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Abstract The purpose of this research is to investigate the physical mechanisms associated with tip vortex
noise caused by rotating wind turbines with giant size of computational fluid dynamics. The flow and
acoustic field around the WINDMELII1 wind turbine is simulated using compressible Large-Eddy simulation
(LES), with emphasis on the blade tip region. The acoustic near field is simulated directly by LES whereas
the far field is modeled using acoustic analogy. Due to the fine grid employed, smallest eddy scales near the
blade surface are resolved. Aerodynamic performance and acoustic emissions are predicted for the actual tip
shape and an ogee type tip shape. A decrease of the sound pressure level in the high frequency domain is
observed for the ogee type tip shape. The present simulation research using the Earth Simulator shows that
large scale simulation isreally useful in designing the aerodynamic manufacturing such as the wind turbine.
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1. Introduction
1.1 Background of research

There is a strong need to predict aerodynamic noise
emitted by wind turbines and to find noise reducing
design concepts in order to increase public acceptance of
wind energy. Wind turbine blade manufacturers are inter-
ested in small modifications of a given blade geometry
and its exact influence on the aerodynamic noise.
Empirical models have been developed to predict the
overall noise emitted by awind turbine. However, current
empirical models do not contain an accurate description
of the wind turbine blade geometry and its relations to
emitted noise. It is therefore necessary to develop models
that take the correct blade geometry into account in order
to design new blades with respect to noise reduction.
CFD (Computational Fluid Dynamics) has become a use-
ful tool to numerically simulate the complex flow and
aerodynamic noise for engineering applications.
However, CFD still remains computationally expensive
regarding large-scale simulation of a full wind turbine
including noise prediction. Through recent advances in
computational power such as the development of the
Earth Simulator we have come a step closer to large-scale
numerical simulations.

1.2 Wind turbine noise

Wind turbines in operation emit noise that is a major
problem for the public acceptance of wind energy. There
is a strong need to develop noise prediction methods and
to find noise reducing concepts for wind turbines to be
able to further expand wind turbine sites. Wind turbine
noise has aerodynamic and mechanical origins.
Mechanical noise is caused by gears and bearings.
Mechanical noise has been reduced considerably over the
past years and is becoming less of a concern. It can be
kept within limits by proper insulation around the gear-
box. To further reduce wind turbine noise, focus must be
placed on aerodynamic noise.

Different types of aerodynamic noise can be distin-
guished, notably low frequency noise and high frequency
broadband noise, as described in Burton et al. [1]. Noise
emitted by wind turbines can have a significant impact on
the population residing near the wind turbines. The instal-
lation of wind turbines is becoming a serious problem in
countries with high population density as a result of wind
turbines producing aerodynamic noise. The noise of wind
turbines is a major problem for the public acceptance of
wind energy. Noise is becoming a serious concern early
in the design process rather than a problem to be correct-
ed during the production or testing stages.
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Noise Reduction of Wind Turbine Blade

Tip vortex noise forms an important part of the noise
generation process on the outer part of the wind turbine
blades. Blade tip noise is caused by the three dimensional
tip effects, possibly as the result of the turbulence in the
locally separated flow region associated with the forma-
tion of the cross flow around the tip edge and the forma-
tion of the tip vortex and by instabilities in the viscous
shear layer between the vortex and free stream (Wagner
et a., [2]). The turbulent flow is convected inboard and
aft towards the trailing edge, and noise might be caused
as aresult of the interaction of the tip vortex and the trail-
ing edge. However, the exact mechanisms of blade tip
noise generation have not been fully understood.

Brooks and Marcolini [3] experimentaly investigated
tip vortex noise formation for rectangular planform and
rounded tips. They found that for the stationary blades,
tip vortex noise is of lesser importance to the overall
broadband self-noise spectrum than boundary layer and
trailing edge noise. However, they mention that this nec-
essarily will not be so for rotor systems because of the
tip's relatively higher velocities compared to the inboard
regions of the blade and the tip loading which should be
high. They recommend including the tip noise in the
overall noise spectrum prediction to obtain accurate noise
Spectra.

The importance of noise emission in the outer blade
region was also pointed out by Nii et a. [4]. They per-
formed acoustic tests on the WINDMELIII, shown in
Fig. 1. WINDMELIII was developed at the National
Institute of Advanced Industrial Science and Technology.
A noise source was found to be located at the very tip of
the blade for frequencies from 3.1 kHz to 6.3 kHz, sug-
gesting a small but intense vortex shedding from the tip.
As a genera conclusion of the acoustic tests on WIND-
MELIII, the authors state that highest levels of noise
source were found to be in the blade tip region, with lev-
els decreasing towards the blade root.

The above-mentioned facts make clear that the study of
noise caused in the blade tip region deserves much atten-
tion. Naturally, noise emission in the outer blade region
can be controlled by keeping the tip speed below a certain
value, i.e. by keeping the rotational speed of the wind tur-
bines within limits. However, this measure does not syn-
chronize well with current trends towards building larger
wind turbine rotors since a reduction of the tip speed ratio
due to a larger rotor would lead to a decrease in energy
being captured. Measures other than solely reducing the
tip speed ratio have to be applied in the outer blade
region. Blade tip shapes optimized for reduced noise
emission would allow a wind turbine to operate at opti-
mum tip speed ratio with increased energy capture.

Klug et a. [5] performed noise measurements on full

Fig. 1 WINDMELIII.

scale outdoor wind turbines with different rotor blade tip
shapes and showed that the geometry of the blade tip has
a considerable effect on the overall broadband noise
level. They reported that modifying the blade tip shape
with respect to aerodynamic optimization can lead to a
substantial reduction of the noise emission at higher fre-
guencies and reduce the overall noise level by up to 4 dB.
The reduction of noise radiation at frequencies between
800 and 7000 Hz can be clearly seen in Fig. 2. These
reductions can be very significant when building a wind
farm, where aerodynamic noise amplification occurs.
Future multi megawatt wind turbines are expected to
have bigger rotors and increased tip speed ratios for cost
reduction. Thus tip speeds can be expected to increase,
throwing new light on the problem of noise emitted from
the blade tip.

The problem of tip noise deserves attention as the
physical mechanisms for the generation of tip noise are
incompletely understood. Accurate measurements of
aerodynamic noise emitted from rotating wind turbine
blades are difficult to obtain in wind tunnels and outdoor
turbine field tests due to various external factors.
Furthermore, experimental measurements do not provide
detailed information about the physical phenomena caus-
ing aerodynamic noise in the blade tip region. Theoretical
interpretations of tip noise did not lead to any definitive
conclusions [5]. Thus there is a strong need for accurate
prediction of aerodynamic tip noise through large-scale
numerical simulations to identify the mechanisms of tip
vortex formation and tip noise in order to be able to pro-
pose noise reducing design concepts for the outer blade.
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Fig. 2 Blade tip shape influence on wind turbine noise radiation. [5]

1.3 The purpose of thiswork

There has been no previous work about flow and noise
simulation of a full wind turbine blade using CFD. This
work constitutes the first attempt. The main purpose of
this work is to develop a sophisticated numerical predic-
tion tool for aerodynamic broadband noise emitted by a
wind turbine in operation. There is a strong need to
devise highly accurate noise simulation techniques which
take into account the exact geometry of the wind turbine
rotor blade in order to be able to propose noise reducing
design concepts and to increase the public acceptance of
wind energy.

In this work focus is placed on the tip region of the
wind turbine blade. Here, high frequency tip vortex noise
constitutes the major noise source. In order to obtain an
accurate prediction of the noise sources at the blade tip,
the streamwise vortices near the wall must be accurately
resolved using a very fine computational grid. Thisillus-
trates the requirement for large-scale numerical simula-
tions in order to accurately capture the noise generating
turbulent vortical structures. Such large-scale simulations
requiring several hundred million grid points have not
been performed to date. The present simulation is the first
and largest LES direct noise simulation of afull wind tur-
bine blade to date. Simulations using up to 300 million
grid points are performed on the Earth Simulator
('Y okohama, Japan).

