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In this paper amethod for the prediction of the airfoil trailing-edge far-field noise is presented. Themodel employs

the airfoil analysis code XFOIL to determine the initial and boundary conditions for a subsequent boundary-layer

analysis using the finite-difference code EDDYBL featuring aReynolds stress turbulencemodel that finally provides

the input data for the noise prediction by amodified TNO Institute of Applied Physics model. The prediction scheme

was applied in the European silent rotors by acoustic optimization project to design new, quieter airfoils for the outer

blade region of three different wind turbines in the megawatt class. The objective was to reduce the airfoil self-noise

without loss in aerodynamic performance. Wind-tunnel tests showed that a noticeable noise reduction could be

achieved comparedwith the airfoils currently in use.Moreover, the aerodynamic performance could be improved in

the design region as well.

Nomenclature

C = empirical constant, Kolmogorov spectrum
c = chord length
cL = lift coefficient
c0 = speed of sound
E�k� = kinetic energy density spectrum
f = frequency
k, k = wave number, wave number vector
ke = wave number of the energy-bearing eddies
kT = turbulence kinetic energy
L = wetted length of the trailing edge
Lp = total sound pressure level
L=D = lift-to-drag ratio
p = fluctuating pressure
p̂ = Fourier transform of p
P = wave number frequency spectrum
R = distance to the observer from source point
Rij = velocity spatial correlation tensor
Re = Reynolds number
S = far-field pressure density
t = time
Ui; ui = freestream, fluctuation velocity components
U1; Uc = reference and convective velocity
yi, x, y, z = Cartesian coordinates
� = Euler gamma function
� = boundary-layer thickness
" = turbulent dissipation rate
�2 = vertical integral length scale
� = wavelength

�0 = density
�ij = spectrum of velocity fluctuation
�m = moving axis spectrum
! = angular frequency

Subscripts

cen = center
trans = transition location

I. Introduction

N OISE emission is one of themajor obstacles for a further spread
of onshore wind turbines and significantly limits public

acceptance. Tightened noise regulations force the wind turbine
manufacturers to make serious efforts in noise reduction. Although
mechanical noise can efficiently be reduced by well-established
engineering approaches, the flow-induced noise emitted from the
blades is more complex to comprehend and eliminate and, therefore,
represents the current focus for further noise reduction. Different
flow-induced noise sources can be distinguished, e.g., tip noise,
inflow-turbulence noise, blunt trailing-edge noise, or turbulent
boundary-layer trailing-edge interaction noise. Previous inves-
tigations including field tests [1] showed that the trailing-edge noise
remains the most dominant noise source of modern wind turbines.
This particular noise basically stems from an interaction of the
turbulent eddies within the boundary layer and the associated
pressure fluctuations with the trailing edge of the rotor blades.

Because the state of the turbulence in the vicinity of the trailing
edge is determined by the development of the boundary layer and
thus by the shape of the pressure distribution along the blade section,
it is obvious that the noise emission can be influenced and finally
reduced by an adequate design of the airfoil. Numerical aeroacoustic
simulations based on computational fluid dynamics (CFD) flowfield
analyses are computationally very intensive and the application is
restricted to acoustic analyses or low-degree-of-freedom airfoil
optimization. Marsden et al. [2] considered five design variables in
their acoustic optimization of an airfoil trailing-edge shape which
required less than 20 evaluations. They performed costly large-eddy
simulations as a basis for the acoustic computations that rely on the
Ffowcs–Williams and Hall (FW-H) integral solution of the Lighthill
equation [3]. Greschner et al. [4] applied unsteady Reynolds-
averaged Navier–Stokes (RANS) computations in combination with
an FW-H acoustic analysis to study the aerodynamic and
aeroacoustic performance of a series of NACA airfoils.

