shown that the sensitivity of the axial induced
velocity on changes of the TSR is the crucial indicator for predicting the
strength of the dynamic wake effect.

Fourth, the two FVW methods predict a very similar impact of the
unsteady phenomena on the thrust force, while significant differences
arise when comparing those to the DBEM method. A major source of
these differences is the returning wake effect, which is not modelled
in DBEM methods. At the motion period associated with the peak
activity of the returning wake effect, the DBEM calculated a thrust force
amplitude of the IEA 22-MW that was damped by only 20%, while
the FVW method predicted 40% reduction. In addition, the strength
of the dynamic wake effect on the thrust force response was predicted
differently by the methods. This was caused by the abovementioned
deviations in the steady modelling of the FVW and the DBEM methods
rather than different approaches of the unsteady modelling. A compar-
ison of the induced velocity fluctuations during surge motions revealed
that the dynamic wake modelling in the DBEM method generally meets
the behaviour of the FVW methods but predicts a slightly weaker
attenuation.

Fifth, the applicability of the generalised thrust characteristic is
demonstrated in a simplified, but realistic scenario. The reduction of
rotor thrust fluctuations caused by unsteady phenomena showed good
agreement with the unsteady thrust force characteristic determined
from harmonic surge motions. This emphasises that the obtained gener-
alised unsteady thrust force characteristic can be applied to predict the
impact of unsteady aerodynamic phenomena on real FOWT in motion.
Concurrently, it was shown for the first time that the returning wake
effect can have a significant influence of the thrust force response of
large-scale FOWT in realistic motion conditions.

In conclusion, the dynamic wake effect, unsteady airfoil effect and
returning wake effect have to be considered when modelling large-scale
FOWT. The occurrence and impact of these individual effects can be
predicted with our proposed four-phase model. Our model can be used
to determine whether a modelling of the unsteady airfoil and returning
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wake effect is necessary in a specific case. Realistic ranges of rotor
reduced frequencies lie approximately between 0.5 and 16 for FOWT
of the 15 MW class and between 1 to 20 for the 22 MW class. Therefore,
unsteady contributions from the dynamic wake effect always need to be
considered as it can only be excluded for rotor reduced frequencies far
below 1. This is of major importance for future reduced-order models
used for control development and hybrid wave tank tests.

Another important field of application of the findings is the simu-
lation and understanding of FOWT wakes. Messmer et al. [1] recently
found that the wake recovery of a surging wind turbine can be sig-
nificantly increased by the formation of coherent structures in an
experimental study. In order to reproduce such findings numerically,
the rotor thrust oscillations need to be captured accurately. The pre-
sented thrust force characteristic could therefore serve as an input for
empirical far-wake models. In addition, the linking of the unsteady
phenomena to dimensionless numbers in our four-phase-model could
help to understand the relation between these phenomena and the
increased wake recovery in [1].

Future numerical and experimental studies should increase the
range of motion frequencies to reach rotor reduced frequencies above
10 when attempting to cover a realistic motion frequency range.
Especially in the case of experimental studies, this will be challenging
because they have been limited to rotor reduced frequencies below
2 due to technical limitations. Finally, it has to be noted that the
present study was limited to a constant rotational speed. However, a
previous work of some of the authors already showed that oscillations
of the rotational speed can also cause unsteady behaviour. Future
work should therefore investigate to which extent such oscillations
are present in realistic environments and characterise the resulting
unsteady contributions.
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Appendix A. Description of numerical methods

