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ABSTRACT

Large-eddy simulations (LES) were used to predict the neutral atmospheric boundary layer over a sparse and a dense forest,
as well as over grass-covered flat terrain. The forest is explicitly represented in the simulations through momentum sink
terms. Turbulence data extracted from the LES served then as inflow turbulence for the simulation of the dynamic structural
response of a generic wind turbine. In this way, the impact of forest density, wind speed and wind-turbine hub height on the
wind-turbine fatigue loads was studied. Results show for example significantly increased equivalent fatigue loads above
the two forests. Moreover, a comparison between LES turbulence and synthetically generated turbulence in terms of load
predictions was made and revealed that synthetic turbulence was able to excite the same spectral peaks as LES turbulence
but lead to consistently lower equivalent fatigue loads. Copyright © 2016 John Wiley & Sons, Ltd.

KEYWORDS

fatigue loads; wind turbine; forest canopy; large-eddy simulation; atmospheric turbulence

Correspondence

L. Davidson, Chalmers University of Technology, Applied Mechanics, SE-41296 Gothenburg, Sweden.
E-mail: lada@chalmers.se

Received 4 May 2015; Revised 6 November 2016; Accepted 9 November 2016

1. INTRODUCTION

Forest regions are becoming an increasingly interesting environment for the placement of wind turbines. It is often easier
to develop a wind park in a forest region than for sites near residential areas, as the forest helps to mitigate the visible
and audible effects of the wind turbines. Consequently, permits for developing a wind park are often more easily granted
for forest regions. Usually, the wind resource above forests provides for poor wind-power production, as mostly low wind
speeds are encountered. However, wind-turbine towers of 100 m or more allow for effective wind-turbine operation even
in this environment. Additionally, maintenance and grid connection are simplified compared with offshore wind parks,
owing to existing infrastructure. Unfortunately, the wind resource above forests is characterized by strong turbulence and
large wind shear, imposing strong fluctuating aerodynamic loads and strong cyclic loading on the turbines. Since design
criteria for modern wind turbines are not adapted to forest conditions, the strong loading is expected to negatively influence
the fatigue life of modern wind turbines. In order to avoid much wind-turbine downtime, it is necessary to understand the
implications of the forest-induced loads on the turbine.

Traditionally, the wind-turbine fatigue life has been investigated by load simulations based on synthetically gener-
ated turbulence. However, the International Electrotechnical Commission (IEC) guidelines1 for example require rather
simplified inflow turbulence characteristics compared with real-life atmospheric boundary layers (ABL). Only neutral strat-
ification is considered, along with a power-law velocity profile and a constant wind-shear exponent. In real ABL flows,
the turbulence is usually generated at (or near) the bottom surface and transported upwards. Consequently, the turbulence
intensity decreases with increasing height, while the IEC synthetic turbulence only contains a constant turbulence intensity
over the entire swept rotor area. Furthermore, synthetic turbulence does not account for wind veer (different wind direc-
tions at different heights), while this phenomenon is always present in the ABL and is usually most pronounced in stable
stratification2, 3 ; for a comprehensive review of the typical simplifications of synthetic turbulence, refer to Park et al.4

More advanced synthetic turbulence models have been developed, such as the one proposed by Mann,5, 6 where effects
of complex terrain have also been considered by Mann.7 Chougule et al.8 have included the effects of a forest and thermal
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stratification in terms of a curve-fitting approach. Most recently, Segalini and Arnqvist9 modified the Mann model in order
to account for the effects of thermal stratification. However, as a next step towards more realistic turbulence conditions,
large-eddy simulation (LES) can be considered for the generation of wind turbine inflow field generation. Physical phe-
nomena, such as Coriolis force, thermal stratification, complex terrain (e.g. forest canopies) and height dependence of the
turbulence intensity, are inherently included and will be represented in the simulation results. LES has proven to be a valu-
able tool for the simulation of the ABL under stable,10–12 neutral13, 14 and unstable conditions.13, 15 Even simulations of a
full diurnal cycle have successfully been carried out with LES.16 Moreover, complex terrain in terms of the Askervein hill
was studied by Bechmann and Sørensen,17 and flows in and above forest canopies2, 18–23 have been considered. Despite its
potential, so far only few researchers have attempted to use LES for wind turbine inflow generation. Sim et al.24 focused
on neutral stratification, while Churchfield et al.25 also included the effects of unstable conditions. Stable stratification was
investigated by Park et al.4 While Sim et al.24 and Park et al.4 were saving a database of turbulence fields for use as inflow
for a structural wind-turbine simulator, Churchfield et al.25 employed an integrated approach by coupling LES and the
structural wind-turbine simulator FAST (Fatigue, Aerodynamics, Structures and Turbulence).26