To enable a high-degree-of-freedom airfoil design or
optimization, more efficient acoustic prediction schemes were
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developed like the empirical method of Brooks, Pope, andMarcolini
(BPM method) [5] which relates the noise emission to integral
boundary-layer properties at the trailing edge. Parchen [6] proposed a
more complex but nonetheless very efficient acoustic prediction
method (TNO-TPD method) that takes the wall-normal distribution
of relevant turbulence properties into account. This approach in
combination with the XFOIL aerodynamic airfoil analysis code [7]
was applied by Guidati and Wagner [8] to the first designs of low-
noise airfoils for wind turbine applications. Later on, Moriarty et al.
[9] modified the approach by calibrating some empirical constants in
the model, based on comparisons of noise predictions to acoustic
measurements.

The present trailing-edge noise prediction scheme also makes use
of the TNO-TPDmodel but incorporates a more detailed calculation
of the boundary-layer turbulence properties and a new semi-
empirical scaling law for the vertical integral length scale which
significantly increased the consistency of the airfoil noise prediction.
The enhancements were developed in the European silent rotors by
acoustic optimization project (SIROCCO) [10]. In this project, the
noise reduction potential for modern wind turbines by designing and
implementing new low-noise airfoils is being studied. The objective
is to reduce the noise emission without loss in aerodynamic
performance. At the beginning of the project, the consortium
consisted of six participants, namely the Energy Research Centre of
the Netherlands, the National Aerospace Laboratory (NLR) and
Composite Technology Center (CTC) from The Netherlands, the
University of Stuttgart and NOI Rotortechnik from Germany, and
finally Gamesa Eólica from Spain. After the withdrawal of NOI and
CTC, General Electric Wind Energy joined the project. In the frame
of the project, new airfoils for the outer part of the blades had to be
designed for three different reference turbines in the 1� 2 MW
class. The airfoils were successfully wind-tunnel tested with respect
to their aerodynamic and aeroacoustic characteristics. Currently,
full-size blades are being manufactured to enable a final verification
by field tests.

The present paper describes the prediction scheme used for the
combined aerodynamic and aeroacoustic airfoil design along with
recent enhancements of the model developed during the SIROCCO
project. Detailed boundary-layer experiments and acoustic tests [11]
were conducted in the laminar wind tunnel (LWT) of the Institute of
Aerodynamics and Gas Dynamics (IAG) to improve and validate the
prediction method. Representative results will be given. Finally, the
airfoil design for the three reference turbines will be outlined and the
results of the aerodynamic and acoustic wind-tunnel verification will
be presented.

II. Prediction Model

A. Outline

Besides the computational aeroacoustics approach [12,13],
several simplified but efficient schemes to predict the trailing-edge
far-field noise have been developed [5,6,14–17]. Because the focus
of the present investigation is on the design and high-degree-of-
freedom numerical airfoil optimization, a highly efficient and robust
prediction model was desired. Such an efficient method was
developed by Parchen [6] at TNO-TPD on the basis of theories by
Chandiramani [18], Blake [19], Chase [20], and Brooks and
Hodgson [21]. Further on, thismethod shall be denoted as TNO-TPD
model and will be discussed in more detail in Sec. II.C. With this
approach, the unsteady surface pressure fluctuations, as induced by
the convecting turbulent eddies, are described by a wave number
frequency spectrum (k–! spectrum), see Eq. (4) in Sec. II.C. The
associated far-field noise emission is determined by evaluating the
diffraction integral [Eq. (7) in Sec. II.C] for a semi-infinite flat plate
[18]. The model gives the spectrum of the far-field noise for a
specified observer distance without account for directivity. Parchen
[6] developed a methodology to derive the k–! spectrum from the
boundary-layer mean profile in the vicinity of the trailing edge and
the distribution of time-averaged turbulence data across the
boundary layer. The required quantities (see Sec. II.C) except the
vertical integral length scale (see Sec. II.D) can be calculated, for

example, by means of an finite-difference boundary-layer code or a
steady RANS analysis using a nonlinear nonalgebraic turbulence
model or a Reynolds stress model.