The flow and acoustic field around a rotating blade of
the WINDMELIII wind turbine is simulated using com-
pressible Large-Eddy simulation. The time-accurate LES
simulation will provide the local aerodynamic noise
sources in close proximity to the blades and is able to
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provide the acoustic field generated at very short dis-
tance, a so called direct noise simulation. Far-field noise
is predicted by acoustic analogy. Direct noise simulation
through the inclusion of compressibility is highly desir-
able because it provides a more realistic modeling of
wave propagation in the vicinity of the surface.
Concerning the noise generated in the blade tip region,
the wavelength of the noise is much smaller than the
blade dimensions. Thus, direct noise simulation can
deliver more accurate results for the high frequency
domain than previous models that take into account sur-
face pressure fluctuations only. Direct noise simulation
also takes into account the inclusion of the feedback
effect of the noise on the flow field as well as the quadru-
pole contribution from vortices and turbulence in near-
field. Furthermore, direct noise simulation allows visuali-
zation of the acoustic field. Noise sources can be more
easily identified and the noise propagation mechanisms
better understood.

2. Governing equations and numerical methods
2.1 Fundamentals of compressible flow theory
Thefirst step in the prediction of aerodynamic sound is
the investigation of acoustic sources in the flow which
generate the sound, especially vortical structures. In this
research, the governing equations for the flow are the fil-
tered unsteady three dimensional compressible Navier-
Stokes equations in conservative form and generalized
coordinates. The flow solver was developed by Matsuo
[6]. The numerical method for the solution is based on the
implicit finite-difference approach proposed by Beam and
Warming [7]. The solution is advanced in time using a
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second-order implicit approximate-factorization Beam-
Warming scheme with Newtonian sub-iterations and
three-point backward differencing for the time derivative.
The spatial derivatives are discretized using a third-order
finite-difference upwind scheme. The implicit part of the
spatial discretization is based on the diagonalization of
Pulliam-Chausee [8], the upwind differencing of Steger-
Warming [9], the LU factored scheme by Obayashi and
Fujii [10]. The effects of the subgrid-scale eddies are
modeled using the Smagorinsky model. The Van Driest
wall damping function is used to correct the excessive
eddy viscosity predicted by the Smagorinsky model near
thewall.

So far, wind turbines have often been analyzed using
incompressible or pseudo- compressible CFD codes.
However, due to the increase in turbine size and higher
tip speed ratio, it becomes increasingly important to take
compressibility effects into account. The tip speed of
future large wind turbines could happen to exceed a Mach
number of 0.3, acritical value above which compressibil-
ity effects cannot be neglected. Furthermore, inclusion of
compressibility is desirable for noise problems. A com-
pressible flow solver can represent acoustic problems
more accurately than an incompressible flow solver by
accommaodating variations in density.

In the region lying in close proximity to the blade the
acoustic field is simulated directly using the compressible
flow solver. Concerning the noise in the far-field,
acoustic analogy methods that do not require a computa-
tional grid are used. The simulations are performed in
parallel on Earth Simulator, using a domain decomposi-
tion approach with pipeline method.

This section constitutes of a brief explanation of the
fundamentals of compressible flow theory. A derivation
of the stated equations with a detailed discussion can be
found in [11]. A fluid is a substance whose molecular
structure offers no resistance to external shear forces.
Even the smallest force causes deformation of afluid par-
ticle. Density and viscosity are the most important prop-
erties of fluids. Two major categories of fluids can be dis-
tinguished. Flow with constant density is known as
incompressible flow. On the other hand, compressible
flow denotes flows that have variable density and temper-
ature. Furthermore, the ratio of the flow speed to the
speed of sound in the fluid, known as the Mach number,
determines whether exchange between kinetic energy of
the motion and internal degrees of freedoms needs to be
considered. Incompressible flows are normally associated
with flow speeds that are small compared with the speed
of sound, i.e. Mach numbers smaller than 0.3.
Conversely, compressible flows will imply that the Mach
number is greater than 0.3.

14

2.2 Turbulence modeling

Turbulence modeling remains a key challenge in CFD.
Turbulent transport concerns transport from the large
eddies to the smallest eddies in the flow. In order to cap-
ture this diffusion process with the Navier-Stokes equa-
tions, the smallest eddy scales that are known as
Kolmogorov scales have to be captured, requiring a grid
spacing and time scale that is smaller than Kolmogorov
scales. Such an approach is known as Direct Numerical
Simulation (DNS). DNS involves resolving al scales of
motion in the flow field without any form of modeling. It
can be considered the most accurate numerical method as
it requires no empiricism. However, DNS requires a very
fine grid resolution to resolve all turbulent eddy scales
down to the Kolmogorov length scale. As a result, DNS
is very costly in terms of computation time. Piomelli and
Balaras[12] analyzed the resolution requirements of DNS
and suggest that the number of grid points required to
fully resolve three dimensional flows is approximately
proportional to Re”*. As the Reynolds number increases,
this growth relationship results in exponential demandsin
computing power. Spalart [13] estimates that the number
of grid points required to perform a DNS over a complete
aircraft at a Reynolds number in the order of 107 is
approximately 10%, The computational requirements of
DNS for flows in engineering applications are extremely
difficult to satisfy with current computer resources. It can
be said that DNS will remain too expensive for most
engineering applicationsin the near future.

Various turbulence modeling strategies have been
developed to reduce computing requirements. These
strategies generally use averaged quantities and empirical
data to reduce the amount of flow detail that needs to be
simulated. A popular turbulence modeling strategy used
in numerical simulation is RANS (Reynolds-averaged
Navier-Stokes equations). RANS can be used to resolve a
turbulent flow with considerably less computational
effort than DNS. All of the unsteadiness is averaged out,
i.e. al unsteadiness is regarded as part of the turbulence.
Following this so called Reynolds averaging operation,
details of the instantaneous fluctuations in the flow are
lost. On averaging, the non-linearity of the Navier-Stokes
equations gives rise to terms that require to be modeled.
This term is known as the Reynolds stress tensor, and is
associated with correlations between the various velocity
components. It arises because the flow fluctuations are
not statistically independent and need to be determined
by a statistical turbulence model. Since turbulent flows
are very comple, it is difficult for a single model to rep-
resent all turbulent flows. A popular RANS turbulence
model is the k-e model.

Since the main interest of this research is aerodynamic
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noise, RANS cannot be used as it cannot adequately sup-
ply the pressure fluctuations needed for broadband aero-
dynamic noise prediction. The loss of unsteady flow
detail, incurred by RANS, provides a strong motivation to
pursue more accurate turbulence modeling strategies for
aerodynamic noise prediction. Although DNS is not fea-
sible at Reynolds numbers occurring in engineering appli-
cations such as wind turbines, computing performance
has now reached the stage where it possible to perform
Large-Eddy Simulation (LES) for various engineering
applications.

LES can be considered as an intermediate between
DNS and RANS. LES, while yielding more flow detail
than RANS and being significantly more accurate than
RANS in situations involving flow separation and reat-
tachment, is considerably cheaper than DNS. In an LES
approach, it is recognized that the large turbulent struc-
tures are generally much more energetic than the small
scale ones and their size and strength make them by far
the most effective transporters of the conserved proper-
ties. The small scales are normally much weaker, and
provide little transport of these properties. These large
structures are resolved to ensure accuracy, while scales
smaller than the size of the computational mesh are mod-
eled. Since these small subgrid scales tend to be more
homogeneous and isotropic than the large structures, they
can be reasonably represented by a universal model [12].
Moreover, as the subgrid scales only contribute a small
fraction of the total turbulent stress, the reliance on mod-
eling should not introduce alarge error.

Today, LES can be more readily applied to engineering
applications than DNS. LES more directly addresses the
physics of turbulence without introducing Reynolds clo-
sure approximations. LES is the method used in this
research.

LES is based on the concept of filtering. Leonard [14]
applied a spatia filter, with a width of grid to separate
and remove subgrid scales (SGS) that are smaller than
grid size. The filtering separates the resolvable scale,
from the subgrid scales. The large or resolved scale field
isessentially alocal average of the complete field.

As LES does not resolve dissipative subgrid scales,
their energy drain on the resolved scal es needs to be mod-
eled by the use of a SGS model. The eddy viscosity
model proposed by Smagorinsky [15] is one of the most
widely used model for SGS closure. It is based on the
notion that the effects of the SGS Reynolds stress are
increased transport and dissipation. The model assumes
the SGS stresses follow a gradient-diffusion process, sim-
ilar to molecular motion.