Here, we use LES to compute the air flow over three different types of terrain: a dense forest, a sparse forest and
grass-covered flat terrain. To allow for a comparison between different wind speeds, datasets are extracted from each of
the simulations and scaled to the desired hub-height wind speed. The structural wind-turbine simulator FAST26 is used
to predict the loads on the NREL 5MW reference wind turbine,27 based on inflow turbulence from LES. Eventually, the
influence of the forest and the forest density on the loads is explored, along with an analysis of the impact of the hub-height
wind speed. The assumption that higher wind-turbine towers can be used to reduce the turbulence-induced loads is tested
in Section 4.5.

2. INFLOW TURBULENCE GENERATION

In LES, turbulent structures are distinguished into large, resolvable scales and small, subgrid scales that require modelling.
This distinction is carried out implicitly by the grid and is usually referred to as grid filtering. We solve the incompressible,
grid-filtered Navier–Stokes equations and a transport equation for small, subgrid scales turbulent kinetic energy, which is
used to provide a velocity scale for modelling the smallest eddies. The simulation method is described in detail in Nebenführ
and Davidson.2, 22 As we consider only neutral stratification here, the transport equation for potential temperature is not
solved.

The forest is explicitly included in the simulations through a source term in the momentum equations. Following Shaw
and Schumann,18 this source term reads,

Ff ,i D �CDaf Uui, (1)

where CD denotes a forest drag value set to 0.15,28 af is the vertical leaf-area density of the forest and U is the local
velocity magnitude. A right-handed coordinate system is used, where coordinates x, y and z point in the streamwise, lateral
and vertical directions, respectively.

In order to compare the influence of the forest canopy on the fatigue loads of wind turbines, we carry out three simula-
tions with different forest densities: a sparse forest, a dense forest and a case without forest. Using the empirical model of
Lalic and Mihailovic,29 the leaf-area density profiles, depicted in Figure 1, were generated. The leaf-area density profiles
are computed directly at the grid points. It can be seen that the leaf-area density profiles represent trees with a more dense
crown region and a less obstructed trunk space. In the case without forest, af D 0 for all height levels and consequently
Ff ,i D 0. An overall impression of the forest density is given by the leaf-area index,

A D
Z h

0
af .z/dz, (2)

where h is the canopy height. The three forest density profiles correspond to leaf-area indices of A � 4.3, A � 2.9
and A D 0.0 for the dense, sparse and no forest cases, respectively. The most dense profile is identical to the one that
proved successful in LES for a test site in Ryningsnäs in southeastern Sweden.2, 22 At Ryningsnäs, the forest consists
predominantly of Scots pine trees (Pinus silvestris).30, 31

At the ground, the momentum flux is specified from standard similarity theory; the local wind speed, U D
p

u2 C v2, at
the first vertical grid point, �z=2, is used for evaluation of the surface momentum flux, viz.

�i3,w D �

�
Upar�

lnŒ.�z=2/=z0�

�2 ui.x, y,�z=2/

U
, .i D 1, 2/, (3)
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Figure 1. Leaf-area density profiles used in the three simulations. The symbols indicate the vertical grid points and the respective
leaf-area density values.[Colour figure can be viewed at wileyonlinelibrary.com]