B. Aerodynamic Model

In the course of an airfoil design process or a high-degree-of-
freedom numerical optimization, RANS CFD calculations are
usually much too time-consuming and the application of faster
aerodynamic prediction methods as basis for the noise prediction is
desired. In subsonic aerodynamic airfoil design, coupled panel
boundary-layermethods, likeDrela’sXFOIL [7] arewell established
and have proven to provide a reliable prediction of the aerodynamic
airfoil characteristics. The XFOIL code features an integral
boundary-layer procedure that provides integral properties like
displacement and momentum thickness or skin friction coefficient
but no direct information about the wall-normal distribution of the
mean velocity or turbulence properties.

To enable the coupling of the acoustic prediction model to airfoil
analysis methods like XFOIL, Parchen developed an approach to
derive the properties required to set up the k–! spectrum from the
output of integral boundary-layer procedures [6]. First of all, the
unknown mean profile is approximated by a Coles law of the wall/
law of the wake representation [22] showing the same boundary-
layer thickness and skin friction as calculated by the boundary-layer
procedure. From this approximated mean profile, the required
turbulence properties are determined by means of a mixing-length
approach and some semi-empirical relations [6].

Guidati andWagner [8,23] used this approach to couple the TNO-
TPDmodel to theXFOIL code to accomplish the design of low-noise
laminar flow airfoils for wind turbine applications. The present
author extended the method [24,25] by inclusion of the Swafford
boundary-layer profile family [26], which also represents the basis
for the turbulent closure relations in Drela’s boundary-layer method
[7].

This very efficient aerodynamic/aeroacoustic prediction method
has turned out to yield quite reasonable results, at least for “usual”
types of airfoil pressure distributions. However, one should be aware
that the turbulence properties, which have a decisive impact on the
predicted noise emission, are derived by means of a mixing-length
approach based on the evaluation of the local, approximated mean

velocity profile. The streamwise development of the turbulent
fluctuations, its wall-normal distribution, and the growth of the
turbulent eddies is not calculated directly, i.e., detailed history effects
are not accounted for. History effects are only considered in a sense
that its impact on the integral boundary-layer parameters is regarded
by solving a lag-equation in Drela’s method [7]. Moreover, the
anisotropic behavior of the turbulent fluctuations is not modeled, but
considered by a constant empirical anisotropy factor in the
processing of the aerodynamic data. Because of these
simplifications, it was expected that the scope of the determination
of the turbulence properties and, finally, the noise prediction, is more
or less limited to equilibrium boundary layers. Inaccuracies and
inconsistencies in the predicted noise were expected to show up for
types of pressure distributions with regions of strong flow
deceleration or acceleration and also for cases with extended laminar
flow and varying initial conditions for the turbulent region, e.g.,
downstream of a laminar separation bubble. Comparisons to detailed
boundary-layer experiments confirmed this tendency [25].

Even small inconsistencies in the predicted noise spectra for
different airfoil geometries, however, are problematic for the purpose
of acoustic airfoil design because the impact of shape modifications
on the noise emission has to be determined reliably, i.e., the method
should give accurate results for relative differences in the noise
spectra. The objective of the present investigations was, therefore, to
improve the accuracy in the determination of the turbulence
properties without losing the efficiency of the prediction scheme. To
this end, the finite-difference (FD) boundary-layer code EDDYBL
developed by Wilcox [22] was linked to the prediction model. With
an FD method the boundary layer is discretized in streamwise and
wall-normal direction and thus, the mean profile along with the
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distribution of the time-averaged turbulence data is a direct result of
the calculation. Among others, EDDYBL features a Reynolds stress
turbulence model, namely the Wilcox stress-! model, that accounts
for anisotropy effects and provides the complete Reynolds stress
tensor. Moreover, history effects are supposed to be captured more
accurately compared with isotropic turbulence models [22].