The Van Driest wall damping function [16] is used to
reduce the value of the eddy viscosity, and hence energy
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drain, predicted by the Smagorinsky model near the wall.
The Van Driest damping function is given in the follow-
ing expression.

2.3 Direct simulation of aerodynamic noise by
Navier-Stokes equations

Acoustic waves are caused by hydrodynamic pressure
fluctuations in the flow. The basic equations governing
fluid motion and sound propagation are the same. The
compressible Navier-Stokes equations contain the equa-
tions governing sound propagation and are thus able to
simultaneously model the acoustic field in addition to the
flow field. Sound waves are a propagating pressure pertur-
bation superimposed on the mean flow field. The pertur-
bations travel at the speed of sound of the fluid medium.

With sufficiently fine grids in the noise generating
regions as well asin the far-field, the full non-linear com-
pressible Navier-Stokes equations could be solved for the
flow and the acoustic far-field to predict noise generation
and propagation, leading directly to the far-field sound.
This is called direct noise simulation. Simultaneous
numerical simulation of the flow and the acoustic field
around a wind turbine blade, i.e. at high Reynolds num-
ber and moderate Mach number, is a computationally
expensive task due to the large disparity between hydro-
dynamic flow and the acoustic variables and because the
entire far-field domain must be meshed with an adequate
resolution with respect to the smallest acoustic wave-
length. Since the wave length scale of the sound is much
larger than the eddy length scale, the amplitude of the
pressure fluctuations associated with the radiated sound is
a few orders of magnitude smaller than typical hydrody-
namic pressure fluctuations. Diffusion and dispersion
errors can easily occur over long propagation distances.
Thus the ssimulation of the acoustic field requires a good
numerical wave solution with minimal numerical disper-
sion and dissipation to prevent the acoustic oscillations
from being damped out and to ensure numerical accuracy
of the propagation of acoustic waves. A good numerical
scheme should preserve both the amplitude and the phase
of acoustic disturbances and must support wave propaga-
tion with minimized dispersive and dissipative errors over
long propagation distances. Tam et al [17] developed
robust higher-order finite-difference numerical schemes
for wave propagation problems, known as the DRP
(Dispersion- Relation-Preserving) scheme. The DRP
scheme is optimized for the prediction of wave propaga-
tion in its dispersive and dissipative characteristics. When
using a third-order upwind finite-difference scheme such
as in the present research, a very fine grid is needed to
compensate for the dissipation effect in order to realize a
high quality direct noise simulation.
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Various methods can be applied for the direct simula-
tion of the acoustic field and the unsteady flow field, such
as RANS, LES and DNS. In this research, LESis used to
determine the noise generating vortical structures. As
already mentioned in the introduction, LES is a promis-
ing tool for aeroacoustic problems as it can provide the
time-accurate unsteady pressure field. LES resolves the
noise generating eddies over awide range of length scales
in engineering applications. It is believed that large scales
are more efficient than smaller scales for radiating sound.
However, Piomelli [18] states that although the contribu-
tion of the small scales of motion to the momentum bal-
ance is small and can be modeled fairly accurately, the
second derivatives of Tj; that affect the pressure distur-
bance will be more significantly affected by the small
scales. They illustrate the need to develop subgrid scale
acoustic models in order to accurately predict the high
frequency noise associated with the unresolved scales.
LES can be applied without major adjustments to the sub-
grid scale model if the bulk of the noise, at least at fre-
guencies of interest, comes from scales that are retained
in the simulation and do not have to be modeled. In the
present research, the computational grid is made extreme-
ly finein the region of noise generation near the blades to
resolve the smallest length scales.

2.4 Acoustic analogy methods

The aerodynamic sound generated from the turbulent
wake can be predicted based on acoustic analogy.
Lighthill ([19], [20]) derived an inhomogeneous wave
equation for the acoustic density fluctuations from the
fundamental conservation laws of motion assuming a
homogeneous environment at rest. This equation is com-
monly known as the acoustic analogy or Lighthill’s anal-
ogy. The far-field sound pressure is given in terms of a
volume integral over the domain containing the sound
source. Lighhill’s analogy cannot be easily applied for
arbitrary geometries. It does not take into account the
effects of the mean flow, i.e. convection effects, and solid
boundaries on the acoustic properties, i.e. refraction
effects. Several variations and extensions to Lighthill’s
Acoustic Analogy exist which alow for mean flow and
solid boundary effects. Examples include the formula-
tions by Curle [21] and the Ffowcs-Williams and
Hawkings equation [22], the latter being able to take into
account the effects of moving solid boundaries on
acoustics. All acoustic analogy methods require accurate
flow field information from CFD. The computational
requirements of acoustic analogy methods are much less
than the requirements for LES solutions as the former do
not require a computational mesh.

The Ffowcs Williams-Hawkings (FW-H) equation was

derived by FW-H in 1969 and has been widely used for
the successful prediction of the noise of helicopter rotors,
propellers and fans. The FW-H equation is the most gen-
eral form of the Lighthill acoustic analogy and can be
used to predict the noise generated by complex arbitrary
motions. Thisisrelevant for the present research as wind
turbines rotate. The FW-H equation is based on an analyt-
ical formula which relates the far-field pressure to inte-
grals over a closed surface that surrounds all or most of
the acoustic sources. In the same way as Lighhill and
Curle's equations, the FW-H eguation requires the pres-
sure fluctuations from the flow solution as input. Since it
is based on the conservation laws of fluid mechanics the
FW-H approach can include non-linear flow effectsin the
surface integration and does not need to completely sur-
round the non-linear flow region. The FW-H equation is
an exact rearrangement of the continuity and the momen-
tum equations into the form of an inhomogeneous wave
equation with two surface source terms (monopole and
dipole) and a volume source term (quadrupol€e). The com-
putation of the quadrupole contribution requires volume
integration of the entire source region and can be difficult
to implement. It is common in the FW-H derivation to
assume that the surface is coincident with the physical
body surface and that it is impenetrable. The assumption
that the integration surface coincides with the body sur-
face is not necessary. The FW-H equation has also been
applied to permeable surfaces surrounding all physical
Noi Se sources.

The FW-H equation on a fictitious permeable surface
which does not coincide with the body surface has been
investigated by di Francescantonio. Di Francescantonio
[23] showed that when the FW-H approach is applied on
a surface surrounding the noise generating region, the
quadrupole sources enclosed within the surface are
accounted for by the surface sources. He demonstrated
that for far-field noise prediction the FW-H approach can
be used on a fictitious surface that does not correspond
with a physical body. However, the “thickness’ noise and
the “loading” noise as obtained from solving the FW-H
equation do not have any physical significance if the sur-
face of integration is chosen to be permeable. When the
integration surface is identical with the body surface,
these terms provide a physical insight into the source of
sound generation. This can help to find design methods
for reduced noise emission.

2.5 Boundary conditionsfor acoustics

The treatment of boundary conditions forms an essen-
tial part in aeroacoustic simulations. It is important to set
up proper non-reflecting boundary conditions at the outer
boundary to prevent acoustic waves from being reflected
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Acoustic analogy

Far-field point

Fig. 3 Method of noise simulation. (Blade type: WINDMELIII)

back into the computational domain. Convective bound-
ary conditions, as implemented in the LES solution, are
usually not sufficient to prevent wave reflection at the
outer boundaries. Tam et al. [17] proposed non-reflecting
boundary conditions which are suitable for acoustic prob-
lems.

In this research, non-reflecting conditions are taken
care of by grid stretching. A coarse grid acts like a low
pass filter. When an outgoing acoustic wave enters the
region of grid stretching, it becomes under-resolved in the
coarsened grid. Since the present numerical scheme, a
third-order upwind scheme, has atendency to quickly dis-
sipate disturbances in unresolved scales, the numerical
solutions are attenuated through numerical dissipation.
Care must be taken to avoid abrupt grid stretching in
order to prevent grid to grid reflections. This may lead to
a very large exit zone with many grid points wasted.
Since the computational boundary in the present research
is located relatively far away from the region of direct
noise simulation, it can be thought that acoustic waves
are dissipated long before they reach the outer boundary.