Figure 2. An example of the instantaneous flow field at the hub height and a schematic view of the locations of turbulence extraction
planes ( ).[Colour figure can be viewed at wileyonlinelibrary.com]

where � D 0.41 denotes the von Kármán constant and z0 D 0.001h is the aerodynamic roughness length at the ground
according to Shaw and Schumann.18 The top of the domain is treated as a rigid, frictionless lid, and periodic boundary
conditions are employed in the x-direction and y-direction. It can be seen that the case without forest yields a simulation
of a rough-wall boundary layer over the low aerodynamic roughness specified by z0. With the given canopy height, the
simulated surface represents a grass-covered landscape32, 33 : conditions similar to the ones often found near onshore wind
turbines.4 For the simulations, an incompressible finite-volume based LES code34 is used, which is of second-order accu-
racy in space and time. The simulations are performed on a rectangular domain with dimensions of 2000 � 1000 � 1000
m3. A grid with 384 � 192 � 96 cells is used to discretize the computational domain. The grid spacing is constant in the
horizontal directions with�x D �y D 5.2 m. The forest density varies with height, as depicted in Figure 1, but is assumed
to be homogeneous in the horizontal directions. A canopy height of h D 20 m is used in the simulations throughout
the paper. Ten grid cells are used to discretize the canopy in the vertical direction, yielding a constant grid spacing of
�z D 2 m inside the forest. Above a height of z D 40 m, the cells are geometrically stretched by 4%. In all simulations, a
desired wind speed of 12 m s�1 at 90 m above ground is specified. At each timestep, the large-scale pressure gradient in
the horizontal directions, required to maintain the specified wind speed, is calculated. A constant timestep of �t D 0.2 s is
used in all simulations, which ensures that the Courant number is below 0.5 in the entire domain.

After the simulations have reached their quasi-steady state*, consecutive datasets of a duration of 1000 s are extracted
with a frequency of 5 Hz on cut planes covering the entire swept rotor area of the National Renewable Energy Laboratory

*The quasi-steady state was assessed manually by following the time history of the velocity at several heights (most importantly at the top
of the ABL). As soon as both wind direction and mean wind speed did not change in magnitude anymore, the quasi-steady state is reached.

Wind Energ. (2016) © 2016 John Wiley & Sons, Ltd.
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(NREL) 5MW onshore wind turbine.27 We use cut planes of 41�41 grid points with a spacing of�� D � D 4 m, where
� and  denote the lateral and vertical directions in the local cut plane coordinate system, respectively. The cut planes are
centred around the wind turbine hub height in the vertical and lateral directions.

As a consequence of the Coriolis effect incorporated in the LES, the wind direction changes with height. Here, the cut
planes are extracted perpendicular to the mean wind direction at hub height of the wind turbine, as shown in Figure 2. This
will allow for load calculations free of yaw-angles but still includes the effects of wind veer over a rotor diameter. Fifteen
spatially non-overlapping datasets are extracted simultaneously, with the extraction planes being placed in three rakes with
a displacement of 500 m in x-direction. Each rake contains five side-by-side extraction planes. Even though the datasets
are not overlapping in space, some of them are partly overlapping in time. In order to investigate the effect of hub-height
wind speed on the fatigue loads and to obtain comparable data for the three different cases, the datasets are also scaled
to hub-height wind speeds of 8 and 16 m s�1. With 45 datasets for each of the three forest densities simulated, we are
able to compare 15 datasets per wind speed and forest density. Additional datasets of synthetic turbulence for a hub-height
wind speed of 12 m s�1 are also included in the analysis. These are generated using the TuGEN code,35 which generates
synthetic inflow turbulence based on the Mann model.5, 6 Input parameters are chosen according to the recommendations
given by Chougule et al.8 for the Ryningsnäs test site in neutral stratification. The mean wind profile is described as a
power law with a constant shear exponent of ˛ D 0.42, deduced from the LES (while the IEC standard would require
˛ D 0.21).

3. FATIGUE-LOAD SIMULATIONS USING FAST

The aeroelastic wind-turbine response to the various inflow conditions was simulated using the software FAST26 that is
developed and provided by the NREL. FAST can be employed for analysing two-bladed or three-bladed horizontal-axis
wind turbines, which can be equipped with either a downstream or an upstream rotor. Both onshore and fixed or float-
ing offshore wind turbines can be considered. FAST uses a combined modal/multibody representation of the wind
turbine in the time domain. Rigid and flexible bodies are interrelated with a number of degrees of freedom. Both the
tower, the blades and the driveshaft are assumed to be flexible, while the support platform at the ground and all other
components are assumed to be rigid. The tower and blades are described with the help of linear mode shapes that
need to be calculated a priori. The driveshaft is modelled as a linear torsional spring and damper. The aerodynamic
forces on the rotor are evaluated through a blade-element momentum method and are based on the input flow fields
from the LES. At each timestep, the turbulent inflow plane is updated from the stored LES data. Collective pitch and
variable-speed torque control algorithms are available for the simulation of the wind-turbine dynamic response to the
inflow turbulence.