To obtain the initial and boundary conditions for the EDDYBL
analysis, a standard XFOIL analysis is performed in a first step.
Because the governing equations for the outer flow and the
boundary-layer analysis are solved simultaneously with XFOIL, the
impact of the boundary-layer displacement effect is considered. The
resulting outer flow velocity is then used as boundary condition for a
subsequent EDDYBL analysis performed for the turbulent flow
domain. The initial conditions are taken from the XFOIL boundary-
layer analysis.

C. Noise Prediction Model

The present noise prediction scheme consists of two main steps.
First, the spectrum of the surface pressure fluctuations at the trailing
edge as induced by the turbulent eddies is described. In a second step,
the noise emission from the trailing edge due to the fluctuating
pressure is determined by solving the diffraction problem.

1. Prediction of Surface Pressure Spectrum

A turbulent boundary layer over a smooth, stationary, rigid surface
at low Mach number is assumed. The equation for the pressure
fluctuations in turbulence is derived by taking the divergence of the
momentum equation, using the continuity equation to drop terms,
performing a Reynolds decomposition into mean and unsteady
terms, and then subtracting the time-averaged equation which finally
yields

r2p��2�0
@Ui
@yj

@uj
@yi
� @2

@yi@yj
�0�uiuj � uiuj� (1)

Equation (1) is a Poisson equation for the fluctuating pressure in a
turbulent flow. The source terms on the right-hand side of Eq. (1)
represent themean shear-turbulence (MT) interaction (first term) and
the turbulence-turbulence (TT) interaction (second term). Different
authors (e.g., Lee et al. [27] or Blake [19]) showed that the
contribution of the TT interaction is an order of magnitude smaller
than the contribution of theMT interaction forwave numbers close to
the convective wave number. The mean flowfield and turbulence
describing these source terms can be obtained by solving the RANS
equations together with an appropriate turbulence model.
Equation (1) without TT source terms can be solved in the spectral
domain. Adopting the standard boundary-layer approximations and
the assumption that the flow in planes parallel to the wall is
homogenous and stationary, Eq. (1) can be Fourier transformed in the
two directions of these planes and over time.With these assumptions,
the MT source term becomes �2�0��@U1=@y2��@u2=@y1��, where u2
is the verticalfluctuation velocity. Following the derivations ofBlake
[19], a solution for the fluctuating pressure in a boundary layer above
a rigid surface with MT as a source term can be obtained in terms of
the spectral variable as

p̂�k; !� � i�0
Z 1
0

@U1

@y2

k1û2�y2; k; !����������������
k0 � k2

p eiy2
���������
k0�k2
p

dy2; k > k0

(2)

The wave number frequency spectrum of the wall pressure
fluctuations that are homogenous in the 1, 3 plane is related to the
modulus of p̂�k; !� according to

P�k; !���k � �k���! � �!� � hp�k; !�p� �k; �!�i (3)

where the angle brackets denote the ensemble average,k� �k1; 0; k3�
is the wave number vector, and its magnitude in the 1, 3 plane is

j k j �k�
����������������
k21 � k23

p
, û2 is the Fourier transform of the source

density along the 1, 3 direction, and k0 � !jrj=c0.

Combining the preceding expression with Eq. (2), together with
some assumptions k	 k0, k1 > �

�1 and manipulations[6], yields an
expression for the wave number frequency spectrum of the surface
pressure fluctuations:

P�k; !� � 4�20
k21

k21 � k23

Z 1
0

�2�y2� �u22
�
@U1�y2�
@y2

�
2

�22�k; !� 
�m�!