2.6 Noise prediction method — Coupling of LES
with acoustic analogy

CFD methods can be coupled with the more efficient
integral methods to propagate acoustic signals to the far-
field. The noise prediction method employed in this
research couples the near-field unsteady compressible
LES data with an FW-H formulation for the far-field
noise prediction. In the non-linear flow region in close
proximity to the blade, that is the region lying 1 to 2
chord lengths away from the blade, flow and acoustic cal-
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culations are performed simultaneously in a unique run.
This region is called the near-field. The methodology is
shownin Fig. 3.

The far-field flow is computed by LES whereas the far-
field sound is computed using the permeable surface FW-
H method developed by Brentner and Farassat [24]. The
time sequence of the acoustic field radiated at the external
boundary of the near-field is fed into Eq. (2.149) to
obtain sound pressure fluctuations at some point of inter-
est in the far-field.

Direct noise ssimulation is performed only over a short
distance from the blade surface. As diffusion and disper-
sion errors increase rapidly with large grid size, the grid
has to be extremely fine in the near-field to allow for
propagation of acoustic waves which are usualy four to
five orders of magnitude less than the flow fluctuations.
The grid spacing and time step in the near-field are deter-
mined by the smallest wavelength of interest.

Direct noise simulation can account for refraction and
convection effects through the inhomogeneous unsteady
flow and reflection and scattering effects on the blade sur-
face. This is essential regarding complex blade geome-
tries. Direct noise simulation also takes into account varia-
tionsin the speed of acoustic waves. Furthermore, by sim-
ulating the propagation of acoustic waves in the near-field
directly, the restrictions of the compact body assumption
posed by the acoustic analogy methods are relaxed. The
acoustic analogy method applied on a surface away from
the blade surface is expected to yield more accurate results
for the far-field noise in the high frequency domain than
would be obtained by solely integrating the blade surface
pressure fluctuations. When the smallest wavelength of
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Fig. 4 Isovalue contours of instantaneous pressure fluctuation
field computed via LES (black line) overlayed with
acoustic analogy data (grey pattern), Manohaet al. [25].

interest is smaller than the body reference length, such as
it is the case with trailing edge or tip vortex related noise
in high Reynolds number flow, the far-field noise cannot
be predicted accurately just by integrating the surface
pressure fluctuation such as using Curle's equations.
Another advantage of direct noise simulation is that the
primary noise sources and vortices responsible for the
generation of sound can be identified more precisely
through visualization of the acoustic field and physical
phenomena of the noise generation process can be studied
more extensively. This can contribute to finding new
design methods to achieve further noise reduction.

Figure 4. illustrates the discrepancy between the pres-
sure fluctuations obtained by direct noise ssmulation and
the pressure fluctuations obtained by acoustic analogy for
flow around a NACA0012 blade section ([25]). LES data
contours are plotted using solid black lines, while
acoustic analogy data use grey patterns. The waves prop-
agating in the LES domain are slightly slower than the
waves propagating in the acoustic analogy domain. This
is explained by the fact that the acoustic analogy method
assumes uniform flow velocity, while the flow simulated
by LES takes into account local velocities that might dif-
fer significantly from the uniform mean flow velocity.
Acoustic analogy methods do not take into account inho-
mogeneities of the mean flow outside the integration sur-
face. Thisisasignificant limitation of the acoustic analo-
gy methods. As seen in Fig. 4. discrepancies can be
observed even for relatively simple blade section flow at
arelatively low Mach number of 0.205. In this case the
actual mean flow outside the integration surface assumed
in acoustic analogy methods can be considered to be rela-
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tively uniform. Regarding more complex flows such as
flow around the wind turbine blade tip, discrepancies
between direct noise simulation and acoustic analogy
methods can be expected to be more evident due to the
larger velocity gradients and non-linear flow features in
the near blade region.

2.7 Parallelization strategy

Efficient implementation of implicit finite-difference
schemes on parallel computers is not straightforward. A
pipelined type approach is adopted in this research,
according to Aoyama [26]. The main disadvantage of the
pipeline method is the idle time and communication
latency time of the processors at the beginning of the
computations and when the algorithm switches from the
forward to the backward computational step. The proces-
sors must wait for completion of computations on the pre-
vious processors. There is a startup time required for all
processors to participate in the computation. The parallel
pipelined algorithm applied in this work produces exactly
the same solution as its single-processor equivalent.

Parallelization is achieved using the domain decompo-
sition method and MPI. The domain is split in the span-
wise direction only. The pipeline method is used for the
implicit calculation in the spanwise direction. Parallel
efficiency can be kept at around 80 % due to the splitina
single direction. The split in the spanwise direction is fea-
sible in the present simulation since the number of grid
pointsis large along the span.

Figure 5. shows the outline of the pipeline method for
two dimensional problems. The left hand figure corre-
sponds to the simulation using 1 single processor, while
the right-hand side shows the process using 4 separate
processors in paralel. Arrows with the same color char-
acterize processes that take place simultaneously.
Regarding two dimensional problems, the object trans-
ferred between processors is a single element. As for
three dimensional problems, the transferred object consti-
tutes atwo dimensional array.

3. WINDMELIII flow and acoustics
3.1 Introduction

This chapter describes the simulation of broadband
aerodynamic noise and its propagation into the far-field,
emitted by alarge rotating wind turbine blade of arbitrary
shape and with particular emphasis on tip noise. The pre-
diction of aerodynamic tip noise emitted from awind tur-
bine blade requires the analysis of vortical structures and
pressure fluctuations associated with the tip vortex and
their interaction with the trailing edge. A large-scale
unsteady compressible Large-Eddy Simulation combined
with direct noise simulation in the near-field is carried out
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Fig. 5 Pipeline method (2 dimensions) — 4 Processors.

on the Earth Simulator to predict the far-field aerodynam-
ic noise caused by the rotating WINDMELIII wind tur-
bine at the design condition. Concerning the near-field,
flow and acoustics are solved with the same code, while
the far-field aerodynamic noise is predicted using
acoustic analogy methods. The present simulation focuses
on the tip vortex noise that is generated in the tip region,
i.e. the region with highest velocities. Simulations for the
WINDMELIII wind turbine rotor blades are performed
for two blade tip geometries, using an extremely fine grid
to resolve the smallest eddy scales. The simulation of two
different geometries allows investigating the effect of the
blade tip shape on the overall aerodynamic noise radiated
by the wind turbine. A better understanding of the physi-
cal phenomena of tip vortex noise and a comparison of
the level of tip noise emitted by different blade tip shapes
will contribute towards designing new wind turbine
blades and blade tip shapes with reduced noise emission,
leading to increased public acceptance of wind energy. In
this work, low frequency wind turbine aerodynamic noise
is not addressed. It can be thought that this type of noise,
mostly caused by blade-tower interaction, is not strongly
related to the geometry of the wind turbine blades.

Due to lack of suitable experimental data concerning
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wind turbine noise, no definite quantitative comparison of
the predicted far-field noise spectra with experimental
noise measurements has been made at the moment. The
accuracy of the computational results is based on the vali-
dation cases for basic flows of NACA blades. The results
presented in this work provide information about the
effect of the blade tip shape on the noise level in arela
tive sense. Relative changes in the noise level can be pre-
dicted accurately by the present large-scale LES. In con-
trast to predictions of aerodynamic performance such as
the power and thrust coefficients, it is often not overly
important to obtain exact absolute values for the noise
emitted by awind turbine blade. Rather relative compar-
isons among different shapes are sought.

3.2 Flow conditions and geometry

The numerical simulation is carried out in accordance
with an acoustic measurement experiment of a WIND-
MELIII test turbine performed by Nii et al. [4]. The two-
bladed wind turbine of upwind type has a diameter of 15
m and operates at a wind speed of 8 m/s with a constant
speed of 67.9 rpm for the acoustic tests. The rated power
output is 16.5 kW. The tip speed ratio is 7.5 and the tip
speed is 53.3 m/s, corresponding to a Mach number of
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Actual

Oges

Fig. 6 WINDMELIII — Blade tip shape.

