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Previous experimental work under controlled conditions on a small scale ﬂoating offshore horizontal axis
wind turbine has shown an increasing amplitude of the cyclic thrust and power generation against tip
speed ratio under the inﬂuence of surge motion. A numerical study is performed using an actuator disc
Navier Stokes model, a Blade Element Momentum model and a Generalized Dynamic Wake model on the
NREL 5 MW reference rotor in order to conﬁrm or reject these observations on a full-scale surging rotor.
The hypothesis was conﬁrmed and the underlying reasons for the observed behaviour were studied on
the basis of the near wake physics. It was found that the analysis of transient effects such as fatigue
cannot be performed without an adequate aerodynamic model of the wake. Characterization of quasisteady and unsteady regimes may be useful to establish when detailed aerodynamic wake models are
necessary.
© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction

1.2. Literature survey

1.1. Background

Experimental work has been undertaken in these last years
including that from the University of Maine (deepCwind) [25]. Of
notable importance are also the European projects WindFloat [19],
Hywind [23] and Sway [1].
These research initiatives were intended to improve the understanding of the fundamental science governing ﬂoating offshore
machines, in an effort to make these technologies commercially
viable in the years to come. The level of knowledge on wake states
for a ﬁxed wind turbine rotor is well established and forms part of
the fundamentals of rotor aerodynamics in various text books
including Hansen [7] and Leishman [12]. Near to mid-wake analysis
of ﬂoating offshore turbines is on the other hand very limited.
Sebastion & Lackner [21] provide some insight on wake dynamics
using a free-wake vortex code. Bekiropoulus et al. [2] performed a
RANS analysis using the FLOWer solver. Wake results are shown in
this work but the relationship between rotor loading and wake
geometry is not investigated.
While the aerodynamics of ﬂoating wind turbines are very
similar to those of offshore wind turbines on ﬁxed foundations,
ﬂow phenomena tend to become more complex as a result of the
lower stiffness offered by ﬂoating structures. The wave-induced
motion of the supporting platform may result in signiﬁcant rotor
motion. The various challenges related to ﬂoating turbines,

In an experiment performed on a model tension leg platform,
ﬂoating offshore wind turbine (OFWT) in controlled conditions
(see Sant et al. [20]) it was observed that at a particular wave
frequency and height, the thrust and power variations with time
increased with increasing tip speed ratio. The tests were performed on a 46 cm diameter two-bladed turbine. The low Re
number resulted in a lack of adaptability of the results to fullscale turbines and hence this observation could not be extrapolated to the full scale scenario. The implications of such an effect
would however be important both from the modelling perspective as well as to the actual design of a full scale offshore ﬂoating
wind turbine. This experimental campaign therefore led to a new
research question e Can the increased peak-to-peak variations in
the thrust and power generation with tip speed ratios be
observed on full scale rotors and what is its cause? This question
motivates the current work.
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including those involving rotor aerodynamics, were highlighted by
Matha et al. [13].
More recently, de Vaal et al. [5] performed a study on the thrust
loading and induction velocities of a surging offshore wind turbine.
The authors make use of moving actuator disc where the loads are
calculated as part of the solution on the basis of momentum theory.
The same methodology is adopted in the current work. Various
surge conditions are investigated and wake plots are also shown.
One of the major conclusions of their work is that the effects of the
variation of induced velocities with time seem to have little effect
on integrated loads and hence current dynamic wake models in
BEM are suitable for global load analysis. This is also consistent with
the work of Farrugia et al. [6].
1.3. Objectives
A research gap in the literature has been identiﬁed in relation to
the rotor performance under different tip speed ratios in surge. A
rigorous study of the physics of surging rotors is still required
before investigating more complex rotor kinematics and different
sea states. The previous experimental studies by the authors [20] of
thrust and power amplitude variations under increasing rotor
loading have led to interesting observations which opened up new
hypotheses. This work seeks to ﬁrst numerically conﬁrm the
experimental observations made on very small scale rotors but in
this case, on a full scale 5 MW rotor. If conﬁrmed, these observations must be intrinsically linked to the wake behaviour. The
methodology used permits to understand the underlying wake
physics which enables this behaviour to occur. This enables rotor
designers to have a better understanding of the additional
complexity which must be considered when surge motion is
present.
2. Methodology
To address the objectives of this work, it was decided to minimize the number of variables as much as possible. To this end, wave
frequency and amplitude are chosen to represent realistic sea
conditions but are kept ﬁxed for the entire study. In addition, the
rotor is assumed to follow a perfectly sinusoidal surge motion with
a ﬁxed amplitude and frequency. The NREL 5 MW reference rotor is
used for consistency with recent work by other researchers in this
area such as de Vaal et al. [5]. Further details on the NREL 5 MW
rotor such as the chord and twist distributions, the blade's aerofoil
section speciﬁcations etc. can be found in Jonkman et al. [8]. A blade
pitch of zero degrees is used throughout this study.
The approach used in this work is based on the solution of the
NaviereStokes equations using a commercial software ANSYS®Fluent 14.0 for a moving actuator disc. The model follows the
methodology of Mikkelsen [16]. The FAST software, developed by
NREL, is used to evaluate the surge amplitude and surge frequency.
These conditions are then used with the moving actuator disc
model. The FAST calculations are also used for comparison purposes
with the actuator disc model on the basis of the conclusions from
de Vaal et al. [5] which conﬁrm the suitability of BEM combined
with dynamic inﬂow engineering models. The actuator disc model
results are then used to investigate the hypothesis put forward in
this work since it provides information on both loading and wake
kinematics. More details on both the actuator disc and the FAST
models used will be given in the next sections.
2.1. Actuator disc model
The actuator disc model by Mikkelsen [16] has been lately
adapted by de Vaal et al. [5] to model ﬂoating offshore wind

