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Abstract Results from a numerical and experimental aeroacoustic assessment of

2D wind turbine blade sections are presented. CFD/CAA-based predictions using

a synthetic turbulence method were conducted at a NACA 64-618 profile as well

as at a new low-noise airfoil design RoH-W-18%c37. Validation experiments were

performed in DLR’s Acoustic Wind-Tunnel Braunschweig (AWB) for varying tran-

sition locations. A trailing-edge noise reduction benefit of 2–4 dB in overall sound

pressure level was predicted for the new airfoil under design conditions. A large

laminar extent of the boundary layer significantly reduces the noise emission (by up

to 8 dB) compared to equivalent cases with forced transition at the leading edge. An

additional noise reduction (with realistic reductions of the peak levels by 4–6 dB)

was accomplished by flow-permeable trailing-edge extensions which were success-

fully transferred to the two profiles from forerunner aerospace-related studies.

1 Introduction

According to current knowledge trailing-edge noise (TEN) as generated in the outer

20–25% of the rotor radius represents the most relevant noise contributor at modern

large wind turbines. Important indicators to support this statement are i) measure-

ments of noise radiation directivities corresponding to the typical TEN cardioid-type
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characteristics, ii) noise source localization results at wind turbine rotor blades ac-

quired with phased microphone arrays, and finally, iii) the experimentally proven

efficiency of trailing-edge modifications on overall wind turbine noise in field mea-

surements [12, 13, 14]. TEN at rotor blades is generally modeled as 2D problem

while separating the rotor in distinct blade elements. Its key mechanism is the fluctu-

ating pressure induced by the boundary-layer turbulent eddies and its propagation to

the farfield due to the scattering from the trailing edge (TE) [4, 9]. The overall blade

noise is then estimated through summation of the respective radial contributions that

are calculated based on the local and overall operational conditions. Typically, the

contribution of blade tip noise, attributable to 3D tip vortex formation, is negligi-

ble. An acoustically driven blade design conventionally foresees a reduced loading,

i. e. reduced power production in the very tip region. Since published field test data

are still limited, the relevant literature does not provide clear statements concern-

ing the importance of additional flow-induced noise sources, i. e. flow separation

noise (which is intended to be strictly avoided by the blade design and pitch control,

but could eventuate during operation) and turbulent-inflow leading-edge interaction

noise. The noise ranking of the latter two contributions appears individually depen-

dent on the turbine type and site quality.

1.1 Scope of Research

The wind energy project BELARWEA1 aims at the development and validation of

improved methods to support the design of both efficient and low-noise wind turbine

rotors. Aeroacoustically driven 2D profile design, 3D winglet design and 2D/3D

CFD and CAA analysis are supplemented by the transfer of passive noise reduction

add-on technologies from aerospace applications to wind turbine blades. Based on a

down-scaled version of the open source NREL-5-MW reference rotor [10], a noise

reduction of at least 3 dB at a given rotor performance is targeted by a dedicated 3D

redesign of the outer 20% of the rotor radius. Experimental demonstration and tool

validation shall be provided in systematic validation steps, i .e.

• at 2D blade sections in the Acoustic Wind-Tunnel Braunschweig (AWB) of DLR,

and

• at 3D blade tips in the larger acoustic facility DNW-NWB2, operated by the

German-Dutch Wind-Tunnels foundation.

The following documentation summarizes the first set of 2D aeroacoustic simula-

tions and AWB measurements, yielding a detailed matrix of the relevant system

parameters aerodynamic performance vs. noise. The focus is set on the acoustic

evaluation of two different profile geometries, the NACA 64-618 profile as installed

1 The German acronym BELARWEA (”Blattspitzen für Effiziente und LärmArme Rotoren von
WindEnergieAnlagen”) stands for ”blade tips for efficient and low-noise wind turbine rotors”.
2 DNW: German-Dutch Wind-Tunnels (Deutsch-Niederländische Windkanäle); NWB: Low-Speed
Wind-Tunnel Braunschweig (Niedergeschwindigkeits-Windkanal Braunschweig).
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in the outer 29–33%3 of the 5-MW NREL reference rotor radius [10], and a new pro-

file design RoH-W-18%c37 developed in BELARWEA. For confidentiality reasons

the corresponding geometry and pressure distribution data of the latter are disclosed

from this report.