� Uc�y2�k1�e�2jkjy2 dy2 (4)

In this equation, y1 represents the streamwise, y2 the wall-normal,
and y3 the spanwise direction. For the correlation function, the
streamwise and spanwise directions are assumed to be homogenous
in the boundary layer, i.e., the correlation function is the function of
separation only in these directions. Here, �u22 is the rms value of the
vertical velocity fluctuations,U1 is the streamwisemean velocity,Uc
the convective velocity (k1 � !=Uc), and �22 the spectrum of the
vertical velocity fluctuations. The moving axis spectrum describes
how the spectrum of the fluctuations is distorted by the generation
and destruction of the eddies during their convection past the trailing
edge. A Gaussian spectrum is used for �m in the present method.

The Kármán three-dimensional kinetic energy density spectrum
[19] E�k� for isotropic turbulence represents the basis to derive the
�22 spectrum:

E�k� � 110��5=6�
27

����
�
p

��1=3�

�
kT
ke

�
�k=ke�4

�1� �k=ke�2��17=6�
(5)

Again, assuming isotropic turbulence, the energy density
spectrum for the vertical fluctuations in the k1–k3 plane reads as
follows:

�22�k1; k3� �
4

9�

 �k1=ke�2 � �k3=ke�2
�1� �k1=ke�2 � �k3=ke�2�7=3


 �u22 (6)

Thus, Eq. (4) represents a prediction model for the wave number
frequency spectrum of the pressure fluctuations underneath a
turbulent boundary layer as a function of time-averaged boundary-
layer parameters (see Sec. II.B).

2. Prediction of the Far-Field Noise

Once the spectrum of the pressure fluctuations is known, the noise
that is emitted from the trailing edge is calculated by representing the
surface pressure fluctuations as a distribution of harmonic
evanescent waves and solving the diffraction problem for these
waves at the trailing edge according to Chandiramani [18]. The
diffraction model for a semi-infinite plate is used, which, strictly
speaking, limits the scope of the present approach to a frequency
range where the airfoil can be considered as noncompact, i.e., the
wavelength should be smaller than the chord length. Following
Chase [20] and Brooks and Hodgson [21], the far-field pressure
density can finally be expressed as

S�!� � L

4�R2

Z 1
�1

!

c0k1
P�k1; !� dk1 (7)

D. Determination of the Vertical Integral Length Scale �2

In the course of the present investigations, it turned out that the
determination of the vertical integral length scale is the most crucial
aspect in the processing of the turbulence data and that its accurate
determination has a profound impact on the consistency of the noise
prediction. Therefore, the present approach shall be discussed in
more detail.

The length scale is related to the vertical extent of the turbulent
eddies. More precisely, it is defined as the integral of the normalized
spatial two-point correlation coefficient R22 of the vertical velocity
fluctuations [19]:
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�2�y2� �
Z 1
0

R22 dr2 �
Z 1
0

u2�y2; t� 
 u2�y2 � r2; t�������������������������������������������������
u22�y2; t� 
 u22�y2 � r2; t�

q dr2 (8)

The length scale, however, is not provided by any established
turbulence model or boundary-layer procedure. To derive �2 from
known quantities, usually, a calculated turbulence length scale or the
mixing length is multiplied by an empirical scaling factor. As �2

measurements are rarely published, a comparison of predicted and
measured noise spectra may be used to derive the scaling factor.

For the present model, the derivation of an empirical scaling law
based on a correlation of the predicted length scale to measured �2

distributions was preferred. To establish a sound �2 data base for
subsonic airfoils, detailed boundary-layer experiments were
performed in the laminar wind tunnel of the IAG. The suction side
of three different airfoils was examined for clean (natural transition)
and for tripped (forced transition at 5% chord) conditions at different
angles of attack. Although one of these airfoils shows a small
pressure rise in the turbulent region (light loading of the boundary
layer), the others feature a quite strong main pressure recovery of
different shape. Besides the mean velocity profile, the distributions
of the velocity fluctuations and�2 in the vicinity of the trailing edge
were measured using miniature split-film probes [28].