0.16. The computation was performed at the design tip
speed ratio of 7.5 only.

The actual tip shape of the rotor blades has a curved
leading edge and straight trailing edge, as illustrated on
the top of Fig. 6. Uy is the effective flow velocity at a
particular blade section. In contrast to the real blade, the
chord length in the simulation does not reduce to zero at
the blade tip due to the use of a single block grid in the
present simulation. An ogee type tip shape is also simu-
lated, as shown on the bottom of Fig. 6. The ogee type tip
shape has been found in various wind tunnel experiments
and outdoor noise measurements on wind turbines to be
noise suppressing ([5]). The details of the ogee type tip
geometry can be found in Wagner at al. [2]. The term
ogee stands for S-arch. The chord length corresponding to
the dotted line in Fig. 6. will be referred to as the refer-
ence chord length which equals 0.23 m. This corresponds
to radial position r/R = 0.95 and is the spanwise location
beyond which the blade shape differs between actual and
ogee type tip shape. At the design condition of WIND-
MELIII the Reynolds number based on the reference
chord length and the effective flow velocity at the refer-
ence chord length is 1.0x10°.

3.3 Computational grid

The computational domain for the wind turbine blade
isillustrated in Fig. 7. A single block grid is used. Since
the wind turbine has 2 blades, the domain is chosen to
consist of half a sphere. Only one of the blades is explic-
itly modeled in the simulation. The remaining blade is
accounted for using periodic boundary conditions,
exploiting the 180 degrees symmetry of the two-bladed

Fig. 7 Computational domain.

rotor. Uniform flow, U, corresponding to the wind
speed is prescribed in the -x-direction. The blade rotates
about the x-axis. The outer boundary of the computational
domain is located 5 rotor radii away from the center of
rotation. The detailed geometry of the hub and the wind
turbine tower are not taken into account in the simulation.
The wind turbine blade flow in this work is treated with
the same numerical algorithm as in the previous chapter.
The simulation is performed in a rotating frame of refer-
ence. Eddy scales as fine as the ones simulated in the pre-
liminary simulation for NACA blades will be resolved, at
least in the blade tip region.

Concerning the boundary conditions, no-slip condi-
tions are applied at the wall, and pressure and density are
extrapolated. Convective boundary conditions are imple-
mented at the outlet. Outer boundaries are made coarse
enough to allow for non-reflecting acoustic boundary
conditions, as described in section of 2.5. In this work,
the computational domain extends extremely far away
from the blade, i.e. 200 times the chord length or 5 times
the rotor radius, while direct noise simulation is per-
formed only in the near-field, i.e. 1-2 chord lengths away
from the rotor blade. Due to the large rate of stretching
and the extreme distance between the blade and the outer
boundaries, high frequency fluctuations and even low fre-
guency fluctuations can be considered to be filtered out
before reaching the outer boundary. 1t must also be noted
that numerical dissipation with the third-order upwind
scheme is high in the outer regions due to the coarse grid.
Acoustic waves will be dissipated.

Inflow conditions are prescribed without fluctuations.
This means that the flow is uniform at the inlet, with tur-
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bulent fluctuations being neglected. In redlity, the inflow
contains a considerable amount of turbulence which
should ideally be taken into account in the simulation,
especially since the experimental measurements on the
WINDMELIII are performed in conditions with strong
wind speed fluctuations. The broadband noise is said to
depend strongly on the level of inflow turbulence.
Alternative treatments of inflow boundary conditions
include prescribing turbulent inflow conditions with ran-
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dom fluctuations. This can be accomplished by assuring
that the inflow has the proper kinetic energy. However, it
is common that random fluctuations dissipate quickly
without sustaining or initiating turbulence. The random
fluctuations could however act as initial disturbance,
which could be important for natural transition from lam-
inar flow to turbulent flow.

Druault et a. [27] proposed a method for generating
realistic inflow conditions based on two-point statistics
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Fig. 10 Spanwise grid spacing along WINDMELIII blade (in meters).

and stochastic estimation. The large-scale coherence of
the flow is reproduced in space and time. The method is
based on linear stochastic estimation. DNS results are
used to generate realistic inflow conditions, retaining
only aminimum size of relevant information.

Figure 8. shows the computational grid of the wind tur-
bine blade section at radial position r/R=0.88. Thegridis
called Gridl. The computational grid is of O-grid topolo-
gy consisting of 765 grid points along the airfoil surface
and 385 grid points perpendicular to the airfoil surface.
The suction side consists of 565 grid points and the pres-
sure side has 201 grid points. No wall model isused. 1113
grid points are taken along the span direction. The total
number of grid pointsis 320 million. The grid spacingsin
the near blade region are set according to the observations
made in the validation part of the preliminary approach in
order to perform a direct noise simulation. Since the main
interest of thisresearch istip noise, the computational grid
is made extremely fine in the blade tip region. Figure 9.
shows the grid at the blade tip. Here, LES requirements
for the grid spacing in terms of wall units Ax*, Ay* and
AZ" arefully satisfied. Ay* is set to take avalue of approx-
imately 1.0 along the entire blade surface. No wall model
is used. At the blade tip, the non-dimensional spanwise
grid spacing Az" is 15.0. AZ" increases faster in the free
zone than on the side of the wind turbine blade due to the
absence of the solid wall in the free zone. The spanwise
grid spacing along the blade is shown in Fig. 10. The non-
dimensional streamwise grid spacing Ax* equals approxi-
mately 50.0 is the region where transition is to be expect-
ed, that is dlightly downstream of leading edge. Towards

the blade root and in the outer boundary region, the grid
spacing is too large to satisfy LES requirements.
However, the inner blade region does not contribute much
to the overall aerodynamic performance. It can be thought
that the effect on the tip vortex noise is small.

In order to satisfy LES grid spacing conditions along
the entire span length, the number of grid points would
have to be increased considerably. It is estimated that up
to 15 hillion grid points, with 100,000 grid points along
the span, are required to satisfy Az" along the entire
blade. Although a simulation with 15 billion grid points
could be realized on the Earth Simulator, it is not practi-
cal at present.

The largest frequency of interest in the present simula-
tion is 10 kHz. The direct simulation of the acoustic field
is performed in the domain lying approximately two
chord lengths away from the blade surface. This domain
will be referred to as the near-field. In the immediate
proximity of the blade, i.e. in the region lying within 1.5
chord lengths away from the blade surface, the resolution
per wavelength corresponding to 10 kHz is approximately
25 points per wavelength. This resolution decreases to 20
at a point lying 2 chord lengths away from the blade.
Comparison with analytical results for the convection of a
small pressure pulse in a uniform flow has shown that in
order to achieve an accurate solution with the third-order
finite difference scheme approximately 25 to 30 points
per wavelength are required. Thus the highest frequency
resolvable by the simulation in the region lying 2 chord
lengths away from the blade surface would be slightly
lower than 10 kHz.
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The non-dimensional time step is 4.0x107° ¢/Ug. The
physical time step is approximately 1.4x10~7 seconds,
meaning a sampling frequency of 7 MHz. This is more
than sufficient to capture the acoustic phenomena associ-
ated with the tip vortex. The simulation of the blade with
300 million grid points took 300 CPU hours for 250,000
time steps on the Earth Simulator using 112 processors in
parallel. During this period of 50 ms the blade rotates
20.4 degrees and the blade tip moves 2.6 m. The simula-
tion covers 10 non-dimensional time units.

It is essential to discuss the implications of the short
rotation time. At present, longer runs are not possible due
to a limit in computational time. The present simulation
can be considered the first step of large-scale wind tur-
bine flow and noise simulation. Thetip vortex will bein a
very transient state at this time. It would take many com-
plete rotations of the rotor for afully developed wake and
tip vortex to be established. General observations from
rotor computations show that for the tip speed ratio in
question 2 to 3 rotor revolutions are required for the flow
to build up and to take into account the full flow field and
the induction from the vortices in the wake. The time
span simulated in this work is sufficiently long to cover
the process of tip vortex formation and interaction of tip
vortex with the blade trailing edge. The lower boundary
of the dominant frequencies of the tip vortex is approxi-
mately 3,000 Hz, corresponding to a time span of 0.33
ms, which is much smaller than the simulation period of
50 ms. It can be said that the tip vortex noise generation
mechanism and associated acoustics are properly cap-
tured in the present simulation. Longer runs including
several full rotations would be necessary to carry out for
predicting low frequency aerodynamic noise such as
blade-tower interaction.