2 Approach

The herein documented 2D analysis contains the following three subsequent steps:

1. numerical (CFD and CAA) simulations for design conditions to estimate the

aeroacoustic benefits under assumed typical operational conditions;

2. equivalent numerical simulations, but for (smaller scale, lower velocity) test con-

ditions present during the AWB measurements;

3. wind-tunnel testing in the AWB

• to provide validation data for varying free stream velocities u∞, angles of at-

tack α and turbulent boundary-layer (TBL) transition locations, and

• to rank order the TEN reduction capabilities related to i) the partially laminar

extent of the TBL, interrelated with ii) the profile geometry, and to iii) aerody-

namically acceptable TE add-ons with the potential to modify the scattering

of pressure fluctuations into sound.

The design conditions in BELARWEA represent a deliberate compromise between

the conditions at the 5-MW NREL rotor and typical wind-tunnel conditions4 be-

cause the project aims first of all at the validation of the applied design and analysis

processes prior to their application to a specific product development. These scaled

operational conditions / design conditions were:

• Reynolds number Re = 3 Mio. (u∞ = 68 m/s),

• Mach number M = 0.2,

• chord length lc = 0.65 m,

• targeted lift coefficient cL = 1.15.

Test conditions in the AWB were:

• Re = 0.82–1.28 Mio. (u∞ = 40–60 m/s),

• M = 0.118–0.176,

• lc = 0.3 m,

• targeted cL = 1.15.

3 An exact number cannot be provided here because the NREL 5-MW model rotor is defined in
terms of blade elements, i. e. areas of intermediate profiles are not explicitly indicated.
4 Note that the (offshore) NREL 5-MW model rotor is not representative for typical onshore wind
turbines. In a classical 2D experiment these selected conditions are realizable in DNW-NWB.
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2.1 Numerical Approach

The numerical approach pursued in BELARWEA relies on a hybrid two-step pro-

cedure for a first-principle based prediction of broadband TEN. The first step rests

on a CFD RANS simulation (here: applying the DLR TAU code with Menter SST

turbulence model) of the time-averaged turbulent flow around the airfoil. In the sec-

ond step, a CAA simulation (applying the DLR PIANO code) is carried out solving

time-dependent linear equations on structured multi-block meshes. For the prepara-

tion of unsteady vortex sound sources a synthetic turbulence method (Fast Random

Particle Mesh method, FRPM [2, 3]) is used to force the linearized applied acoustic

perturbation equations. FRPM realizes a ’4D’ time-space based prediction of fluctu-

ating sources in a restricted volume around the TE region, including the convection

of synthetic eddies with proper imposed time decay.

The TEN prediction capabilities and associated ongoing further-development

of PIANO-FRPM have been continuously documented within an ongoing series

of workshops devoted to Benchmark Problems for Airframe Noise Computations

(BANC) [1, 6, 7]. For detailed cross-comparisons with results from alternative pre-

diction and measurement approaches at a first set of airfoils (NACA 0012, DU 96-

W180, NACA 64-618 at higher Re) the interested reader may refer to the BANC

documentation and the related further reading referenced therein. For a compre-

hensive documentation of the newly established semi-automatized TEN prediction

process chain and ’best practice’ recommendations applied in BELARWEA cf. [15].

2.2 Experimental Approach

TEN measurements were performed in DLR’s AWB which is a free-jet, low-noise

facility with an open test section. Farfield TEN was measured using a directional

microphone system with an elliptical reflector (i. e. two foci, I = source and II = mi-

crophone) pointing towards the pressure side of the model (Fig. 1 left). The system,

data processing and necessary corrections to derive absolute farfield TEN levels are

documented in [5]. For direct comparisons all shown acoustic (numerical and ex-

perimental) data are referenced to a 1-m span and a 1-m observer distance from the

convection-corrected TE source location, referring to a 90◦ observation angle to the

wind-tunnel center line. TEN spectra are presented in 1/3-octave bands.