When comparing the measured �2 distributions to the length
scale, as predicted by the present aerodynamic calculation method in
combination with the stress-! turbulence model (see Sec. II.B) it
became obvious that a constant scaling factor is not sufficient to
obtain good agreement for all test cases examined.

For this reason, another approach was followed relating�2 to the
wave number of the energy-bearing eddies rather than to use the
length scale as a basis. For isotropic turbulence,�2 is well defined in
dependency of the wave number of the energy-bearing eddies [29]:

�2 �
����
�
p

��5=6�
��1=3� 


1

ke
(9)

The wave number can be determined from the predicted
turbulence kinetic energy and the dissipation rate following an
approach by Lysak andBrungart [30]. The relation can be derived by
comparing the asymptotic behavior of the Kármán spectrum (5) to
the Kolmogorov spectrum for the inertial subrange:

E�k� � C 
 "
2=3

k5=3
(10)

Here, C was found to be C� 1:5 according to experiments [30].
Equating the highwave number asymptote of Eqs. (5) and (10) yields

ke �
�
1:5 
 27

����
�
p

��1=3�
110��5=6�

�
3=2


 "

�kT�3=2
� 1:9275 
 "

�kT�3=2
(11)

With Eq. (9), it finally follows

�2 �
����
�
p

��5=6�
��1=3� 


1

f�1:5 
 27
����
�
p

��1=3��=�110��5=6��g3=2 

�kT�3=2
"

� 0:387 
 �kT�
3=2

"
(12)

Because kT and " are provided by the stress-! turbulence model
used in the present prediction scheme, Eq. (12) allows one to
determine �2 on a sound basis. In fact, a better agreement to
measured �2 distributions could be achieved. Nonetheless, also for
this approach, an additional scaling tomatch the experimental results
turned out to be necessary. This may be attributed to the anisotropic
behavior of the turbulence length scales. It was observed that, in
general, for “heavily” loaded boundary layers (strong pressure rise),
�2 is underpredicted, whereas the tendency is reversed for a “lightly”
loaded boundary layer. To consider this effect, an empirical scaling
law was correlated to determine the final value of �2 from the
predicted value according to Eq. (12). A “loading parameter” was
introduced representing the specific boundary-layer development.

For each of the available test cases, the loading parameter was
calculated and the scaling factor was determined from a comparison
of the predicted �2 distribution across the boundary layer to the
measured one. The resulting correlation is depicted in Fig. 1.

To demonstrate the important impact of varying�2 values on the
noise level and to show the effect of the present �2 scaling law, the
predicted spectra for an exemplary airfoil analysis with and without
application of the present scaling are given in Fig. 2. In this example,
the scaling factor on the suction side is approximately 1.5, which is
well within the range observed when comparing measured to
calculated �2 values (see Fig. 1).

III. Airfoil Design and Verification

In the course of the SIROCCO project, the blades of existing
turbines should be modified by implementing new, silent airfoils in
the outer part of the blades. Three reference turbines of different
blade manufacturers were selected. To minimize the costs for the
fabrication of the test blades, the use of existing molds or beams
should be ensured as much as possible. This puts severe constraints
on the geometric freedom of the airfoil design. Moreover,
aerodynamic constraints, like a limitation of the acceptable shift of
the lift curve, were to be considered. This limited the achievable
noise reduction considerably.

The specific aerodynamic and aeroacoustic design objectives
along with the constraints were defined in detail in a bilateral
discussion with each industry partner. In general, the main objective
was to minimize the A-weighted total sound pressure level for a
given design lift region, while constraining the drag level to avoid a
loss in performance compared with the airfoils used so far. In
agreement with the general objective of the SIROCCOproject, it was
focused on a noise reduction for fully turbulentflow about the blades.