turbine aerodynamics. The authors compare results from the
model with BEM based approaches which use various dynamic
inﬂow models. An overall good agreement of both loads and
induced velocities was shown. This highlights, more than anything, the suitability of BEM to model rotors in surge under a
number of surge amplitudes and surge frequencies, at least at the
rated condition. The actuator disc model on the other hand provides information on the complex 3D ﬂow evolution which cannot
be obtained from the BEM method. This is a crucial aspect for the
purposes of this work since an analysis of both lightly and strongly
loaded rotors is somewhat incomplete without detailed information on the wake behaviour.
The actuator disc is modelled using an axisymmetric formulation with the turbine axis used as the axis of axisymmetry. The
axisymmetric version (in cylindrical coordinates) of the continuity
and Navier Stokes equations are shown next with x being the axial
coordinate, r the radial coordinate and q the azimuthal or swirl
angle.
Continuity:
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Radial (r) momentum:
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Swirl (q) momentum:
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In the above equations, r ¼ density, u ¼ velocity, m ¼ dynamic
viscosity and t ¼ time. The subscripts x, r and q indicate quantities
in the respective directions. The terms symbolized by f are the
body force vector components in N/m3. This force vector represents the forces acting on the air by the actuator disc and is hence
given by:

f ¼ fx ex þ fr er þ fq eq

(5)

The force per unit radius is thus given by:

F ¼ 2prfdz

(6)

where dz is the elemental thickness of the disc. This force can be
obtained by using a momentum balance on every rotor blade
element in both the axial and swirl directions with the assumption
that the ﬂow occurs in streamtubes along the rotor disc with no
radial ﬂow or interaction and hence with Fr ¼ 0. This is the basis of
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ac ¼

a
Fð1  aÞ þ a

(19)

(7)

a0c ¼
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(20)

(8)

The force per unit volume can thus be found from eqn. (6) as
follows:

the BEM method. The axial induction factor a and the tangential
induction factor a0 are deﬁned as follows:

a¼1

a0 ¼

ux
U∞

uq
rU

where the velocities ux and uq are the velocities which are intrinsically calculated as part of the solution iteration.
The normal and tangential components of the forces can be
found using the blade aerofoil lift (corrected for stall delay) and
drag characteristics which can be found in Jonkman et al. [8]. To
do this, the angle of attack needs to be established by calculating
the relative inﬂow angle to the blade. Since the relative velocity
is required, the surge velocity of the rotor u(t) needs to be
included.

tan f ¼

ux  uðtÞ
rU þ uq

(9)

The angle of attack is given by

a ¼ f  qp  qt

(10)

where qp is the blade pitch and qt(r) is the blade twist which is a
function of blade radius. For this study, the blade pitch is taken as
zero. The angle of attack is used to obtain the lift and drag coefﬁcients CL and CD respectively. The relative velocity to the blade is
given by
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which gives a lift and drag force per unit span of
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This force vector can be used in the Navier Stokes equation
directly if it were not for the intrinsic discontinuity which is created
by the presence of the disc. This issue is thoroughly discussed in
Mikkelsen [16] and Sørensen et al. [22] and later by de Vaal et al.
[5]. The authors propose to attenuate this discontinuity by convoluting the force with a gaussian function in one-dimension. This
enables the force to be distributed axially hence minimizing the
spatial discontinuity. The one-dimensional gaussian can control the
extent of the spread or blurring of the force by means of the regularization parameter ε as follows:

1
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The choice of the scaling factor εi should be 1(εi (4 as suggested by Mikkelsen [16]. de Vaal et al. [5] quote 1(εi (2. In this
work, a value of εi ¼ 2:5 (for a cell size of Dx ¼ 0.5 m) is found
suitable to prevent any effects of discontinuity. The convoluted
force therefore becomes
*
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The corrected axial and tangential induction factors are given by

(24)

The equations are solved for every time step and the rotor surge
position xd is updated every time using a sinusoidal variation as
follows:

xd ðtÞ ¼ XsinðutÞ

(25)

The rotor velocity is hence

uðtÞ ¼ x_d ðtÞ ¼ XucosðutÞ
(15)

(22)

where xd(t) is the disc position as a function of time. It must be
noted that the regularization parameter ε can be considered as the
scaling of the cell size in the axial direction Dx such that

∞

The rotor thrust is given by BFx while the rotor torque is given by
BrFq where B is the number of blades.
To correct for the ﬁnite number of blades, the Prandtl [3] model
is used for the root and the tip.