The challenges and limitations of airframe noise benchmark measurements have

been recently reviewed in [1]. One severe limitation lies in the frequency-dependent

resolution of focusing measurement systems (i. e. their low resolution at low fre-

quencies) that are required for TEN measurements due to generally very low signal-

to noise ratios. In open-jet wind-tunnels like the AWB, excess noise as generated

at the model/side-wall junctions typically sets the low-frequency limit of the usable

measurement range of TEN. From cross-comparisons among available TEN bench-

mark data [1, 7] it is known that today’s TEN databases do not provide meaningful

data significantly below 1 kHz, i. e. in a frequency range that encompasses the TEN



Noise Reduction Technologies for Wind Turbines 5

Fig. 1 Test setup in the AWB (dimensions in mm). Top center: View from top; definition of integra-
tion areas (red and blue colors) selected for the additional microphone array data post processing.
Top right: Example validation data set with comparison of microphone array (source maps and
spectra derived with the CLEAN-SC algorithm for varying spanwise extent of the integration area)
vs. elliptic mirror microphone data. Bottom center and right: installation of low-noise TE add-ons.

spectral peaks in many of the technologically relevant cases. In the present study

data were contaminated at f1/3 < 1 kHz, and f1/3 < 1.25 kHz for test cases with sig-

nificant TEN reductions. The respective frequency bands were, therefore, excluded

from the analysis. Due to its system-inherent high gain, the AWB mirror system

generally outperforms equivalent phased array setups in the higher frequency range.

That is why the mirror setup is preferably used in particular for the evaluation of

low-noise configurations. In the current setup, where a microphone array arrange-

ment was additionally mounted above the model for cross-checks on the detrimental

corner sources, results from the mirror are reproducible by the array only for limited

test cases with sufficient signal-to-noise ratios, i. e. when the respective array source

maps clearly indicate the presence of a line source at the TE (Fig. 1 top right).

3 Results

The following analysis was made for the two bracketing cases of i) a TBL with

natural transition, corresponding to an hydraulically smooth ’clean’ profile surface

as well as of ii) a fully turbulent boundary-layer, corresponding to a ’dirty’ profile

surface. In the first set of numerical simulations, summarized in section 3.1, the de-

nomination ’NAT’ defines natural transition for negligible < 0.1% inflow turbulence

level, whereas ’FUL’ stands for a fully turbulent boundary layer right from the lead-

ing edge. In section 3.2, where simulations are directly compared with respective

AWB measurement results, the fully turbulent case was approximated by tripping

of the boundary layer at 5% on the suction side and at 10% on the pressure side. Due
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to the low Re numbers in the AWB, non-tripped boundary layers on the new RoH-

W-18%c37 profile develop laminar separation bubbles on both sides of the airfoil; to

provide a more realistic comparison with the high-performance ’NAT’ cases under

design conditions the boundary layers were tripped at 42% on the suction side and

at 57% on the pressure side. For the NACA 64-618 the boundary layers could re-

main untripped in the ’clean’ cases, and corresponding simulations were performed

accounting for an inflow turbulence level of 0.3–0.4% in the AWB.

3.1 Simulation Results for Design Conditions vs. AWB Conditions

Fig. 2 provides a first overview on the predicted effects of Re number, cL(α) and

TBL extent (’FUL’ vs. ’NAT’) on TEN. Both aerodynamic (top figures) and acoustic

polars (bottom figures) are presented for AWB vs. design conditions, as specified in

section 2. Overall sound pressure levels (OASPL, non weighted and A-weighted to

approximate subjective human perception) are derived from integration of the TEN

Fig. 2 Simulation results for AWB (left) vs. design conditions (right). For details cf. the text. A-
weighted TEN as well as classical lift-over-drag polars cL(cD) (figures on the right) are rather of
interest for design/’operational’ conditions and are not shown for the lower Re AWB experiment.
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1/3-octave bands with center frequencies of 125 Hz ≤ f1/3 ≤ 12.5 kHz. In addition

to that, 1/3-octave band spectra SPL1/3( f1/3) are shown (center figures) for the four

simulation conditions (two profiles at ’FUL’ or ’NAT’, respectively) which were

closest to the target cL (marked by the dashed horizontal line in the figures). From

this survey the following conclusions can be made:

• TEN OASPL can be significantly reduced (here, by up to 8 dB / 6 dB(A) for de-

sign conditions) when extended laminar boundary layer regions can be realized.

• Profile shape, i. e. a redefinition of the static pressure distribution, can lead to

an additional noise benefit; in the current study a 3–4 dB / 2–3 dB(A) reduction

in OASPL is predicted for design conditions, as mainly accomplished through

reductions in the low-frequency TEN peak region (1-kHz limit of the AWB mea-

surement marked by the black vertical lines in the figures).

