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Conclusions

The high hydro noise levels during pile driving of off-
shore wind converters are potentially harmful to marine
mammals like harbor porpoises. Practical noise reducing
methods are derived from measured results and nu-
merical simulations. The suggested active and passive
methods achieve noise reductions up to between 10 and
20 dB alone, and more, when used in combination.
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Beyond the Ainslie Model:
3D Navier-Stokes Simulation of Wind Flow through Large
Offshore Wind Farms

V. Riedel, T. Neumann, M. Strack, DEWI

1. Abstract

A CFD model is presented that can be used for the calculation of the wind and turbulence conditions in large-
scale offshore wind farms. Information on wind shear and turbulence intensity increase can be derived from the
model for the purpose of fatigue load calculations. Advantages over current engineering wake models are pre-
sented and verification results are summarised related to onshore near-wake measurements and to the Horns
Rev wind farm.

2. Introduction

DEWI is currently involved in the research project OWID, which stands for “Offshore Wind Design Parameter”.
Its aim is to evaluate wind data from the FINO1 offshore platform (Fig. 1), to calculate site parameters relevant
for mechanical loads and to compare the results to current standards. Besides being the project co-ordinator,
DEWI is responsible for the work package “Wake Effects”, where the FINO1 data have to be extrapolated from
the platform to positions deep inside large offshore wind farms in order to approximate the turbulence and wind
shear conditions there. These wake effects are not easily calculated. On the one hand, there is a wide variety of
wake models of very different complexity. On the other hand, the models are in general more tuned to smaller
size onshore farms and they fail to reproduce the specific effects that are currently observed in large farms. In
the case of large onshore wind farms, this is again confirmed in [5].

3. Requirements for an Offshore Wake Model

Precise Farm Efficiency
We demand that the model should give precise predictions of the farm efficiency. This is important for wind
farm optimisation and for financial modelling.
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Fatigue Load Calculation Input
The model should produce the required input for fatigue load cal-
culations. This is the characteristic turbulence intensity that must
be expected in the farm, but also information on the wind shear.

Scale Extrapolation Capabilities
The most important property is that the model must have scale
extrapolation capabilities. This means that it must not be a simple
fit to existing wind farm operational data, e.g. from Horns Revw.
The reason is that the wind farms currently planned for the
German Bight are much different from Horns Rev, regarding lay-
out, overall size, turbine type and distance to the coast. Besides
that, a wind farm optimisation for those farms will only be suc-
cessful if the relevant wind farm effects are physically modelled.

Atmospheric Stability Effects
It is also important that the model should be able to incorporate
atmospheric stability effects, because experience at Horns Rev
has shown that stability has quite a significant effect on the wind
farm performance. In particular, it drops for stable situations.

Acceptable Computation Time
The last property is that we would like to have an acceptable com-
putation time. This can mean at maximum that we may run a
wind farm optimisation on a small computer cluster. On the other
hand, this excludes the whole class of large eddy models that are
currently much in fashion among modellers.

Fig. 1: Offshore Research Platform FINO1.

Looking at these requirements, it was necessary to set up a special model for the project, which is described
below.

4. Model Description

The “OWID Wake Model” is an application of current engineering Computational Fluid Dynamics (CFD) model-
ling techniques to the wake modelling problem. It is not primarily a research model, which should today at least
employ a large-eddy turbulence model, but it is a model that is designed to provide the engineer with realistic
input for fatigue load calculations that are carried out in the OWID project. For an overview see Fig. 2. There are
similarities to the model used at ECN [8]. The OWID model solves the Reynolds-Averaged Navier-Stokes
Equations in parabolic mode using the commercial CFD software Phoenics [7]. The parabolic calculation instead
of an elliptic one is required in order to limit computation time. Additionally, the strong parabolic nature of the
problem is obvious and we do not expect any significant improvements with an elliptic calculation.