Ftip ¼

f¼

f ¼ fh ¼

where c is the chord.
The axial and tangential force components can be found by
decomposing the lift and drag forces as follows.

Fx ¼ Lcos f þ Dsin f
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(26)

where X is the surge amplitude and u is the surge frequency in
rad/s.
2.2. The Blade Element Momentum (BEM) and Generalised
Dynamic Wake (GDW) models implemented in FAST
The Fatigue, Aerodynamics, Structure and Turbulence (FAST)
code is an open-source code developed by the National Renewable Energy Laboratory (NREL) for integrated design of wind
turbines, including OFWTs. FAST v7 was used in the present study.
It is capable of undertaking fully-coupled non-linear aeroehydroeservo-elastic simulations in a time domain [9] through the
integration of aerodynamics models, hydrodynamics models for
offshore structures, control and electrical system (servo) dynamics models, and structural (elastic). FAST has been extensively
used in the analysis of the loads and structural dynamic
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characteristic of the ﬂoating NREL 5 MW reference turbine
installed on different support platform types [10,8,14]. AeroDyn is
the aerodynamics module in FAST for modelling the rotor blade
aero loads and wake effects. Two different aerodynamic models
may be used: (a) the Blade Element Momentum model which is
based on equilibrium wake assumptions and does not account for
dynamic inﬂow effects. Correction for blade tip and root effects
are accounted for through the Prandtl tip/root loss model. (b) the
Generalised Dynamic Wake (GDW) model that accounts for wake
dynamic inﬂow effects as a result of changes in the blade angles
of attack or wind speed relative to the rotor. This method, originally developed for helicopter aerodynamic analysis, was applied
by Suzuki [24] for wind turbine rotors. It adopts a potential ﬂow
solution of the Laplace equation with unsteady pressure distributions applied across the rotor disk to derive the temporal and
spatial variations of the rotor wake ﬂow. The GDW method suffers
from two limitations: (a) it is only applicable for low tip speed
ratios in which the rotor axial thrust is not large [11], and (b) it is
incapable of modelling the tangential component of the induced
velocities from the wake. Consequently, AeroDyn automatically
switches to the BEM method at windspeeds below 8 m/s.
Furthermore, the BEM method is still used for computing the
tangential induction given that the GDW method cannot determine this parameter. A more detailed description of the BEM and
GDW models implemented in AeroDyn may be found in the
theory manual [15]. For the purpose of this work, both the BEM
and GDW models are used.
2.3. Simulation conditions
Simulations were performed for various steady (ﬁxed rotor)
and surging conditions. For validation purposes, the AD model
results were compared with those from the BEM model. With the
FAST computations, only surge motion was activated. The other
ﬁve degrees of freedom were locked thus maintaining the same
kinematics of the AD model. The rotor blade coning and the shaft
tilt angles were set to zero degrees. Furthermore, the rotor blades
and tower were assumed to be rigid by de-activating their degrees
of freedom. For the ﬁxed rotor case, simulations were performed
for various tip speed ratios including l ¼ 4, 7 and 11. The wind
velocity was maintained constant throughout all the cases at
11.4 m/s (the rated wind speed). The blade pitch was maintained at
zero degrees.
For the transient conditions, the BEM, GDW and AD models
were used for tip speed ratios of 4, 7 and 11. The simulation conditions are summarized in Table 1. In the FAST model (both BEM
and GDW), the wave amplitude and wave height are speciﬁed for
various tip speed ratios such that the platform surge amplitude
remains the same (1.02 m) for all three tip speed ratios. The reason
for this is to have a comparison of the resulting rotor behaviour
which is under the same surge condition. It is found that the
platform surge motion has the same frequency as the regular sea
wave frequency. This is also kept the same throughout all the three
cases. It must be noted that the surge motion was also obtained
with the GDW model, yet the maximum surge only deviated by less
than 2.5% of that predicted using the BEM model.

3. Veriﬁcation and validation of the actuator disc model
3.1. Veriﬁcation
For each computation, it was ensured that iterative convergence
was attained with residuals reducing below 106.
A study on the CFD actuator disc model mesh independence was
also carried out using the Grid Convergence Index (GCI) method
which is based on the Richardson extrapolation ﬁrst exposed by
Richardson [17]. The guidelines provided by Roache et al. [18] and
Celik et al. [4] are adopted. A full description of the method can be
found in the Appendix section. The rated turbine condition at l ¼ 7
is considered for this study. Three grades of mesh reﬁnement are
used as explained in the Appendix. The values of the reﬁnement
levels are h1 ¼ 29.3 m, h2 ¼ 37.8 m and h3 ¼ 49.6 m. Five interrogation points are arbitrarily used at different locations in the ﬂow
ﬁeld in order to ﬁnd the Grid Convergence Index at these locations.
The axial velocity is considered in this analysis such that f1 ¼ ux1 ,
f2 ¼ ux2 and f3 ¼ ux3 . Table 2 shows various quantities of interest
including the grid convergence index for all points considered from
A to E. The coordinates are also shown in Fig. 1. Values of the GCI all
fall below 3% which is acceptable for this work. This ensured that
the level of grid reﬁnement is enough to ensure that the solution is
independent of the grid size.
3.2. Reynolds number effects
The ﬂow in this scenario is inviscid to a good approximation.
Nonetheless for improved solution stability, diffusive terms should
be kept (Sørensen et al. [22]). The Re number based on the rotor
radius is deﬁned as:

Re ¼

U∞ R
n

(27)

where n is the kinematic viscosity. Mikkelsen [16] and Sørensen
[22] discuss the effects of the Re number in the use of actuator disc
models. These authors prove that the solution does not change
appreciably for Re > 1000. Beyond Re ¼ 5000 there is practically no
change in the solution. de Vaal et al. [5] make use of Re ¼ 5000 for
their computations but no indication is given as to whether this
choice is sufﬁcient for the transient, surging situation. In this study,
both the ﬁxed rotor and the surging rotor case were tested at
various Re numbers. It was conﬁrmed that for Re > 1000 the solution does not change appreciably. The effect on CP is found to be
less than 1% for both the ﬁxed and surging rotor cases. An Re of
5000 was therefore used for all simulations.
3.3. Comparisons with the FAST models
The thrust and power coefﬁcients for the ﬁxed rotor base case
are compared between three models in Figs. 2 and 3. The agreement at low tip speed ratios is excellent. At the optimal tip speed
ratio of 7, the difference between the AD and the other models is
still very good for the thrust coefﬁcient but differs slightly for the
power coefﬁcient. With increasing tip speed ratio, the wake

Table 1
Simulation speciﬁcations for surge oscillations with the rotor operating at different tip speed ratios.
Simulation

Platform

Wind
speed [m/s]

Wave
amplitude [m]

Wave height [m]

Wave period [s]

TSR

Omega [RPM]

Platform surge
amplitude [m]

1
2
3

Floating
Floating
Floating

11.4
11.4
11.4

2.2
2.15
2.125

4.4
4.3
4.25

9
9
9

4
7
11

6.91
12.09
19.01

1.02
1.02
1.02
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Table 2
Grid convergence analysis results.

ux1
ux2
ux3
Relative error
Extrapolated relative error
Fine GCI
P

A (10 m, 60 m)

B (200 m, 60 m)

C (10 m, 20 m)

D (200 m, 20 m)

E (30 m, 70 m)

6.57
6.66
6.71
1.37%
1.40%
1.72%
2.72

4.66
4.63
4.70
0.64%
1.99%
2.53%
1.09

8.00
8.01
8.06
0.12%
0.04%
0.05%
5.79

5.83
5.81
5.86
0.34%
0.25%
0.31%
3.43

10.52
10.51
10.52
0.04%
0.02%
0.03%
3.90

Fig. 1. Positions of the interrogation points A to E used in the grid convergence
analysis.

Fig. 2. Thrust coefﬁcient against tip speed ratio comparison between various models
for the ﬁxed rotor case.

induced effects are increased and hence the detail of the ﬂow
physics becomes more important. For this reason, the AD model
result is expected to be more accurate than the BEM or GDW
models. At even higher tip speed ratios, the differences between
the models, for both CT and CP increased further as expected. The
GDW model calculation failed at a tip speed ratio of 13 and hence
the result is not shown in Fig. 2.
4. Results
4.1. Wake kinematics
Fig. 4 shows contour plots of the resulting vorticity ﬁeld during
different time instances of 0T, ð1=4ÞT, ð1=2ÞT and ð3=4ÞT where T is

Fig. 3. Power coefﬁcient against tip speed ratio comparison between various models
for the ﬁxed rotor case.

the surge period (9 s). The plane shown is that which is aligned
with the free stream. The results are given for the three tip speed
ratios considered. In all contours, the vorticity is normalized by the
maximum vorticity at every time instant in the entire ﬂow ﬁeld.
For a tip speed ratio of l ¼ 4, the vorticity downstream of the
rotor travels with little radial movement. The root and tip vortex
tubes are clearly visible but some vorticity is observed to be
released at two distinct radial positions of 0.4R and 0.71R. These
positions correspond to the change in aerofoils occurring along the
blade of the NREL rotor from DU30 to DU25 and from DU61 to
NACA64 respectively. This trailing vorticity exhibits the same
characteristics as the tip vortex with very slight radial oscillatory
motion.
At the rated tip speed ratio of l ¼ 7, the wake expansion is larger,
as is the case with the ﬁxed rotor condition. The radial motion of
the tip vortex tube is rather similar to the low tip speed ratio case e
the radial oscillations are rather small. The trailing vorticity
released from the mid-board regions of the rotor now includes
vorticity from the 0.5R region which corresponds to the transition
from the DU25 to the DU21 aerofoils. The trailing vorticity appears
as discrete regions showing the intermittency of their strength. This
variation in vorticity magnitude with time is expected and is due to
the varying rotor loading as a result of the surging motion. The tip
vortex vorticity, although not clearly visible from the contours, also
exhibits such an intermittent behaviour in the vorticity. This will be
discussed at a later stage.
At the high tip speed ratio of l ¼ 11 the wake becomes unstable
after just 1R downstream. The turbulent wake state prevails in this
condition. A more visible expansion and radial oscillatory motion
can be observed. In addition, relatively strong trailing vorticity can
be observed at all transition locations of the aerofoil section and a
mid-board vorticity sheet can be discerned which travels downstream and interacts with the tip vorticity.
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Fig. 4. Contour plots of vorticity evolution with time at the 0T, 0.25T, 0.5T and 0.75T where T is the surge period. In the ﬁgures, x represents the axial coordinate while y represents
the radial coordinate. Results are shown for l ¼ 4, 7 and 11.

