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Numerical study on combed teeth serrations for wind

turbine noise reduction

W.C.P. van der Velden∗

Delft University of Technology, Kluyverweg 1, 2629 HS, Delft, the Netherlands

S. Oerlemans†

Siemens Wind Power, Borupvej 16, 7330, Brande, Denmark

This study investigates the flow topology and noise emission from a wind turbine airfoil
with combed serration trailing edge geometry, to understand the noise reduction observed
in earlier experiments. A comparison is made to a straight trailing edge and a serrated
trailing edge without combs. The different trailing edges are retrofitted to a cambered
airfoil at design angle of attack. The flow field is analyzed by evaluating the fully explicit,
transient, compressible Lattice Boltzmann equation. The acoustic far field is obtained by
means of the Ffowcs-Williams and Hawkings integral solution, Curle’s integral solution, and
a direct probe solution. The simulated mean pressure distribution matches earlier wind
tunnel experiments (obtained from the Virginia Tech anechoic facility) well. Furthermore,
the numerical results confirm that the combed serrations give a larger noise reduction than
the standard serration. Both trailing edge geometries show similar acoustic trends as the
experiments, giving confidence in the numerical results.

I. Introduction

Wind energy; the solution to deal with an increasingly recognized and critical challenge for mankind. In
order to reduce greenhouse gases, the demand for renewable energy, such as wind energy, is growing and
growing. A study from van den Berg1 showed that noise, and especially the swishing character of the noise,
is one of the most annoying aspects of onshore wind turbines. To protect public health, governments apply
strict noise regulations for both maximum, average and modulated noise levels for wind turbines.2 Hence,
noise constitutes an important barrier for the widespread application of wind energy3 as many wind turbines
must operate at reduced power, especially during the night. This leads to a lower power output from the
turbines, which will lead to an overall reduction of the annual energy production, finally resulting in loss of
revenue.

For a modern large wind turbine, aerodynamic noise from the blades is generally considered to be the
dominant noise source, provided that mechanical noise is adequately treated.4,5 Most aerodynamic blade
noise sources, such as tip noise and blunt-trailing-edge noise, can be prevented by good design. Nevertheless,
it is now widely accepted that turbulent-boundary-layer-trailing edge noise (subsequently denoted as trailing
edge noise) is the dominant noise source for modern large wind turbines.6,7 The trailing edge noise from a
well-designed blade with attached flow and a thin trailing edge is relatively low compared to other objects
moving at the same speeds. Many passive mitigation strategies have been proposed to further reduce this
source of noise. The most successful concept are serrations. Acoustic measurements carried out in wind
tunnels and in-field, reported that sawtooth trailing edge serrations offer the most effective noise reduction,
also taking into account the simplicity of the design.8–15 Far-field noise reductions with respect to the straight
trailing edge configuration, expressed as differences in Sound Pressure Level (SPL), of approximately 7 dB
and 3 dB, were respectively measured in wind tunnels and in-field applications by previous mentioned
authors. Although serrations are now used quite often on the outer part of wind turbine blades, the noise
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reduction mechanism is not fully understood. Therefore, understanding and modeling the physics associated
with the generation and propagation of noise is of paramount importance for the design of more silent wind
turbines.

As described analytically by Howe,16,17 serrations can reduce trailing edge noise due to the acoustic
diffraction effect; however, measured noise reductions are usually much smaller than predicted by theory.
Furthermore, aerodynamic effects may also influence the acoustic performance of serrations,11,14,18–21 indi-
cating the complexity when adding serrations to trailing edges.

Recent research from Oerlemans5 revealed various optimization studies, carried out at Siemens Wind
Power (SWP) in the past. Several parameters, such as tooth length, angle and aspect ratio, were systemati-
cally varied and tested in acoustic wind tunnel and field measurements. The study presented a novel concept;
the combed serration, which proved substantial extra noise reductions over the more conventional serrated
designs. Wind tunnel and full-scale field measurements on the new concept, further denoted the combed
serration, demonstrated that there is further noise reduction potential beyond optimized serrations. To fully
understand the working principle behind the extra noise reductions due to the combs between the teeth,
a numerical study was performed by van der Velden and Oerlemans.21 The combed teeth were retrofitted
to a symmetric NACA 0018 airfoil at zero lift configuration. Multiple analyses were performed on the nu-
merical data, such as an investigation of the effect of the combed teeth on the acoustic directivity, mean
and fluctuating flow velocity, boundary layer characteristics, convection velocity, wall pressure fluctuations
and spanwise coherence. It was found that the streamlines were more aligned with the serrated edge due to
inclusion of the combs, thereby effectively reducing the efficiency of the scattering of noise.16,17 However,
the effects on a cambered and loaded airfoil, under realistic Reynolds numbers for wind turbine purposes,
were not investigated.

This report addresses the gap between what is currently available in literature, and what is aimed for in
industry. The flow field and noise emission around a Siemens designed wind turbine airfoil with conventional
and novel serrations, subsequently denoted as serration and combed serration, is determined. The flow
and pressure field is analyzed by evaluating the fully explicit, transient, compressible Lattice Boltzmann
equation. Acoustic perturbations are directly obtained in the numerical domain, enabling analysis of the
actual noise reduction mechanism in close comparison with earlier studies. The far field acoustic data is
obtained by means of a Ffowcs-Williams and Hawkings22 and Curle23 integral solution, and is compared
against acoustic array data obtained from wind tunnel campaigns performed by SWP in the anechoic wind
tunnel of Virginia Tech. A similar computational methodology has been validated against experiments
obtained from the anechoic facility in Notre Dame University before, as presented by van der Velden et al.24

for trailing edge noise cases, and is extended in the current study to the incorporation of noise-suppression
add-ons at Reynolds numbers larger than 1 million.