Structural and material information and airfoil data were taken from the NREL 5MW reference wind turbine in its
onshore configuration,27 which is completely openly available. It is a three-bladed, horizontal-axis wind turbine with an
upstream rotor orientation, delivering a rated power of 5MW. The hub height is 90 m, and the blades have a length of
63 m. The structural information for the turbine is summarized in Table I, and the complete structural and aerodynamical
description is available in Jonkman et al.27

It should be noted here that the fatigue-load simulations are carried out for a total of 930 s. However, the first 330 s are
discarded, which yields 10 min time series. This is carried out in order to ensure that the initial transient has disappeared
from the time histories of the fatigue load.

Table I. Details of the NREL 5MW Reference Wind Turbine.27

Rated power 5 MW
Rotor orientation Upstream
Number of blades 3

Cut-in wind speed 3.0 m s�1

Rated wind speed 11.4 m s�1

Cut-out wind speed 25.0 m s�1

Cut-in rotor speed 6.9 rpm
Rated rotor speed 12.1 rpm
Rotor diameter 126 m
Hub height 90 m
Control Collective pitch control

Variable-speed torque control

Wind Energ. (2016) © 2016 John Wiley & Sons, Ltd.
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4. RESULTS AND DISCUSSION

Here, we consider three typical turbine loads for the analysis: the fore-aft bending moment in the base of the tower
(TBBM), the flapwise (normal to rotor plane) bending moment in the root of one blade (BRBM) and the low-speed
shaft bending moment (LSSBM) around the lateral axis. The latter is taken as a measure for the load on the main
shaft bearing.

4.1. LES flow results

Spatially and temporally averaged LES results for the two with-forest cases are evaluated against field measurements from
southeastern Sweden30 in Figure 3. The normalized wind-speed profiles are presented in Figure 3(a). Both forest densities
are in good agreement with the measurements but deviate from each other above z=h � 7. As expected, the denser forest
leads to a stronger flow retardation inside the canopy.

The normalized vertical momentum flux in streamwise direction is shown in Figure 3(b), and it can be seen that
the two simulated cases overestimate the momentum flux above the forest. From its maximum right above the for-
est, the momentum flux will decay linearly to zero at the upper end of the ABL. The different decay rates indicate
that the boundary-layer height in the simulations is different from the thickness of the ABL in the field measurements.
Additionally, the wind turning due to Coriolis forces may be underestimated in the simulations, which also would lead
to different momentum flux decay rates. Inside the canopy, the momentum sink term (1) makes the momentum flux
vanish rapidly.

Figure 4 shows a comparison of the wind-speed profile and the turbulence intensity obtained from the three simulations.
It can clearly be seen in Figure 4(a) that the wind shear is significant for the forest cases than for the non-forest case.
Moreover, the turbulence intensity is more than doubled by the presence of a forest. Consequently, considerably higher
wind turbine fatigue loads can be expected for the with-forest cases.

(a) (b)

Figure 3. Spatially and temporally averaged simulation results compared with field measurements in southeastern Sweden. (a)
wind-speed profile and (b) momentum flux profile. The black dashed line marks the top of the canopy.[Colour figure can be viewed at

wileyonlinelibrary.com]

(a) (b)

Figure 4. Spatially and temporally averaged results from the three simulations. (a) wind-speed profile and (b) turbulence intensity.
The black dashed line marks the top of the canopy.[Colour figure can be viewed at wileyonlinelibrary.com]

Wind Energ. (2016) © 2016 John Wiley & Sons, Ltd.
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4.2. Comparison of LES turbulence and synthetic turbulence