A close examination of the streamlines is shown in Fig. 5. Again
the results are shown for different time instances and for the three
tip speed ratios. In this case, the ﬁxed rotor condition streamlines
are superimposed in all plots using a different colour. This allows a

direct comparison of how the streamlines of the transient case
differ in time with the ﬁxed rotor case. It is apparent that for the tip
speed ratios of l ¼ 4 the differences between the streamlines is very
small and practically negligible. At l ¼ 7, the differences are still

Fig. 5. Flow stream line comparison between the ﬁxed rotor case (red) and surging case (black). Results are shown for time instances of 0T, 0.25T, 0.5T and 0.75T where T is the surge
period. The cases corresponding to l ¼ 4, 7 and 11 are given. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this
article.)
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small and it is difﬁcult to discern the differences from the ﬁxed
rotor case. On the other hand, at l ¼ 11, the streamlines, both upstream and downstream, differ substantially indicating a higher
variability in the loads. This will be investigated further in the next
section.
4.2. Rotor thrust and power extraction
The thrust and power performance with time for the different
tip speed ratios are considered here for the transient case. The results from the AD model and the FAST-BEM, FAST-GDW models are
compared and are shown in Figs. 6 and 7 for the thrust coefﬁcient
and the power coefﬁcient respectively. Three consecutive surge
oscillations of period T are shown. For each of the ﬁgures, the CT and
CP scales are maintained the same for every tip speed ratio in order
to be able to compare the peak-to-peak variations between the
different tip speed ratio conditions.
The thrust coefﬁcient for l ¼ 4 shows small peak-to-peak variations in time and the AD and FAST models compare very well,
further increasing the conﬁdence in the AD model results. At l ¼ 7
the peak-to-peak variations increase. This is conﬁrmed by the AD
model and the two FAST aerodynamic models. Nonetheless, as
expected, the FAST-BEM model underestimates the peak-to-peak
thrust coefﬁcient. On the other hand, the FAST-GDW has a good
prediction of the variation amplitudes but not the average CT. For
the case of l ¼ 11, the peak-to-peak variations continue to increase
but the discrepancy between the AD and FAST-BEM model increases further. The FAST-GDW model over-estimates the average
CT again.
For the power coefﬁcient results of Fig. 7, the same trends can be
observed. The peak-to-peak CP increases with increasing tip speed
ratio and the discrepancy between the AD and FAST-BEM approach
increases. Again, the amplitudes observed with the FAST-GDW
model compare well with those of the AD but the mean CP is
over-predicted at the higher tip speed ratios. The peak-to-peak
variations are summarized in Table 3.
These results are a numerical afﬁrmation of the experimental
results obtained by Sant et al. [20]. They also conﬁrm the hypothesis
addressed in this work meaning that a surging rotor will experience
higher peak-to-peak thrust and power variations as the tip speed
ratio is increased. The peak-to-peak variations as a result of the
varying relative wind velocity U∞ þ uðtÞ are relatively small for the
surge amplitude considered. The wake effects therefore tend to
dominate the thrust and power variations (at least for the surge
amplitude being considered). It is therefore important to analyse
the vorticity ﬁeld further and the resulting ﬂows which characterize the ﬂoating offshore wind turbine in surge.
4.3. Released vorticity
The contour plots of vorticity shown in Fig. 4 provide insight on
the general wake behaviour downstream of the rotor. The variations of the vorticity magnitude in time are better studied by
considering the maximum vorticity at a particular downstream
plane perpendicular to the rotor plane. The position at 5 m is
chosen to avoid the inﬂuence of the rotor and to ensure that the
streamtube is not broken down due to viscous dissipation. The
maximum vorticity at the 5 m downstream line is extracted. The
results are given in Fig. 8 for various tip speed ratios. Vorticity
against dimensionless time is plotted in Fig. 8a. The maximum
vorticity at this downstream position is also found for the ﬁxed
rotor condition and used to normalize the vorticity of the surging
condition at the corresponding tip speed ratio. This is shown in
Fig. 8b. As expected, the vorticity mean increases with increasing
tip speed ratio. In addition, an increase in the amplitude of the