Present Λ2 scaling law
Forced transition xtrans /c=0.05 on upper & lower side
Natural transition

Loading Parameter
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Fig. 1 Empirical �2 scaling law.
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Fig. 2 Impact of the present �2 scaling law on the predicted trailing-

edge noise spectrum.
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For fully turbulent flow and high lift coefficients, the value ofLp is
clearly dominated by the noise contribution of the thick suction side
boundary layer, which yields a peak in the spectrum in the low-
frequency domain. For the considered applications, the peak
frequency is typically in the range of 500 Hz� 1 kHz and the
corresponding wavelength is considerably smaller than the airfoil
chord length (�peak < c=2), which justifies the application of the
present diffraction model. To minimize Lp, the noise level has to be
reduced, particularly around the peak frequency. This, in general, can
be achieved by reducing the loading of the suction side boundary
layer at the expense of an increased loading of the pressure side,
which causes a slightly higher noise level at medium frequencies.
Reducing the suction side loading, however, impacts the stall
characteristics, which is a crucial issue for wind turbine airfoil design
and needs special treatment.

As a first step in the airfoil design process, parametric
investigations were performed to study the impact of certain
geometric airfoil properties on the predicted noise emission.
Thereafter, constrained direct numerical optimizations followed
considering the aerodynamic and geometric constraints specified by
the blade manufacturer. For this purpose, the present prediction
model was coupled to the institute’s optimization environment,
Parallel Optimization Environment with modular structure (POEM)

[25]. Basically, the optimizations were conducted because at the
beginning of the project the acoustic airfoil design represented a quite
new task and it was not clear a priori how all the constraints would
impact the design. The optimizations were therefore intended to
examine the constrained design space and to provide a good initial
solution for the subsequent manual design, rather than to find the
final airfoil shapes. In the authors’ opinion, amanual “fine-tuning” of
optimization results is important to consider the designer’s
experience in introducing qualitative design criteria, and in the
interpretation and assessment of the prediction results. In particular,
the prediction of the stall and poststall characteristics is a weak point
with available analysis methods and requires an extensive
experience-based interpretation.

In the subsequent manual design phase, the experience in acoustic
airfoil design gathered in the frame of the SIROCCO project and the
outcome of comparative acoustic airfoil measurements was
considered along with the expertise in subsonic airfoil design at
the IAG. The resulting airfoils for the three baseline turbines were
wind-tunnel tested against their respective reference airfoils applied
in the baseline blades so far. Results of polar measurements and
acoustic tests performed in the LWT [11] are depicted in Figs. 3–5.
The graphs show the characteristics around the respective main
design point for tripped conditions applying turbulators on suction
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New design TL 132, CPV exp. LWT
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L/
D

Reference airfoil 1, exp. LWT

∆
L/

D
=
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New design TL 132, exp. LWT

Fig. 3 Measured total sound pressure level and L=D of the first design, Re� 1:6 � 106.
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Fig. 4 Measured total sound pressure level and L=D of the second design, Re� 1:6 � 106.
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Fig. 5 Measured total sound pressure level and L=D of the third design, Re� 3:0 � 106.
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and pressure sides at 5% chord. Note that the axes are scaled
differently in each figure. Therefore, no direct comparison between
Figs. 3–5 is possible. For the first and the second airfoil (Figs. 3 and
4) the test Reynolds number was roughly half of the full-size
conditions because a smaller chord length of the wind-tunnel models
had to be chosen to enable parallel acoustic tests in the aeroacoustic
wind tunnel Braunschweig (AWB).