The direct comparison of two 10 min time series is given in Figure 5(a), showing that, while the large-scale fluctuations
appear similar for both techniques, the synthetically generated turbulence contains more high-frequency, small-scale fluc-
tuations than the time series from LES. Figure 5(b) displays the power-spectral density of the hub-height turbulence for the
two turbulence generation techniques. Both spectra follow a �5=3 decay, but LES turbulence exhibits a significant drop in
energy at frequencies greater than fc � 0.35 Hz, while the synthetic turbulence starts to drop at higher frequencies. The
limiting factor in the LES is the grid resolution in the numerical domain, and here the cut-off frequency can be approxi-
mated by uRMS=�x. As of today, it is not feasible to generate LES turbulence with much higher cut-off frequencies; for
example, a cut-off frequency of 1 Hz would require grid refinement by a factor 25 in the horizontal plane, i.e. �x and �y

need to be of the order of 1 m.
Similar results are obtained for the spectra of BRBM, TBBM and LSSBM for load calculations based on synthetic

turbulence and turbulence from LES, as presented in Figure 6. Generally speaking, the loads based on LES tend to be
larger and therefore yield somewhat higher energy in the spectra. For all three loads, spectral peaks are clearly visible, and
they are simulated similarly in terms of frequency, regardless of the inflow turbulence generation method. Once again, LES
turbulence leads to somewhat higher energy content in the peaks. In Figure 6(b), the spectral peaks correspond to the rotor
rotational frequency (1P) and its two higher harmonics (2P, 3P). As reported by Churchfield et al.,25 the fact that the peak
of 1P is the largest indicates that the strongest bending moment is associated with the cyclic loading of the blade due to
wind shear. Once in each revolution, the blade is subjected to high and low wind speed, respectively. The LSSBM feels the
collective load of all three blades, and therefore, the peak loads are shifted to three times higher frequencies (3P, 6P, 9P) than
for the single blade bending moment as shown in Figure 6(c). Three times in each revolution of the rotor, one of the blades
will be exposed to the highest bending moment (due to high wind speed in the upwards blade position). This implies that
the wind shear is the most important quantity, also for the bending of the low-speed shaft. Good representation of the peaks

(a) (b)

Figure 5. (a) Ten minute time-history and (b) power-spectral density of the wind speed at hub height from the two different inflow
generation techniques.[Colour figure can be viewed at wileyonlinelibrary.com]

Figure 6. Comparison of spectra of TBBM, BRBM and LSSBM for UHub D 12 m s�1 over a sparse forest. Results are averaged
over 15 realizations.[Colour figure can be viewed at wileyonlinelibrary.com]

Wind Energ. (2016) © 2016 John Wiley & Sons, Ltd.
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at 1P, 2P, 3P, etc., is usually achieved as a consequence of the rotational sampling due to the blade motion, as also reported
by Sim et al.24 In Figure 6(a), yet another peak can be identified at a frequency of �1 � 0.33 Hz, corresponding to the first
natural fore-aft frequency of the wind-turbine tower.27 Previous work has shown this peak to be largely underpredicted,
when load calculations were based on LES turbulence,24 caused by too low a cut-off frequency in the wind-speed spectra.
These authors mitigated the problem by means of a fractal interpolation technique, which helped to add high-frequency
content to their low-frequency LES turbulence.36 Underprediction of this spectral peak may lead to considerable errors
in the prediction of the entire wind-turbine fatigue life. Here, the cut-off frequency in the wind spectra (Figure 5(b)) is
comparable with the first natural frequency of the tower, and therefore, it is possible to excite the fore-aft tower bending
motion. It should be noted that this is far from universal and that in order to excite the first natural frequency of a smaller
wind turbine (with a higher natural frequency), higher cut-off frequencies would be required. An additional peak is visible
at approximately 0.1 Hz in Figure 6(a) and (b). The cause of this peak is not known, and its cause should be investigated in
a future study, alongside with its impact on the wind-turbine fatigue loads.

Figure 7 displays box-and-whiskers plots of the mean values of the TBBM, BRBM and LSSBM obtained from 15
realizations based on LES and synthetic turbulence, where the box represents the middle half of the data, while the whiskers
outside the box stand for the lower and upper quartiles of the data. The line inside the box marks the median value.
Therefore, the entire plot gives an impression of the sample-to-sample variability of the results. Load calculations based on
LES turbulence tend to give smaller mean and median values than calculations based on synthetic turbulence, except for
the LSSBM. However, the spread of the results from realization to realization is considerably larger in the LES case, which
might indicate that the LES is resolving low-frequency phenomena that are not included in the synthetic turbulence.