• Reduction of the model scale, i. e. reduction of Re diminishes the noise benefit of

the RoH-W-18%c37 when compared to design conditions.

3.2 Validation with AWB Measurement Data

Fig. 3 surveys farfield 1/3-octave band TEN spectra for three distinct geomet-

ric angles-of-attack αg in the AWB. The corresponding aerodynamic angles-of-

attack α set in the simulations, i. e. the necessary corrections for the free-jet flow

deflections, were determined through cross-comparisons of the simulated (target)

and measured static pressure distributions. One important drawback of the current

Fig. 3 Comparison of CAA predictions with AWB directional microphone measurement data; ef-
fect of TBL transition position. The vertical lines mark the 1-kHz 1/3-octave band center frequency.
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dataset lies in the fact that design conditions could not be well-reproduced for the

tripped NACA 64-618 in the AWB experiment. As deducible from Fig. 4 (bottom),

the target cL = 1.15 can only be achieved for a corresponding αg with massive TE

separation. Given the aforementioned low-frequency limitation of the measurement,

the expected noise reduction benefits of the RoH-W-18%c37 are only visible when

comparing the corresponding ’clean’ cases (Fig. 4 top left). Note that the intersec-

tion of the two spectra, indicating noise reduction or noise increase compared to

the NACA 64-618, is well captured. According to Fig. 3, the predictions for the

RoH-W-18%c37 profile are almost perfectly confirmed by the measurements. The

inherent significant noise reduction potential of laminar airfoil designs, providing

large laminar boundary-layer portions is pinpointed. However, prediction fails for

all tripped NACA 64-618 cases which can be only partly explained by the presence

of TE separation in the experiments. A more detailed aerodynamic assessment is re-

quired for clarification of the observable discrepancies at αg < 11◦. Predictions for

the ’clean’ NACA 64-618 are in the contrary well represented by the measurement.

Fig. 4 Comparison of CAA
predictions with AWB direc-
tional microphone measure-
ment data; (top) TEN levels
at conditions closest to the
design target (NACA 64-618
vs. RoH-W-18%c37) and
corresponding static pressure
distributions for the NACA
64-618.

3.3 Additional Noise Reduction Potential through TE Extensions

A rough indicator for the additional noise reduction potential through flow-permeable

TE add-ons is given in Fig. 5. Due to space limitations only selected results are

shown with reference to the new low-noise design RoH-W-18%c37. Note that these

add-ons were realized as TE extensions according to Fig. 1 (bottom center and

right); dependent on the respective configurations, lift remained unchanged or was

increased compared to the unmodified airfoil. The rationale behind the selected add-
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Fig. 5 Effect of selected TE extensions on TEN spectra for the RoH-W-18%c37 with varying
transition locations.

ons as well as design recommendations and underlying scaling laws were reported

in earlier work [5, 8]. The new contribution documented here consists in the suc-

cessful adaptation of the above concepts (porous, slotted or brush-type extensions)

to the new airfoil geometries, dedicated to wind energy applications. Compared to

(stiff) TE serrations that are currently used as standard noise reduction technologies

at todays’ wind turbine rotors [11, 12], the proposed concepts appear less suscepti-

ble to excess noise generation.

4 Conclusions

This communication summarizes the results from a 2D aeroacoustic study, dedi-

cated to the design of low-noise airfoils for wind energy rotors. CFD/CAA based

predictions with stochastic source reconstruction were successfully applied to pre-

dict the trailing-edge noise of a new airfoil (RoH-W-18%c37) for varying turbulent

boundary-layer transition locations. Both numerical and experimental results indi-

cate that the overall performance of a purely laminar airfoil design will be signif-

icantly limited if inflow turbulence levels, blade wear-out or manufacturing accu-

racy cannot guarantee idealized conditions with maximum laminar boundary layer

extents during operation. In the current study, an up to 8 dB noise increase was ob-

served for the corresponding fully turbulent cases. The noise emission of an aeroa-

coustically driven design can be further significantly reduced by well-adjusted flow-

permeable edge-extensions. Open questions refer to discrepancies when comparing
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simulation and measurement results for the tripped NACA 64-618 reference profile

in the current study. Moreover, due to measurement limitations in the low-frequency

range, a comprehensive final assessment of the RoH-W-18%c37 should also involve

surface pressure measurements in the trailing-edge region to finally confirm the pre-

dicted noise reduction at low frequencies through nearfield measurements.
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