Concerning the aerodynamic performance of the wind
turbine blade, longer simulation times are necessary,
especialy to take into account the induction from the vor-
ticesin the wake. lida et al. [28] performed a RANS sim-
ulation of awind turbine blade using the same numerical
temporal and spatial schemes as the present LES solver.
They simulated 5 to 6 complete rotations of the rotor, and
obtained very good agreement with experimental meas-
urements regarding aerodynamic performance of the
wind turbine blade such as overall power and thrust coef-
ficient. However, RANS cannot provide accurate turbu-
lent frequency spectra which in turn are required for high
frequency aerodynamic noise. The present LES simula-
tion, although simulating only a fraction of afull rotation,
allows relative comparison between different tip shapes
in terms of acoustic emission. It can give us new insights
into the physical phenomena of tip vortex noise and can
predict relative changes in the overall noise level for dif-
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ferent tip shapes, a feature which is essential for design
puUrposes.

The present work should be considered a first step
towards full LES of a wind turbine blade with the ulti-
mate aim to design wind turbine blade tips with reduced
noise emission. LES simulations covering several rota-
tions will become possible in the future with increasing
computational resources.

3.4 Flow field in the bladetip region

The flow in the blade tip region of the actual and the
ogee type tip shape is investigated in more detail. Gridl
is being used in the simulation. For clarification purposes,
several cross sections are being defined in Fig. 11. Sl lies
parallel to the reference chord and passes through the
trailing edge of the blade section corresponding to the ref-
erence chord length. Face 2 is perpendicular to the refer-
ence chord length and passes through the leading edge of
the blade section corresponding to the reference chord
length. S3 and $4 are the blade cross sections located at
radial positions r/R = 0.88 and r/R = 0.98, respectively.
SA is located in the region where the blade shape differs
between actual and ogee type tip.

The vorticity isosurfaces wx in the tip region are
shown in Fig. 12. for both tip shapes. Vortical structures
in the vicinity of a body cause intense noise. Very com-
plex three dimensional vortical flow structures associated
with the tip vortex can be identified. For both tip shapes
these vortical structures prevail in the immediate vicinity
of the trailing edge, suggesting the importance of the tip
vortex-trailing edge interaction as a noise contribution.
Concerning the actual tip shape, a major part of the vorti-
cal structures can be identified at the immediate tip and in
the tip vortex, in close proximity to the blades surface.
Vortices that exist near the blade surface have greater
contribution to the sound generation than those that exist
far from the blade surface. The contribution of avortex to
the sound generation decays in inverse proportion to the
third power of the distance between the body surface and
that particular vortex. As for the ogee type tip shape, the
tip vortex structure is smoother than for the actual tip
shape. Reduced tip vortex shedding and reduced interac-
tion with the trailing edge suggests reduction of noise.
There exists, however, some degree of interaction
between the vortical structures and the trailing edge fur-
ther inboard. For the ogee tip the trailing edge curvature
leads to the formation of further but weaker circulation
vortices due to local cross flows along the trailing edge.
Due to the thin extension a strong leading edge wake is
expected to build up and possibly being able to disturb
the generation of thetip vortex.
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Fig. 12 Vorticity a Isosurfaces (Top: Actual, Bottom: Ogee).

3.5 Pressurefluctuations at bladetip

To evauate the effect of the difference in the structure
of the vortices in the blade tip region on the acoustic
near- and far-field, the pressure fluctuations in the near
blade region are analyzed and compared between actual
and ogee type tip shape. As shown in Fig. 11, the pres-
sure fluctuations are taken at points A and B. Point A and
B lie slightly downstream of the turbine blade trailing
edge, on faces S3 and $4, respectively. S3 is the region
where the blade shape is the same for the actual and ogee
type blades. $4 lies in the region where the blade shape
differs. The distance between the trailing edge and point
B is the same for both the actual and the ogee type tip
shape. The flow travels the same distance in both cases.
Figures 13 and 14 illustrate the pressure fluctuations
taken at points A and B between 0.02 s and 0.028 s. At
point A the amplitude and frequencies show very similar
values for both tip shapes. However, at point B, where the
blade shape differs, it can be seen that the amplitude of
the pressure fluctuations has decreased for the ogee type
tip shape as compared to the actual tip shape.
Furthermore, high frequency fluctuations can be observed
for the actua tip shape. These high frequency contribu-
tions in the blade tip region of the actual tip can be
thought of affecting the noise level and frequency in the
far-field. Concerning the ogee type tip shape, these high
frequency fluctuations do not appear. The ogee type tip
shape shows a lower degree of turbulence and weaker
noise source in the tip region. It is difficult to measure
pressure fluctuations around rotating blades in a wind
tunnel. No experimental data of pressure fluctuations is
currently available for comparison. However it has been
confirmed in the preliminary research that the present
numerical method is robust and provides quantitatively
accurate results for pressure fluctuations and spectra in
the high frequency domain when very fine grids are used.

3.6 Acoustic field

Examination of the surface pressure fluctuations alone
does not aways provide useful information for aerody-
namic sound reduction, especially when studying the
sound generated from an object having a complex shape.
Powell’s sound source term helps to identify vortex gen-
erated sound sources.

Powell [29] investigated which characteristics of the
turbulent flow or eddy motion are responsible for sound
generation and found that the formation and motion of
vortices or vorticity is the fundamental noise-producing
mechanism. For a relatively high Reynolds number flow
with no heat release, the entropy and viscous-stress terms
in Lighthill’s acoustic tensor can be neglected and the
Reynolds-stress term becomes the dominant contributor
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to the sound generation. The sound source intensity maps can be used to detect
dominant noise origins. Powell’s sound source shows the
(;?Tzz_az V2>p=v( pa)xu) 1) most relevant sound sources of vortex generated aerody-

Equation (1) shows the contributions from the vortica
motions in the flow to the sound generation where a, w,
and u show sound velocity, density, vortex and velocity
respectively. Sound sources in the near wake can now be
identified based on the instantaneous values for the right-
hand side of Eq. (2).

Figure 15 shows the distribution of instantaneous val-
ues of Powell’s sound source term Div-(uxw) on face Sl.

J. Earth Sm., Vol. 2, March 2005, 11-33

namic sound for low-speed flow.

Through the analysis of Fig. 15 the vortical structures
that contribute most to the generation of the far-field
sound can be identified. The primary source of aerody-
namic sound is unsteady motion of vortices in regions
close to the blade. Regarding the actual tip shape, a con-
centration of high values of Powell’s sound source can be
identified immediately downstream of the trailing edge at
the tip. These sound sources near the blade surface can be

25



Noise Reduction of Wind Turbine Blade

N =
4

Fig. 15 Div- (u_w) on S1.

Fig. 17 Instantaneous pressure perturbation isosurfaces.
(Ogee type tip shape)

expected to contribute strongly to the far-field noise.
Vortices generated by the actual blade in the tip region
are identified as being primarily responsible for the gen-
eration of sound by this flow. In general complex struc-
tures are less prevalent and more equally distributed
along the blade trailing edge for the ogee type tip shape,
without being concentrated in the blade tip region. The
values of Powell’s sound source are lower on average for

the ogee type tip shape than for the actual tip shape.
Figure 16 shows the instantaneous pressure perturba-
tion field of the wind turbine blade with ogee type tip
shape obtained by direct LES on face 2. Pressure fluctu-
ations on the blade surface constitute an acoustic source
and propagate into the far-field. They are the main cause
for aerodynamic noise. The compressible LES flow
solver is able to simultaneously simulate the propagation
Fig. 16 Instantaneous pressure perturbation field on S2. of the acoustic waves caused by the surface pressure fluc-
(Top: Actual, Bottom: ogee) tuations away from the blade in addition to the unsteady
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flow field.

Figure 17 shows the pressure perturbation isosurfaces
in three dimensions for the ogee type tip shape. It can be
clearly seen that the noise source lies in the tip region,
with acoustic waves propagating away from the tip. The
pressure perturbations contain contributions mainly from
the fluctuations associated with the tip vortex and its
interaction with the trailing edge of the wind turbine
blade. The upper figure corresponds to isosurfaces of pos-
itive pressure fluctuations whereas the lower figure corre-
sponds to isosurfaces of negative pressure fluctuations.
The acoustic field radiates approximately two reference
chord lengths away from the blade, as expected from the
current grid characteristics.