A rain-flow counting algorithm37 was employed in order to produce the fatigue loads histograms in Figure 8. The EFL
is calculated as

EFL D

 NcX
iD1

Sm
i

N0

!1=m

, (4)

Figure 7. Mean values of TBBM, BRBM and LSSBM based on inflow turbulence from LES and TuGEN for a hub-height wind speed of
12 m s�1 above the sparse forest. Results are averaged over 15 realizations.[Colour figure can be viewed at wileyonlinelibrary.com]

Figure 8. Comparison of fatigue load histograms of TBBM, BRBM and LSSBM based on inflow turbulence from LES and TuGEN
for UHub D 12 m s�1 above the sparse forest. Results are averaged over 15 realizations.[Colour figure can be viewed at

wileyonlinelibrary.com]
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where Nc is the number of effective load cycles, Si are the load amplitudes, m is the Wöhler exponent, taken as 3 for the
steel tower and the low-speed shaft and as 10 for the composite material of the blades, and N0 is the equivalent number of
cycles representing 10 min (here, N0 D 600 corresponding to 1 Hz). The EFL and the effective number of cycles are given
in Table II. Somewhat larger number of cycles and larger loads can generally be identified from the load simulations based
on LES inflow turbulence, which is also reflected in the calculated EFLs.

Turbulence from LES tends to give higher loads than the synthetic turbulence, which is probably caused by the higher
hub-height turbulence intensity found in the LES data. However, due to the lack of real-life measurements, it is difficult to
evaluate which inflow turbulence results in the more realistic loads. It is noteworthy that we considered the least challenging
case for the synthetic turbulence by choosing neutral stability. In stable or unstable conditions, the benefits of LES over
synthetic turbulence are likely to become more obvious, as synthetic turbulence is often only poorly adapted to these
conditions.

4.3. Influence of forest density

The mean values of the loads from 15 representations are plotted in box-and-whiskers plots in Figure 9. The median of the
TBBM only slightly increases with increasing forest density, while a significant change is obtained for the LSSBM from the
without-forest to the with-forest cases. In particular for the LSSBM, also the variability between different representations
is significantly increased for the with-forest cases. However, the median of the TBBM and the BRBM in the without-forest
case is higher than in the with-forest cases. A possible explanation is the lower wind shear in the without-forest case, which
reduces the cyclic loading on the blades, but the blades experience a larger bending moment even in the 180°azimuthal
position (where 0°is vertically upward).

The presence of the forest leads to higher fatigue loads, as shown in the fatigue load histograms in Figure 10 and
Table III. It can be seen that the without-forest case yields slightly higher cycles of the smallest loads than the with-forest
cases. However, the load range is more than doubled in the presence of a forest with significant number of cycles in the
range above 2 MNm. The forest density itself appears to be of little influence on the loads. The EFLs are almost tripled by
the presence of a forest, and the denser forest yields a slightly higher EFL than the sparse forest for the TBBM, indicating
that increasing forest density has a slightly negative effect on the wind-turbine fatigue life. One interpretation of this is that
summer is the most harmful season for wind turbines placed in decidious forests, since the trees are then fully leaved and
thus most dense. Largely increased loads were reported for forest regions by Ganander and Carlén38 in a study based on
synthetic turbulence and by Nebenführ and Davidson for LES turbulence-based load calculations.23

Table II. EFL and effective cycles. Results are averaged over 15 realizations.

TBBM BRBM LSSBM

Input EFL [MNm] Nc EFL [MNm] Nc EFL [MNm] Nc

LES 6.0 1370 3.5 1582 1.7 1170
TuGen 4.3 1189 2.7 1273 1.1 1091

Figure 9. Mean values of TBBM, BRBM and LSSBM for a hub-height wind speed of 12 m s�1 with varying forest density. Results
are averaged over 15 realizations.[Colour figure can be viewed at wileyonlinelibrary.com]

Wind Energ. (2016) © 2016 John Wiley & Sons, Ltd.
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Figure 10. Influence of the forest density on the fatigue-load histograms of TBBM, BRBM and LSSBM for a hub-height wind speed
of 12 m s�1. Results are averaged over 15 realizations.[Colour figure can be viewed at wileyonlinelibrary.com]

Table III. EFL and effective cycles.

TBBM BRBM LSSBM

Input EFL (MNm) Nc EFL (MNm) Nc EFL (MNm) Nc

LAID 0 2.6 1425 1.4 1689 0.6 1308
LAID 2.9 6.0 1370 3.5 1582 1.7 1107
LAID 4.3 6.2 1393 3.5 1604 1.7 1198

Results are averaged over 15 realizations.