A.1. panMARE FVW

The first-order panel method panMARE, developed at the Hamburg
University of Technology (TUHH), has been applied successfully to
offshore structures and ship propellers [31] in the past decades. It was
expanded by Netzband et al. [32] to enable fully coupled simulations
of FOWTs. In this study, only the lifting line module of panMARE is em-
ployed to model the rotor aerodynamics. The blade surface is simplified
to a lifting line positioned at the quarter-chord point, with the wake
shed from the trailing edge. Local inflow velocity and angle of attack
are calculated based on the flow field in every iteration, accounting for
the effects of the wake and all inflow parameters. Subsequently, the
lift and drag of the blade sections are derived from airfoil polars, and
the circulation is obtained from the lift force for each blade segment.
The Lamb-Oseen vortex core model is applied to avoid singularities in
the wake flow field, which are typical for FVW methods. No unsteady
corrections for the airfoil aerodynamics, such as a dynamic stall model,
are applied. Explicit validations of panMARE’s lifting line module were
performed with wave tank [33] and wind tunnel experiments [3,4].

A.2. OpenFAST FVW/AeroDyn OLAF

The cOnvecting LAgrangian Filaments (OLAF) module is a free
vortex wake method similar to the above described lifting line module
of panMARE. It is used to determine the aerodynamic forces acting on
two- or three-bladed horizontal-axis wind turbines in motion. OLAF has
been integrated into OpenFAST, a physics-based engineering software
from the National Renewable Energy Laboratory that models the com-
bined aerodynamic, hydrodynamic, servo, and structural behaviour of
individual wind turbines. Within OpenFAST, OLAF functions as part
of the AeroDyn module and provides an alternative method to the
traditional blade element momentum (BEM) theory.

OLAF represents the turbine blades using a lifting line approach,
which involves a distribution of bound circulation along the blade.
Changes in this bound circulation over time and space cause the shed-
ding of free vorticity into the wake region behind the turbine. Similar
to panMARE, OLAF uses vortex core models to account for the singular
behaviour of the vortex filaments. In addition to this, a number of
additional corrections accounting for, e.g. vortex diffusion over time are
implemented. OLAF also includes a Beddoes-Leishman type unsteady
airfoil correction to account for dynamic stall. In contrast to other
implementations of this model in BEM methods, the used correction
omits the circulatory unsteady airfoil effect in attached flow in order
to avoid double counting this effect. Details on the implementation can
be found in [34].

A.3. OpenFAST DBEM/AeroDyn DBEM

BEM methods, such as OpenFAST BEM (AeroDyn), are founded on
the assumption that momentum equilibrium is achieved independently
within each annular ring of a wind turbine rotor. This allows the calcu-
lation of rotor loads using airfoil polars corresponding to the airfoils at
the respective blade sections. Unlike FVW methods, these approaches
do not directly model the flow field in the wake. The DBEM method
employed in this work (AeroDyn v15 within OpenFAST) incorporates
two unsteady corrections to account for the dynamic inflow effect and
the unsteady airfoil effect. The unsteady airfoil correction is derived
from a modified version of the Beddoes-Leishman model [13], which
also addresses dynamic stall phenomena. Additionally, the dynamic
inflow correction, based on @ye’s formulation (refer to [35]), serves
to prevent abrupt changes in axial induction. More details on AeroDyn
as well as the unsteady corrections can be found in [36-38].
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Appendix B. Description of numerical setups

B.1. IEA 15-MW rotor models

All geometry parameters and airfoil characteristics of the IEA 15-
MW rotor were extracted from the definition document [39] and the
official GitHub repository.?* In panMARE, the blade starts at a relative
radius of 5% and is discretised with 30 radial stations containing
refinements towards tip and hub. For the OpenFAST FVW model, the
discretisation from the repository remains unchanged in order to allow
for a straightforward reproduction of the simulations, which results
in a uniform distribution of the 50 radial sections representing the
complete blade. The time step size in both methods is set individually
for the different load cases maintaining a constant rotation angle of 3 °
per time step. This results in an extremely high number of time steps
and wake panels in comparison to typical simulation settings of FVW
models. However, such detailed temporal discretisation is necessary,
because the aerodynamic behaviour of very low motion periods shall
be captured as accurately as possible. The high temporal discretisation
results in a very high wake resolution at the chosen wake length
(approx. four rotor diameters). This is tackled by three wake coarsening
stages in panMARE, where two neighboured wake panels are merged
together in tangential direction. In OpenFAST FVW, a reduction of
wake panels could be reached by using the far wake model, where the
vortices in the wake are considered as concentrated tip and hub vortices
only. However, in order to exclude the far wake model as a potential
source for differences between the two lifting line methods, the whole
wake is treated as near wake in OpenFAST FVW. In addition, the free
wake deformation is frozen after 2/3 of a rotor rotation in both setups.