Fig. 6. Thrust coefﬁcient variation with dimensionless time for three consecutive rotor
revolutions as obtained from the AD and the FAST models. Results for tip speed ratios
of l ¼ 4, 7 and 11 are shown.

vorticity wave-form can be observed at the high tip speed ratio.
This is the cause underlying the increased variation in rotor loading
with increasing tip speed ratio. The normalized vorticity shows a
clear phase shift between the different waveforms due to the
different transport velocity of vorticity as a result of different wake
self-induced velocities. The magnitude of the released vorticity will
inﬂuence the resulting inductions which ultimately determine the
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Fig. 8. Maximum vorticity at 5 m downstream for three consecutive surge oscillations
at tip speed ratios of l ¼ 4, 7 and 11. This maximum vorticity is also shown normalized
with the maximum vorticity of the ﬁxed rotor condition (where z=zsteady ¼ 1 is the case
where the vorticity is equal to the ﬁxed rotor case).

rotor loads and power. The axial and tangential inductions will be
analysed next since these have a direct bearing on the equations
governing the actuator disc loading.
4.4. Wake inductions

Fig. 7. Power coefﬁcient variation with dimensionless time for three consecutive rotor
revolutions as obtained from the AD and the FAST models. Results for tip speed ratios
of l ¼ 4, 7 and 11 are shown.

The axial and tangential induction factors at the rotor midradius and 5 m downstream are shown in Figs. 9 and 10 respectively. The deﬁnitions of the induction factors are given in eqns. (7)
and (8). The waveforms conﬁrm the observations made on the
vorticity plots and show an increasing amplitude with increased tip
speed ratio. The ﬁxed rotor results are also plotted. For the axial
induction factors, at a tip speed ratio of 4, there is no observable
difference between the mean wave-form of the surging case and
the ﬁxed rotor case. At the higher tip speed ratios of 7 and 11, the
mean of the surging cases is lower from the ﬁxed rotor induction by
0.0056 and 0.011 respectively. In the case of the tangential

Table 3
Peak-to-peak thrust and power coefﬁcient variations with tip speed ratio from the AD and FAST models.
TSR

DCT AD

DCT FAST (BEM)

DCT FAST (GDW)

DCP AD

DCP FAST (BEM)

DCP FAST (GDW)

4
7
11

0.02
0.12
0.20

0.02
0.07
0.09

0.02
0.11
0.20

0.02
0.16
0.22

0.02
0.09
0.10

0.02
0.15
0.21
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case. For l ¼ 7 the increase is 2.2% while more noticeably, for l ¼ 11,
the increase is by 10%.
4.5. Wake expansion

Fig. 9. Comparison of axial induction factors against time at various tip speed ratios.
The ﬁxed rotor base case is also shown. Results are shown at the rotor mid-radius at
5 m downstream.

Although the speciﬁcation of the AD loading does not include a
formulation of the lateral radial loads acting on the actuator disc as
a result of its thickness, the radial ﬂow component determines the
wake expansion. The maximum radial velocities at the same
downstream location of 5 m are shown in Fig. 11. In this case, the
maximum velocity is shown in order to indicate the extent of the
expansion, rather than just taking the ﬂow at a particular coordinate. Fig. 11a shows the radial velocity while Fig. 11b shows the
radial velocity normalized with the steady state radial velocity. The
average radial velocity for the transient case is lower than 1
meaning that it is lower than the ﬁxed rotor condition. The variations are again conﬁrmed to increase with increasing tip speed
ratio also reﬂecting the observations made for the rotor loads and
the induced velocities. Another reason for the lack of agreements
in the peak-to-peak variations between the AD and the FAST results relates to the limitations of the FAST models in capturing the
effects induced by wake expansion. These variations in radial ﬂow
and hence wake expansion, further increase the peak-to-peak
loading exhibited by the rotor. The higher level of vorticity and
hence circulation means that the ﬂow exhibits a higher magnitude

Fig. 10. Comparison of tangential induction factors against time at various tip speed
ratios. The ﬁxed rotor base case is also shown. Results are shown at the rotor midradius at 5 m downstream.

induction factors, the opposite situation occurs. For l ¼ 4 there is
practically no difference between the ﬁxed rotor tangential induction factor and the mean value in the surging case. For l ¼ 7 the
mean tangential induction factor is 3  104 higher. On the other
hand, for l ¼ 11 the mean of the surging case is 7.1  104 higher.
The surge motion therefore tends to result in lower mean axial
induction factors and higher tangential induction factors as the tip
speed ratio is increased. The difference of mean inductions is also
reﬂected on the mean thrust and power coefﬁcients compared to
the ﬁxed rotor case. Differences are however marginal.
For the case of l ¼ 4 the mean and the ﬁxed values of the thrust
and power coefﬁcients in Table 4 are practically the same. For l ¼ 7
and l ¼ 11, the thrust coefﬁcient for the ﬁxed rotor case is lower (for
l ¼ 7 by 0.8%). For these tip speed ratios, the power coefﬁcient for
the surging case shows a higher mean compared to the ﬁxed rotor

Table 4
Differences between mean thrust and power coefﬁcients (CT,m and CP,m respectively)
compared to the ﬁxed rotor cases. These results were obtained using the AD
simulations.