Figure 11. Power-spectral density of TBBM, BRBM and LSSBM for the sparse forest with varying hub-height wind speed. Results
are averaged over 15 realizations.*[Colour figure can be viewed at wileyonlinelibrary.com]

4.4. Influence of wind speed

Here, we investigate the influence of the wind speed on the loads above the sparse forest. Figure 11 displays the
power-spectral density of the three loads for the different wind speeds considered. As shown in Figure 11(a), the first natu-
ral frequency of the tower seems more strongly excited at UHub D 8 m s�1 than for higher wind speeds. At this hub-height
wind speed, the rotor runs at a rotational rate of about 9.2 rpm, translating into a frequency of approximately 0.15 Hz. This
is roughly half the natural frequency of the tower, and it is possible that the blade passings cause resonance in the tower.
Moreover, owing to the lower rotational rate of the rotor, all other spectral peaks are moved towards lower frequencies,
since the rotational sampling happens more slowly.

Again, the mean values of the loads are represented by box-and-whiskers plots in Figure 12. It becomes clear that
the TBBM and BRBM are the highest in wind speeds of 12 m s�1. At hub-height wind speeds higher than that, the

*Note that 40% of the FAST simulations failed for the lowest hub-height wind speed. Therefore, the results for the lowest wind speed are
averaged over nine realizations, instead of 15.

Wind Energ. (2016) © 2016 John Wiley & Sons, Ltd.
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Figure 12. Mean values of TBBM, BRBM and LSSBM for the sparse forest with varying hub-height wind speed. Results are averaged
over 15 realizations.[Colour figure can be viewed at wileyonlinelibrary.com]

Figure 13. Influence of the wind speed on the fatigue-load histograms of the BRBM for the sparse forest. Results are averaged over
15 realizations.[Colour figure can be viewed at wileyonlinelibrary.com]

Table IV. EFL and effective cycles. Results are averaged over 15 realizations.

TBBM BRBM LSSBM

Input EFL (MNm) Nc EFL (MNm) Nc EFL (MNm) Nc

UHub D 8 m s�1 4.6 876 1.6 1474 0.9 1076
UHub D 12 m s�1 5.5 1428 3.6 1596 1.7 1211
UHub D 16 m s�1 6.5 1431 4.9 1493 2.4 1160

wind-turbine control system starts pitching the blades in order to reduce the loads, resulting in the load reduction at UHub D

16 m s�1. This observation is confirmed by the findings of Sim et al.24 and Agarwal.39 On the contrary, the LSSBM
is constantly increasing with increasing wind speed, indicating that the control algorithm should be improved in order to
better protect the main bearing.

In Figure 13 and Table IV, one can deduce that increasing wind speeds lead to amplified fatigue loads. An increasing
number of cycles, in particular of the large loads, appear for the higher wind speeds, leading to an increased EFL.

It should be noted that the FAST simulations for the lowest wind speed failed in about 40% of the cases in forest
conditions due to too large blade deflection and the subsequent violation of the underlying small angle assumption. This did
not happen for the without-forest cases, suggesting that large coherent structures or strong individual wind gusts appear in
the inflow turbulence over the forest, which are absent over the low-roughness surface. Since no extreme gusts were found
in the time history of the hub-height wind speed, for the time of the failure, it is likely that a large coherent structure is
responsible for the behaviour. For the higher wind speeds, no failures appeared, indicating that the large blade deflections
could be handled by the wind turbines blade-pitch control. At wind speeds below rated, the blade-pitch controller is not
usually active, and its activation appears to happen too late (or too slowly) to react on the strong turbulence over a forest.
Using LIDAR measurements, it is possible to obtain information about the incoming turbulence before it hits the wind
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Figure 14. Influence of the hub height on the mean, RMS and EFL values of the TBBM, BRBM and LSSBM for a wind speed of
12 m s�1 at 90 m above the sparse forest. All values are normalized with their respective value at the original hub height of 90 m.

Results are averaged over 15 realizations.[Colour figure can be viewed at wileyonlinelibrary.com]

turbine. This information can be used for preventively pitching the blades, when strong wind gusts are detected ahead of the
wind turbine. Recently, such predictive wind-turbine control strategies have been developed,40, 41 and as the wind resource
in forest regions is usually restricted to fairly low wind speeds (below rated), the potential of these novel control strategies
may be huge.