In each figure, the left column gives the total sound pressure level
vs cL. TheLp valueswere obtained by an integration of the spectra as
measured by means of the hot-wire based coherent particle velocity
(CPV) technique [11,31]. The measurements show that a noise
reduction comparedwith the reference sections could be achieved for
all new airfoils. Thereby, the gain relates to the severity and number
of constraints imposed in the airfoil design.Within the design region,
the noise reduction ranges from about 1 dB up to 3.5 dB, see Figs. 3–
5. It should bementioned that the actualLp reduction can be expected
to be even slightly higher [25,32] because the new airfoils show a
reduced noise level, especially in the low-frequency domain (see
Fig. 6). Only the upper part of this low-frequency domain, however,
can be measured accurately. In the Lp integration of the measured
spectra, only the reliable frequency domain is considered, which
means that the gain at very low frequencies is not reflected in the
depictedLp values. Two of the new airfoils tests were also conducted
in the AWB applying a microphone array. This open-jet facility
features an anechoic test chamber. The resulting total sound pressure
level and the measured gain agrees quite well with the CPV results
obtained in the LWT if appropriate open-jet wind-tunnel corrections
for the lift coefficient and angle of attack are considered in the
evaluation of the AWB results [11,32].

As can be seen from the right column in Figs. 3–5, the lift-to-drag
ratio could also be increased or at least preserved with the new
airfoils. Also, for the aerodynamic performance, the achieved gain
directly relates to the severity of the imposed design constraints.

To demonstrate the accuracy of the present prediction method, a
comparison of measured and predicted spectra for two of the new
airfoils and their reference sections is given in Fig. 6. It should be
mentioned that the shift in the absolute noise level between the
experiments and the predictions stems from different distance
scaling laws that were used to map the noise spectrum to a fictitious
standard observer position. The related 7 dB difference in the noise
level was not corrected to increase the clearness of the figures. It is
obvious that the calculations quite accurately reproduce the shapes of
the spectra and the relative differences between the airfoils.
Noteworthy details like upper and lower crossing frequency and the
overlapping of the compared spectra are exactly predicted. On the
left-hand diagram, the spectrum of one airfoil examined in the
previous European Design and Testing of Acoustically Optimized
Airfoils with Wind Turbines (DATA) project is added. This airfoil
was designed to feature reduced noise for clean conditions, not for
tripped conditions as considered here.

Besides the examples shown, the complete calculation model was
validated with respect to the prediction of relevant boundary-layer
properties and the trailing-edge noise spectrum for various other
airfoils at different freestream conditions. The comparisons to
experiments performed in the LWT showed that the present model

gives quite consistent results and correctly pictures the impact of
different airfoil shapes or angle of attack. Compared with the
previous approach based on an integral boundary-layer prediction, a
noticeable improvement could be observed [25]. The extended
method is nonetheless very efficient. One analysis for a single
freestream condition typically requires on the order of 1 s CPU time
on a PC.

IV. Conclusions and Outlook

An efficient scheme for the prediction of airfoil trailing-edge noise
was implemented. Detailed boundary-layer experiments and
measurements of the noise emission of subsonic airfoils, conducted
in the laminar wind tunnel of the IAG, served to validate and to
improve the theoretical model. The investigations have shown that
the consideration of history and anisotropy effects during the
calculation of the turbulence properties is important to establish a
reliable and consistent noise prediction. Themost crucial point in this
respect was the correlation of an empirical scaling law to obtain the
vertical integral length scale from turbulence data provided by the
aerodynamic analysis. The consideration of these aspects improved
the accuracy and consistency of the noise prediction significantly.
This allowed use of the method for the purpose of acoustic airfoil
design. Three different airfoils were developed for the outer blade
region of three reference wind turbines. Wind-tunnel tests showed
superior aeroacoustic behavior and also an improved aerodynamic
performance compared with the reference sections used with the
considered blades so far. This shows that a noise reduction without
loss in performance is possible by a dedicated airfoil design. The total
sound pressure level could be reduced by 1� 3:5 dB, even though
severe geometric and aerodynamic constraints had to be considered
in the design to enable the implementation to existing blade designs.
The achieved gain directly relates to the severity of the imposed
constraints. Currently, full-size blades featuring the new airfoils are
being built and will be verified in field tests. For the acoustic tests, an
arraymeasurement technique (developed byNLR [33]) will be used,
which enables researchers to localize and quantify noise sources on
rotating blades.
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