l¼4
l¼7
l ¼ 11

CT ﬁxed

CT,m surging

CP ﬁxed

CP,m surging

0.359
0.727
0.889

0.358
0.733
0.918

0.214
0.458
0.352

0.213
0.468
0.387

Fig. 11. Maximum radial velocity at 5 m downstream for three consecutive surge oscillations at tip speed ratios of l ¼ 4, 7 and 11. The radial velocity is also normalized
with the maximum radial velocity of the ﬁxed rotor condition (where Vr/Vr,steady ¼ 1 is
the case where the radial velocity is the same as for the ﬁxed rotor case).
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variation as the tip speed ratio is increased, thus leading to higher
peak-to-peak variations in the rotor loads with increasing tip
speed ratio.
4.6. CT e a relationship
A thrust coefﬁcient against axial induction factor shows the
relationship between the axial induced wake effects and the corresponding dimensionless thrust loading. The surging cases results
from the AD model are plotted and compared to the ﬁxed turbine
case and shown in Fig. 12. The axial induction factor is here deﬁned
again at ð1=2ÞR and 5 m downstream. In such a diagram, the
transient variations in CT and a will appear as loops with dimensions corresponding to the amplitude of variation of CT and a.
The orientation is determined by the phase difference between CT
and a. The characteristics of these loops are to a large extent
dependent on the choice of the probing position for the determination of a. Nonetheless the information depicted in the diagram
will give an indication of the level of unsteadiness that different tip
speed ratios create (using the same surge kinematics throughout).
The results shown in the ﬁgure conﬁrm that at tip speed ratio 4,
the behaviour is quasi-steady. On the other hand, at tip speed ratios
of 7 and 11 the dimensions of the loops increase indicating a more
unsteady behaviour.
5. Discussion
Increasing the operating tip speed ratio results in a streamtube
of higher vortex strength. The effect of this is to increase the
amplitude variations of the ﬂow inductions in the axial, radial and
swirl directions. In the case of surge, the high vortex tube strength
associated with high tip speed ratios, not only increases the inductions, but also increases the amplitude variations of the induced
velocities, giving rise to increased amplitude variations in thrust
forces and power generation.
In the AD model, only the rotor loads in the axial and swirl
direction are calculated. Nonetheless, these ﬂow components are
dependent on the radial ﬂow component through the NS equations. Hence the wake expansion inﬂuences the variation occurring
in the axial and swirl directions. In BEM, no consideration is given
to radial ﬂows. This leads to an underestimation of the peak-topeak variations found from BEM approaches. The GDW model
was conﬁrmed to give good comparisons of the peak-to-peak
variations with the AD model. De Vaal et al. [5] provide a very

important conclusion regarding the fact that the dynamic wake
models can be suitably adopted for BEM modelling of a surging
rotor. Their studies have however also conﬁrmed the inability of
BEM to capture the peak-to-peak variations appropriately as
compared to the AD model. This paper indicates that the problem
is even more important when investigating off-design tip speed
ratios. The wake physics have a direct impact on the peak-to-peak
variations of thrust and power. This is particularly true when
dealing with rated and above rated tip speed ratios. In such conditions, even the GDW fails to give good agreement of the mean
quantities of CT and CP with the AD model. At low tip speed ratios,
the unsteady behaviour is very much reduced as shown in Fig. 12.
In these conditions, BEM and GDW would seem to still provide
correct results. In the case of the latter, this is not because BEM
provides a good representation of the unsteady aerodynamics but
rather due to the fact that the unsteady effects created by the wake
reduce dramatically.
The ﬁndings in this work support the experimental observations
presented in Sant et al. [20] and Farrugia et al. [6] which were
carried out on a small model rotor. An analysis of how the thrust
and power amplitudes vary with wave amplitude and frequency is
also given in these papers. A more complete analysis of the NREL
rotor is required which includes the effect of wave frequency and
amplitude to further conﬁrm the experimental trends which were
observed.
The mean power and thrust coefﬁcients of a surging rotor show
some differences from the ﬁxed rotor case at the rated tip speed
ratio and l ¼ 11. The mean power coefﬁcient in these cases is better
but this should not be misleading to suggest a better overall power
performance. On the other hand, it is clear that the mean thrust
coefﬁcient increases which is detrimental to the surging rotor.
These conclusions apply for the surge amplitude and frequency
considered in this study.
The unsteady variations in thrust and power are very clear and
increase even further at higher tip speed ratios commonly associated with the turbulent wake state. These variations are of particular interest to the structural and electrical design of the turbine. In
terms of the thrust variations on the blades, the fatigue performance will deteriorate substantially when the turbine is operated
in its rated conditions. On the other hand, power extraction will
need to be appropriately considered by means of suitable power
electronics. In addition, these ﬁndings can provide insight on how
to manage power production from a turbine. To reduce unsteady
effects on the blades, it would be ideal to operate at low tip speed
ratios, particularly if there is not much demand in power output in
order to reduce fatigue effects on the blade.
6. Conclusion

Fig. 12. Comparison of tangential induction factors against time at various tip speed
ratios. The ﬁxed rotor base case is also shown. Results are shown at the rotor midradius at 5 m downstream.