4.5. Influence of hub height

Often, the use of higher wind-turbine towers is mentioned in relation to reducing the fatigue loads, when operating wind
turbines in a forest region. The expected reduction in fatigue loads is due to lower turbulence levels at greater heights. In
order to test that claim, we have used the turbulence datasets from the sparse forest with a wind speed of 12 m s�1 at
90 m and ran FAST simulations for hub heights of 75, 80, 85, 90, 95, 100 and 105 m while keeping all other settings the
same. Figure 14 shows the evolution of the mean (blue), RMS (red) and EFL (green) values of the TBBM, BRBM and
LSSBM in relation to their respective value at the original hub height of 90 m. While the mean value of the TBBM steadily
increases with increasing hub height—mainly as a consequence of the larger lever—the EFL does not increase significantly
for greater hub heights. However, for the 75 and 80 m large towers, the EFL of the TBBM is seen to increase considerably.
For the BRBM and the LSSBM, a trend can be seen towards lower loads with increasing hub height, which confirms the
common assumption. As an example, a reduction of 7% and 10% could be expected for the EFL of the BRBM and LSSBM,
respectively, by increasing the hub height from 90 to 105 m.

5. CONCLUSION

Large-eddy simulations were used for predicting the airflow over two simplified forests and a flat low-roughness surface at
neutral stratification. From the numerical simulations, a number of turbulence datasets were extracted for subsequent use
as inflow turbulence in the structural wind-turbine simulator FAST. As a reference and in order to assess the feasibility of
LES as an inflow generator, load simulations based on synthetically generated turbulence using the Mann model were also
studied. Besides investigating the influence of the forest density and the hub-height wind speed, the influence of the grid
resolution of the inflow plane for the load simulations is also examined. Load simulations were carried out for the NREL
5MW reference wind turbine and the TBBM, the BRBM and the LSSBM were chosen for comparison.

Firstly, it could be shown that turbulence from LES is capable of producing comparable loads with synthetically gener-
ated turbulence. Of particular importance is that the first natural frequency of the tower could also be excited by the LES
turbulence, which had not been carried out before. Here, this was achieved with a grid resolution of 5.2�5.2 m2 in the hor-
izontal direction, leading to a cut-off frequency of about 0.35 Hz, which is slightly above the tower first natural frequency.
It should therefore be noted that for smaller wind turbines with a higher natural frequency of the tower, a higher grid res-
olution (and a higher cut-off frequency) may be needed. Even though the synthetic turbulence was generated according to
parameters fitted to the forest in Ryningsnäs,8 the hub-height turbulence intensity was found to be lower than that of the
LES turbulence, leading to smaller loads in comparison. Whether this is an effect of accounting for physical phenomena
such as wind veer and variable wind shear in the LES remains an open issue.
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Secondly, the presence of a forest was found to increase the wind-turbine equivalent fatigue loads by a factor of three for
the BRBM. With increasing forest density, a slight increase of the EFLs was noticed, indicating that summer may be the
most hazardous season for wind turbines in decidious forests, because of the full leaf cover. It was shown that the median
of the mean values increased for the LSSBM above a forest, while the presence of a forest reduced the mean values of the
TBBM and the BRBM.

The wind speed was found to increase the loads up to 12 m s�1. Above that, the wind-turbine control system starts
pitching the blades and thereby reduces the loads. However, the LSSBM constantly increased with increasing wind speed,
suggesting that the control algorithm should be improved to better protect the main bearing. Forest conditions in combina-
tion with the hub-height wind speed of 8 m s�1 were found to cause failure of the FAST simulations in about 40% of the
cases. It seems as if the blade pitch controller is not responding sufficiently quickly to the incoming turbulence, leading to
large blade deflections. As low wind speeds are often encountered above forests, this may potentially prove to be harmful
for wind turbines installed in a forest environment.

Studying the influence of the hub height on the fatigue loads confirmed the common assumption that higher wind-turbine
towers lead to a load reduction. For the sparse forest, the EFL of the BRBM and LSSBM could be reduced by 7% and 10%,
respectively, simply by increasing the wind-turbine hub height from 90 to 105 m.
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