Turbulence is calculated with the k- turbulence model which has shown to give realistic results in many differ-
ent application cases. Although there are many modifications of the k-€ model, especially for the atmospheric
boundary layer, we use the model in its original standard form [6] without any modification of model constants
or terms. The reason is that the model must be
able to represent ambient boundary layer turbu-
lent exchange processes as well as wake turbu-
lence. If one would tune the model so that it may
better represent the vertical variation of the Parabolic RANS Solver
ambient flow, the wake turbulence budget may
be influenced in a way that is difficult to assess.
The same is true for the ambient flow if one
would tune the model to the wake processes.
Additionally, the primary aim of our modelling
efforts is to have a model that is not tuned to any
specific wind farm, which one could not prevent Actuator Disc Model
if one would tune the turbulence model to e.g.
Horns Rev. Therefore we decided to leave the
model in its original state, which is a kind of aver-
age turbulence behaviour that is applicable to
many different cases.

OWID Wake Model

k-& Turbulence Model

10m Resolution

Wake Meandering Model

Fig. 2: Overview of the OWID wake model properties.
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An important property of the model is that it considers the whole farm at once. Most of the existing models per-
form calculations for single wakes that are afterwards superimposed and mixed according to some rules. For
large farms however, we are convinced that a separation into ambient flow and wakes is not appropriate and
one must directly model the superposition and mixing of different wakes.

The whole wind farm and an area around it are covered with a 3D Cartesian grid with a resolution of 10 m in all
directions. In the farm area, this resolution is used up to a height of 300 m, above that, the grid spacing expands
towards the upper grid boundary at 1000 m.

The inflow boundary condition is obtained by a one-dimensional simulation of the atmospheric boundary layer
during that the geostrophic wind speed is adaptively adjusted so that a specific wind speed at hub height for the
situation considered is obtained. If one would specify the inflow through application of Monin-Obukhov
Similarity theory, the inflow would not be in perfect equilibrium with the main domain flow. Even in the absence
of any wind farm in the model domain, one would have undesired horizontal variations of the wind conditions
that would have a negative impact on the precision of the wind farm calculations.

The boundary conditions at the turbines are modelled 12 -
according to the actuator disc model. Wind speed is

reduced in the rotor plane according to the thrust 14

curve and the wind speed observed in the rotor area.

That velocity reduction is applied in the rotor plane and Relative Wind 081

adjusts the incident flow according to the energy loss Speed

at the machine. Directly behind the rotor, there is large
wind shear at the boundary of the wake, leading to

0.4
heavily increased turbulence production.

Additionally, a simple model for the wake meandering 0'2_50 _?')0 _1'0 1'0 3'0 5'0

phenomenon is implemented. The flow field at the tur- Relative Wind Direction [°]
bine rotors is calculated as a superposition of shifted
versions of the original flow field. Different shifted ver-

Fig. 3: Measured an simulated relative wind speed in the wake
of the turbine.
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tion function. The standard deviation of this distribu- 500% -
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our analyses carried out with the 10 Hz data from the Tubulence 400% 1

sonic anemometers at the FINO1 platform. It should be Intensity  300% -

noted that during stable stratification the standard Increase

deviation of the shifting function is considerably small- 200% 1

er; it shrinks to about one half of its overall mean 100% -

value. That should be one important reason why large-

scale farms behave differently in stable situations. 0% 0 3 ('5 é 12 1'5 1'8 o
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5. Near Wake Verification Results Fig. 4: Measured and simulated turbulence intensity increase

. e e . . . in th bi ke.
The first verification case is a high quality IEA/IEC con- In the turbine wake

form onshore near wake measurement at 2 rotor diameters behind an up to date pitch controlled turbine. A ref-

erence measurement is installed also at hub height at an appropriate distance on the opposite side of the tur-
bine.

Fig. 3 shows verification results for the wind speed deficit in the wake behind the turbine, for the wind speed
range 8 m/s to 10 m/s. Accordingly, the graph shows the relative wind speed in the wake versus the relative wind
direction. Especially the centre line deficit is calculated very precisely.

Fig. 4 shows results for the same site regarding the turbulence intensity bl
increase, depending on the wind speed. The turbulence intensity increase b
is considered at the centre of the wake in a 10 degree sector. The average
increase is modelled very well, also the decrease towards higher wind
speeds. For low wind speeds, the increase is calculated slightly too high,
but in terms of mechanical loads and actual relative frequency of these
low wind speeds offshore, this is quite unimportant.