The solver settings of the OpenFAST DBEM model are identical with
the ones published in the repository. They include hub and tip loss
corrections (Prandtl), the unsteady airfoil correction and the dynamic
wake correction. For the unsteady airfoil corrections, the coefficients
A, Ay, by and b, have been estimated for a NACA0012 airfoil [13].
However, these are typically also used for other airfoils. The time con-
stant of the dynamic inflow correction (z,) is estimated by an integrated
formula based on @ye’s approach (see e.g. [38]). All simulations were
performed with a time step size of 0.01 s.

B.2. IEA 22-MW rotor models

All geometry parameters and airfoil characteristics of the IEA 22-
MW rotor were extracted from the definition document [28] and the
official GitHub repository.”® As blades of this particular turbine are
designed with a comparatively small stiffness in the torsional direction,
neglecting blade torsion would lead to a very different aerodynamic
behaviour, especially near rated wind speed. While blade flexibility
shall be excluded from the study, an average twist deviation from the
original blade geometry is applied to the rotor models. In order to meet
the overall aerodynamic behaviour properly with rigid blades, the twist
distribution of the blade is adjusted so that the deformed blade twist
distribution obtained in the fully flexible HAWC2 simulations from the
repository at a wind speed of 7 ms~! is met.

The panMARE setup is, except for the geometry, nearly identical
to the one of the IEA 15-MW rotor. As the rotational speed is a bit
lower in the case of the larger rotor, a slightly lower wake discretisation
of 3.88° is applied, while the other parameters remain approximately
constant. Similarly, the OpenFAST DBEM setup is identical to the one in
the repository (apart form the twist distribution) and the solver settings
from the IEA 15-MW setup were adopted.

24 https://github.com/IEAWindTask37/IEA-15-240-RWT, accessed at April
9th, 2025.

% https://github.com/IEAWindSystems/IEA-22-280-RWT, accessed at April
9th, 2025.
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Appendix C. Extraction of induced velocities

The induced velocity in BEM methods typically only consider ve-
locity components that determine the momentum equilibrium, e.g. an
average value over the rotor annulus or part of it. In contrast to this,
the induced velocity in FVW methods includes all velocities induced
by the wake at the actual blade position. In other words, BEM methods
define the induced velocity based on the influence of the trailing vortex
system, while FVW methods typically incorporate the complete vortex
system including the shed vortices. Therefore, the state of the overall
momentum equilibrium (on an annular ring) can be directly evaluated
using the axial induced velocity in BEM methods. In the case of FVW
methods, the induced velocity also includes velocity fluctuations caused
by the unsteady airfoil and returning wake effect, which do not alter
the overall momentum equilibrium. When using the axial induction as
an indicator for the state of the momentum equilibrium, the definition
used in BEM methods seems more useful. This is especially true when
investigating the dynamic wake effect, as it impacts induced velocities
caused by the trailing vortex system only. Therefore, the rotor averaged
induced velocity is chosen as quantity of interest for the investigations
in Section 4.4. In the case of the FVW method, this is calculated
as follows: The velocity induced by the complete vortex system is
extracted on 10 annular rings, which are located at 0.02 D* behind
the rotor. Their components parallel to the wind direction are then
averaged for every ring in every time step. The rotor averaged axial
induced velocity is than calculated by an area weighted average of the
values corresponding to the annular rings.

Data availability

All used data can be provided on request.
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