An axisymmetric AD model has been used to model the NREL
5 MW horizontal axis wind turbine exhibiting surge only motion.
The formulation follows that proposed by Mikkelsen [16] and de
Vaal et al. [5]. Results for thrust coefﬁcient and power coefﬁcient for
the ﬁxed rotor case were compared to the FAST code results
computed with both the equilibrium BEM and unsteady GDW
models and showed very good agreement up to the rated tip speed.
As expected, discrepancies were found at higher tip speed ratios
owing to the onset of the turbulent wake state.
The AD model was used for the surging rotor at different tip
speed ratios at constant surge amplitude (1.02 m) and frequency
(0.11 Hz) which was determined by means of the FAST algorithm.
This allowed for a comparison of the effects of tip speed ratio on the
rotor loads and power production. The thrust and power coefﬁcients as a function of time were compared with the FAST algorithm results. Results for low tip speed ratios agreed very well. At
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the rated tip speed ratio of 7 the agreement in the mean thrust and
power coefﬁcient agreed quite well (as was the case with the ﬁxed
rotor condition) but the amplitude of the variations did not. At
higher tip speed ratio, the agreement in both mean and amplitude
reduced further. The amplitude of the variations in the thrust and
power coefﬁcient increased with increasing tip speed ratio. This
conﬁrms the main hypothesis of this paper.
To understand the underlying physics, an analysis of the
vorticity variations was considered. The vorticity magnitude increases with increasing tip speed ratio. This is a well known fact for
ﬁxed rotors. For surging rotors, the amplitude of the vorticity variations due to the surge motion of the rotor increases as well. The
induced velocities in the axial, swirl and radial directions followed
the same trend. The axial and swirl velocities are used to calculate
the thrust and torque acting on the actuator disc. The radial velocity
is however linked indirectly to the resulting loads due to its
coupling in the NS equations. A wake expansion and contraction
was in fact observed in contour and stream line plots. This effect
cannot be captured in a BEM approach and these contribute to the
resulting discrepancies in amplitude of both thrust and power coefﬁcients. While the conclusions of de Vaal [5] are true regarding
the suitability of BEM when dynamic wake models are used, these
apply for the wave conditions used for their work. From the current
study, it is suggested that the BEM approach is only adopted in
situations where mean quantities are required or when the situation is quasi-steady as is the case for low tip speed ratios and low
wave amplitudes. For rated and high tip speed ratios, BEM does not
resolve peak-to-peak variations appropriately, one of the reasons
being that wake expansion and contraction are not modelled. The
GDW model on the other hand was found to give good comparisons
of the peak-to-peak variations with the AD model. On the other
hand, the comparisons of the mean quantities are not that good. A
kinematic model which requires the load calculation from an
aerodynamic model requires a good description of the wake as is
done in the AD model or for instance a free wake vortex wake
model such as that by Sebastian [21].
The scope of this paper has been limited to the investigation of
the rotor operating under ﬁxed surge conditions and varying tip
speed ratios. The unsteady effects have been mostly emphasized at
the rated condition and above. It is however to be expected that
such a conclusion will vary depending on the surge amplitude and
frequency. Future work is necessary to establish an operating
regime which can distinguish between quasi-steady and unsteady
operation.
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Appendix
Grid convergence index method
Let the quantity h represent the level of reﬁnement. Celik et al.
[4] gives the following value for h:

"

n
1 X
h¼
ðDVi Þ
N i¼1

#1
3

(28)

where N is the number of elements and DVi is the volume of the
element (for this axisymmetric case being 2priDriDxi where Dr and
Dx are the radial and axial cell dimensions respectively). A reﬁnement factor rh is deﬁned such that rh ¼ hcoarse/hﬁne. The method is
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employed on three grids (1,2 and 3) where h1 < h2 < h3. The
reﬁnement factors between grids are deﬁned as rh,21 and rh,32 The
study is carried out for some parameter f which in this case is taken
to be the maximum normal and tangential forces and the velocities
at varies points. Let ε21 ¼ f2  f1 and ε32 ¼ f3  f2 then

  
!
p
 ε 
rh;21  s 
1
  32 


þ ln p
p¼
ln

ln rh;21  ε21 
rh;21  s 

(29)

where p is the apparent order and s is deﬁned as:

 
ε
s ¼ sgn 32
ε21

(30)

Eqn. (29) should be solved numerically for p. This is then used to
ﬁnd the extrapolated value for f:
p

f21
ext ¼

rh;21 f1  f2
p
rh;21
1

(31)

The relative error and the extrapolated relative error are hence
deﬁned by:



f1  f2 


e21
¼
a
 f


(32)

1

e21
ext



f21  f 
 ext
1
¼


 f21
ext

(33)

The ﬁne grid convergence index is deﬁned as:
21
GCIfine
¼

1:25e21
a
 100%
p
rh;21
1

(34)
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