Concerning Figs. 16 and 17, the number of grid points
captured by a wave length corresponding to a frequency
of 7 kHz is sufficiently large to alow for accurate propa-
gation of acoustic wavesin the near-field.

3.7 Far-field noise prediction

The effect of the blade tip shape on the overal far-
field noise level is investigated. Velocity components,
density and pressure obtained from LES are stored at pre-
scribed time steps on a fictitious permeable surface lying
one reference chord length away from the blade and
encircling the blade. The noise perceived in the far-field
is computed using acoustic analogy methods by integra-
tion of physical quantities on the surface shown in Fig. 18.

The acoustic perturbations evaluated by the LES simu-
lation are integrated using the FW-H equation by
Brentner. This integration yields the acoustic pressure
level in the far-field. The spectra were obtained by a FFT
analysis using a rectangular window. The sample of 7 ms,
which corresponds to approximately 10 non-dimensional
time units, was divided into 500 records, meaning a fre-
guency resolution of 70 kHz. In terms of grid resolution,
10 kHz, the smallest wavelength of interest, corresponds
to 1/7" in terms of tip chord length. One wavelength cor-
responding to 10 kHz is covered by 25 grid points, requir-
ing about 260 grid points in the direction perpendicular to
the blade surface in the near-field.

The integration surface has a shape of a cylinder with a
tip-end cap. Time-accurate flow data on the permeable
FW-H surface is provided by LES in the near-field. In
this research, the integration surface used for the FW-H
equation is actually used in the LES simulation as well,
so no additional interpolation is required. Since a rotating
frame of reference is used, the values are converted to
stationary values before being fed into the FW-H equa-
tion. A numerical integration of EqQ. (2.149) is performed
by approximating the integral over each grid point. The
simulated changes in sound pressure level for the actual
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Fig. 18 Integration surface for FW-H.

and the ogee type tip shapes are shown in Fig. 19 for a
far-field observer point located 20 m upstream of the
wind turbine.

At 20 m, the effect of the blade tip shape on the aero-
dynamic noise level in the high frequency domain is
obvious. According to the simulation results, the ogee
type tip shape shows a decrease in acoustic pressure level
for frequencies above 3 kHz. The ogee type tip shape
clearly has a noise reducing effect. A reduction of
approximately 2 dB is attained for the overall sound pres-
sure level (OASPL). The reduction above frequencies of
3 kHz is approximately 5 dB. The reduced acoustic emis-
sion of the ogee tip is likely to be related to the decreased
interaction between the tip vortex and the trailing edge.
According to the noise measurement experiment [4], a
point source is located at the tip of the blade for frequen-
cies from 3.1 kHz to 6.3 kHz, suggesting a small but
intense lateral vortex shedding from the tip. Peaks can be
observed in this frequency range in Fig. 19, suggesting
some agreement between the simulation and the experi-
mental measurements. The removal of small high fre-
quency pressure fluctuations for the ogee type tip shape
explained in Section 4.5 can be thought of being the rea-
son for reduced noise radiation.

The simulation results for the observer position located
20 m away from the wind turbine show a similar trend
with the measurements obtained by Klug et a. [5] for the
noise emission of a blade tip with a curved trailing edge
similar to the ogee type tip shape. In Fig. 20, frequencies
are non-dimensionalized based on the effective velocity
at the tip and the blade tip chord length. The simulation
results and the field test measurements show a reduction
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of sound pressure level for the ogee type tip shape in the
same frequency domain.

Quantitative comparisons between the experimental
test turbine measurements by Nii et a. [4] and the com-
puted far-field noise levels are not performed at the
moment since the test turbine also emits gear and genera-
tor noises from the gearbox and the blade-tower interac-
tion noise. Even though the ultimate aim of this research
is without doubt the prediction of the absolute values of
the noise level, the grid employed in the present work is
not fine enough to satisfy the requirements of Large-Eddy

Simulation along the entire span of the wind turbine rotor
blade. The grid is too coarse to capture flow and acoustic
effects of the inboard section of the blade and in the hub
region. Furthermore, the tower is not included in the
numerical simulation. However, the test turbine measure-
ments include all types of noise, including mechanical
and blade-tower interaction noise. Thus simulation results
are not expected to directly agree well with experimental
measurements of the noise.

Nii et al. [30] experimentally studied the generation
mechanism of noise originating in the tip area of the
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WINDMELIII wind turbine. They used a microphone
array system to evaluate the acoustic performance of the
15 m diameter experimental wind turbine rotor blade.
Results revealed that the blade emits strong high frequen-
cy broadband noise from the tip and mid frequency noise
from the trailing edge of the blade. They suggest that the
noise generation mechanism of high frequency noise is
due to the streamwise vortices shed directly from the
extreme tip.

The noise at high frequencies does not propagate as far
as low frequency noise. As seen from the simulation
results, the noise reduction caused by the slight change of
the wind turbine blade tip geometry is 2 dB overal. The
results obtained by the present large-scale numerical sim-
ulation suggest that the high frequency noise emitted in
the outer region of the wind turbine blade is indeed rele-
vant as the human ear is most sensitive to frequencies
between 1 and 5 kHz. This frequency range can be simu-
lated accurately with the present LES solver.

As mentioned in the introduction, there is a trend
towards building larger wind turbines and increasing the
tip speed ratio in the future due to cost reasons, possibly
using more slender and fewer blades. The levels of high
frequency noise caused in the blade tip region can be
expected to increase since the high frequency broadband
noise emission increases with the fifth or sixth power of
the effective flow velocity,. Thus the high frequency
noise for which the ogee type tip shape has shown a noise
reduction will be a serious concern and cannot be neglect-
ed in residential areas in the far-field. Noise reduction in
the high frequency domain will be a more relevant issue
for future wind turbines. For present wind turbines, the
sound in the high frequency domain is not too disturbing
in residential areas. A noise level of approximately 40 dB
is perceived 200 m away from the wind turbine. It cannot
be distinguished from ambient noise since high frequency
noise dissipates over short distances. The problem of tip
vortex noise clearly deserves attention for future wind
turbine applications, and accurate prediction methods for
the higher frequency noise are desirable.

3.8 Meritsof direct noise simulation

As shown in the previous section, direct noise simula-
tion, even if just carried out in the region in close proxim-
ity to the blade, allows the accurate simulation of the
most intense quadrupole sources while neglecting the
computationally expensive quadrupole volume integra-
tion. This is a distinctive advantage of the direct noise
simulation in the near-field, as compared to integration of
blade surface pressure fluctuations. This also assures that
the vorticity contribution and the non-linear effects of
flow and sound velocity in the near-field to the overall
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sound is accurately taken into account.

Monopole and dipole sources are important for a wide
range of Mach numbers. Quadrupole sound sources usu-
ally become important at relatively high Mach numbers,
but they can also appear at lower Mach numbers. The
importance of the quadrupole contribution for wind tur-
bines with Mach numbers at the tip ranging from 0.1 to
0.3 was already discussed in the section of 2.8.
Quadrupole sources are essential in flow regions with
strong flow speed variations such as in the near blade
region, in the blade tip vortex and in the turbulent bound-
ary layer. Quadrupole sources are associated with non-
linearities in the flow field caused by both local sound
speed variation and finite fluid velocity near the blade
surface in the turbulent boundary layer. Although the
flow around wind turbine blades is in the low Mach num-
ber range, quadrupole sound is generated [2], especially
aft of the leading edge on the suction side, due to flow
acceleration. The turbulence in the boundary layer radi-
ates quadrupole sound that is scattered at the trailing
edge, leading to intense noise radiation at the trailing
edge of the blade. The flow speed variations in the tip
vortex lead to further quadrupole noise radiation at the tip
of the blade.

Concerning non-deterministic noise for subsonic turbu-
lent flows, such as high frequency noise from wind tur-
bines, the primary sound sources are the fluctuating
Reynolds stresses. This corresponds to quadrupol e sound.
In the presence of rigid surfaces, the sound is reflected,
scattered, or diffracted at the surface. This leads to addi-
tional monopole and dipole sound [2]. Sound with
quadrupole character occurs in al turbulent flows. The
physical mechanism can be described by a system of nor-
mal and shear stresses as well as fluctuating Reynolds
stresses. The strength of quadrupole sound sources is
determined by the Lighthill tensor.