Fig. 5: Sketch of Horns Rev wind farm
layout.
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6. Horns Rev Verification Results

The Horns Rev wind farm is a large offshore wind farm
installed close to the west coast of Denmark in the
North Sea. It consists of 80 Vestas V80 wind turbines
that are arranged in a slightly sheared grid (Fig. 5). The
power and thrust curve of the turbine is taken from [1].

For this verification, averaged energy output data were
kindly provided by Dong Energy. The energy output
given for individual turbines is averaged in columns for
the four centre rows and then considered relative to
the front turbines. The situation considered includes
wind from a 30 degree wind direction sector centred at
270 degree, while wind speed remains in the range
from 7.5 m/s to 8.5 m/s. In total, 341 10 minute aver-
age values were considered in the averaging process.
For comparison, wake calculations were also conducted
using the Ainslie model [3].

In Fig. 6 the measured and averaged power output of
the turbines is shown relative to the front turbine ver-
sus the row number. It is observed that there is, start-
ing at the 3 row, a continuous power output decrease.
This decrease is not modelled by the Ainslie model. The
reason lies in its many simplifying assumptions, its
treatment of the superposition and mixing of wakes
and in the definition of the initial velocity deficit.
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(5" row).

On the other hand, the OWID wake model predicts the power decrease, although it overestimates that effect.

There are ways to modify the Ainslie model so that it is able to predict the power decrease [4]. However, those
empirical ad-hoc corrections to the Ainslie model neglect the fact that the exact form of the power decrease

depends on a number of external parameters like farm
layout, ambient turbulence intensity, atmospheric sta-
bility and turbine type.

For the same wind situation, Fig. 7 shows verification
results related to the cross-stream variation of the
energy output in the 5" row. The observed relative
increase of energy output for the upper and lower row,
which is sometimes called the “edge effect”, is approx-
imated well by the model.

7. Conclusions

The most important conclusions of our work can be
summarised as follows:

CFD Models are recommended for large offshore farms
For large offshore wind farms one has to use CFD mod-
els and cannot make the simplifying assumption of
independent single wakes that are superimposed. The
scope of application of simple empirical correction
models is left for large scale offshore wind farms. It is
not any more appropriate to separate into ambient
flow and wakes.

Ad-hoc empirical corrections to the Ainslie model are
questionable

The modelling of large wind farms with a locally
increased roughness or similar corrections [4] is very
questionable, because the model and its constants will
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depend on the specific farm layout and meteorological conditions. It is not expected that reliable large-scale
farm optimisations can be done with those correction models.

Overdue consideration of CFD in IEC standards

Lastly, CFD methods must be more considered in IEC standards. This is because these models are now standard
engineering tools and one must take advantage of their potential for precision wind modelling. It is possible to
have well defined technical standards for the CFD models and their application. Additionally, Round-Robin Tests,
that are common in many other technical areas, are well applicable to CFD wake modelling techniques.
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Three Years Operation of Far Offshore Measurements at
FINO1

T. Neumann, K. Nolopp, DEWI

Summary

The FINO1 platform 45km off the island Borkum is equipped with a 100m met mast. The long term meteorolog-
ical and oceanographic conditions in the North Sea are recorded. We can now report about more than three
years of measurements at this far offshore site. The overall experience with the system is good. The stability of
the devices as well as the good data connection made it possible, to operate the long term measurements at a
higher data rate as designed in the planning phase. An averaging interval of 1min is realized, most of the sensors
are also recorded at their basic sampling rate of 1 sec. The structural dynamic measurements were working with-
out serious damage until the 1. Nov 06, where one single extreme wave event (>15m) destroyed parts of the
cable booms. In this report we will summarise the main observations made by the standard measurements.

Introduction

Fig. 1 shows a photo of the FINO1 platform shortly after its erection in 2003. Scientists regularly visit the plat-

The FINO1 platform project is financed by the Federal Ministry for the Environment, Nature Conservation and Nuclear Safety
(BMU)
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