In section of 2.5 the merits of direct noise simulation
over acoustic analogy were shown. Discrepancies
between the pressure fluctuations obtained by direct noise
simulation and the pressure fluctuations obtained by
acoustic analogy for flow around a NACA0012 blade
section were observed even for relatively simple blade
section flow at arelatively low Mach number of 0.205. In
this case the actual mean flow outside the integration sur-
face can be considered to be relatively uniform. It was
seen that the acoustic waves propagate at different speeds
in the LES domain and in the acoustic analogy domain.
This is because the acoustic analogy method assumes uni-
form flow velocity, while the flow simulated by LES
takes into account local velocities that can differ signifi-
cantly from the uniform mean flow velocity.
Furthermore, acoustic analogy methods do not take into
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account inhomogeneities of the mean flow outside the
integration surface. This is a significant limitation of the
acoustic analogy methods.

By performing a direct noise simulation, the above-
described non-linear effects in the near blade region are
taken into account considerably more accurately than in
acoustic analogy methods. Furthermore, the quadrupole
contribution is taken into account in the near-field by
direct noise simulation without having to perform volume
integration since the surface source terms account for
noise generated by acoustic sources in the flow field out-
side of the blade surface but inside the permeable integra-
tion surface. In this case the volume source can be con-
sidered as having a negligible contribution.

Regarding more complex flows such as the presently
simulated flow around the wind turbine blade tip, discrep-
ancies between direct noise ssimulation and acoustic anal-
ogy methods are even more evident due to the larger
velocity gradients and non-linear flow featuresin the near
blade region at the tip of the wind turbine blade. Strong
velocity gradients are present in the near blade region, in
the domain extending one to two chord lengths away
from the wind turbine blade tip. When the permeable
integration surface is placed sufficiently far from the
blade tip, the mean flow can be considered reasonably
uniform, and acoustic analogy methods can be applied to
provide accurate prediction of aerodynamic noise over
long distances from the blade.

Acoustic analogy models are not sufficiently accurate
when simulating complex geometries which exhibit
strong reflection, such as winglets for future wind turbine
applications. The merits of direct noise simulation in the
near blade field can be expected to become even more
evident for complex geometries due to the consideration
of acoustic reflection effects.

A clear advantage of permeable integration surfaces
used in accordance with the acoustic analogy methods is
that they enable consideration of conveniently placed fic-
titious surfaces surrounding a body with a complex
geometry. The assumption that the integration surface has
to coincide with the body surface would render the sound
prediction procedure much more difficult for complex
blade tip shapes and would not be able to realistically
model the acoustic wave propagation process in the vicin-
ity of the body.

Finally, a mgjor disadvantage of the integration of the
blade surface pressure fluctuations by the FW-H equation
is the fact that it assumes that the blade chord length is
much smaller than the wavelength of the noise of interest,
the so called compact body assumption. This assumption
is clearly violated regarding wind turbine tip noise. The
smallest wavelength of interest is 0.03 m, for 10 kHz,

Fig. 21 Surface distribution for actual tip shape (reference point
20 m upstream). Monopol e contribution.

Fig. 22 Surface distribution for actual tip shape (reference point
20 m upstream). Dipole contribution.

while the blade chord length at the tip is approximately
0.2 m. Even though the use of afictitious permeable inte-
gration surface instead of the blade surface does not com-
pletely satisfy the compact body assumption, it can be
thought that the compact body assumption is partly
relaxed with the fictitious integration surface.
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Fig. 23 Surface distribution for ogee tip shape (reference point 20 m upstream).

Monopol e contribution.

Fig. 24 Surface distribution for ogee tip shape (reference point 20 m upstream).

Dipole contribution.

3.9 Effect of bladetip geometry

The physical mechanisms of acoustic wave propaga-
tion in the blade tip region are investigated in more detail
in order to understand how the blade tip shape affects the
tip vortex noise level and why the ogee type tip shape
leads to a noise reduction in the high frequency domain.

Figures 21 to 24 show the surface distribution of the
monopole and dipole terms of acoustic pressure for the
actual and the ogee type tip shapes at the reference point
located 20 m upstream of the wind turbine. It can be seen
that the actual tip shape exhibits stronger contributions of
sound sources along the trailing edge of the wind turbine
blade iin the tip region. This can be observed especialy
for the dipole contribution in Fig. 22, where very intense
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sound sources are located at the trailing edge at the
immediate tip of the blade, most likely due to strong
interaction between the shed tip vortex and the blade
trailing edge. Concerning the ogee type tip shape, it can
be seen that the regions with strong vorticity and sound
sources are shifted from the immediate tip towards inner
regions, suggesting that the most prominent noise sources
are located away from the blade tip, leading to noise
reduction for the ogee type tip shape. Strong interaction
between the shed tip vortex and the blade trailing edge is
minimized due to the curved trailing edge.

The simulation provides new insights into the physical
phenomena related to tip vortex formation and tip vortex
noise. It alows to investigate the effect of the blade tip
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shape on the overall aerodynamic noise radiated by the
wind turbine. A better understanding of the physical phe-
nomena of tip vortex noise and a comparison of the level
of tip noise emitted by different blade tip shapes will be
useful to develop new blade tip designs with reduced
noise emission. Initia observations lead to the conclusion
that the interaction between the tip vortex shed at the
extreme tip of the wind turbine blade and the trailing
edge of the wind turbine blade is reduced for the ogee
type tip shape due to the curved trailing edge. The trailing
edge of the ogee type tip shape is designed so that it
avoids interaction with the tip vortex.

4. Conclusion

A computational model for aerodynamic noise predic-
tion that takes into account the true shape of the wind tur-
bine blade geometry was developed. This is an important
step towards wind turbine blade design with respect to
aerodynamic noise reduction.

The model was applied to the blade tip of WIND-
MELIII. A direct noise simulation was performed with
compressible Large-Eddy Simulation (LES). Acoustic
wave propagation was simulated directly from the hydro-
dynamic field. Far-field noise was predicted using
Ffowcs Williams-Hawkings integral method (FW-H).

The far-field broadband noise caused by a rotating
wind turbine blade of WINDMELIII type was computed,
with particular emphasis on tip vortex noise. The analysis
of the pressure fluctuations in the immediate vicinity of
the blade showed that the actual tip shape exhibits very
high frequency pressure fluctuations that do not appear
for the ogee type tip shape. The structure of the tip vortex
was shown to be more complex for the actua tip shape.
The degree of interaction between the tip vortex and the
wind turbine blade trailing edge was reduced for the ogee
type tip shape. It was found that the use of an ogee type
tip shape can reduce the noise level for frequencies above
3 kHz by up to 5 dB. Overall reduction was found to be 2
dB. Direct noise smulation combined with surface inte-
gration on a permeable fictitious surface has the ability to
account for accurate acoustic propagation through regions
with strong velocity gradients, typically existing in close
proximity to the blade surface.

The present study has lead to new insights into acoustic
phenomena and physical flow phenomena arising in the
wind turbine tip region, phenomena which could not have
been obtained by more commonly used Reynolds-aver-
aged Navier-Stokes simulation (RANS) or from empirical
equations. A reduction of 2 dB is extremely significant in
wind farms and for future large wind turbines with
increased tip speed ratio. The design tool developed in
this research provides highly accurate far-field noise

spectrafor arbitrary wind turbine blade geometries. It can
contribute towards proposing new ways for designing less
noisy wind turbines. The present design tool can be
applied to more complex wind turbine blade tip geome-
tries where the merits of direct noise simulation in the
blade near-field could become even more noticeable due
to the consideration of acoustic reflection effects. Several
design recommendations can be drawn from the present
simulation results. It would be ideal to design a blade tip
shape that reduces the interaction of the turbulent vortex
core with the trailing edge and the tip vortex shedding.
Noise reduction could be achieved by smoothly cutting
away the trailing edge and preventing sharp curves on the
leading edge, thus reducing tip vortex-blade interaction.
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