II. Computational methodology

The commercial software package Exa PowerFLOW 5.3c was used to solve the discrete Lattice-Boltzmann
equations for a finite number of directions. To retrieve the Navier-Stokes relations, a third-order truncation
of the ChapmanEnskog expansion can be used.25 For a detailed description of the equations used for the
source field computations the reader can refer to studies of Succi26 and van der Velden et al.27 Below, a
summary will be provided regarding the steps taken in the overall process.

The discretization used for this particular application consists of 19 discrete velocities in three dimensions
(known as the D3Q19 model). In practice this means that a group of particles in a three-dimensional space
can stream to up to 19 directions in one cell. For three dimensional simulations of low Mach number flow
under ideal gas conditions, this is found to well represent the physical flow field.26 The distribution of particles
was solved using the kinetic equations on a Cartesian mesh, with the conventional Bhatnagar-Gross-Krook
(BGK) collision term operator,28 the only one available within this commercial software package. A Very
Large Eddy Simulation (VLES) was implemented as viscosity model to locally adjust the numerical viscosity
of the scheme in regions that are under-resolved.29 A sub-grid scale model is essential to obtain solutions
of transient high Reynolds flow problems within industrial turn-around times. The model consists of a two-
equation κ− ε Renormalization Group (RNG) modified to incorporate a swirl based correction that reduces
the modeled turbulence in presence of large vortical structures, required for stability of the code. Due to the
limitations of the discretization model D3Q19, the cells, further denoted as voxels, are equally sized in each
direction. This makes it challenging to perform wall resolved simulations. Hence, a turbulent wall-model
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was used to resolve the near-wall region.30 The particular choice of the wall model in combination with the
subgrid scale model allows to obtain a reliable estimate of the boundary layer till the viscous sub-layer, well
staying within feasible turn-around times.

Due to the fact that the LBM is inherently compressible and it can only provide a time-dependent
solution, the acoustic pressure field was extracted directly from the computation domain. Sufficient accuracy
is obtained when considering at least 16 lattices per wavelength for the LBM methodology.31 The obtained
far field noise was further compared with noise estimated by using an acoustic analogy. For this purpose, the
FW-H22 equation was employed. The time-domain FW-H formulation developed by Farassat32 was used to
predict the far field sound radiation of the serrated trailing edge in a uniformly moving medium.31,33 The
input to the FW-H solver is the time-dependent pressure field of a porous surface mesh provided by the
transient LBM simulations. A simplification was found by employing Curle’s23 analogy, where the surface
mesh was fitted to the airfoil surface, commonly used in trailing edge noise predictions.

The distribution in space and frequency of the turbulent flow aeroacoustic sources is visualized by making
use of Powell’s vortex sound analogy.34 More precisely, the dynamics of the vortical structures can be modeled
as a distribution of co-rotating pairs of vortex filaments of length ∆l, separated by a distance 2z, undergoing
a rotational motion with angular velocity Ω. Following,35 the total radiated power, emitted by a pair of
co-rotating vortices can be estimated as:

Ptot =
ρ∞∆lπ2Ω7z7

8a40
. (1)

The Flow Induced Noise Detection (FIND) tool is a post-processing function in PowerACOUSTICS, and
is used to detect the individual vortex pairs.

III. Computational setup

A Siemens designed wind turbine airfoil section, modeled with l = 900 mm chord, at a design angle of
attack, is taken under consideration as baseline model in an undisturbed turbulence free (< 0.1%) flow field
at a realistic chord based Reynolds number of Rel = 3.3 · 106. Spanwise, cyclic boundary conditions are
applied with a modeled span which fits a total of two serrations. Transition is enforced by a zig-zag transition
strip just downstream of the leading edge to mimic similar boundary layer trailing edge flow conditions as
during the wind tunnel campaign.

A baseline serrated design is tested, as well as an optimized serrated design consisting of a combination
of sawtooths and combs; the combed serration. An illustration of the geometry is found in Fig. 1. The
dimensions of the sawtooth of the combed serration are similar to the conventional serration. The design
tooth flap angle is used for the analysis.

Figure 1. Serration geometry of the conventional and combed serration

The simulation domain size is a block of 10 chords in both streamwise and wall normal direction. Outside
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a circular refinement zone of 8 chords diameter, an anechoic outer layer is used to damp acoustic reflections.
A total of 9 refinement regions are applied such that, near the boundary of the straight trailing edge (and a
box around the serrated edge), the first cell is placed in the lower part of the boundary layer. Smallest voxels
are therefore 0.18 mm, which leads to a maximum y+ at the trailing edge and along the serrated edge of
20. With the coarsest cell being 46 mm, the entire setup leads to approximately 225 million cells. A total of
1.2 million time steps were performed. Performance was measured at 0.58 seconds per timestep on a Linux
Xeon E5-2690 2.9 GHz platform of 60 cores.

After the transient phase of approximately 9 flow passes (0.15 sec), sampling is started. The Courant-
Friedrichs-Lewy (CFL) number is dependent on the wave propagation velocity and smallest voxel size in this
compressible simulation and fixed to unity for each single simulation. Therefore, the physical time step is
fixed at 3 · 10−7 s. Data is sampled at 50 kHz for 0.2 physical seconds at local lattice size, resulting in a
recording of 12 flow passes. Fourier transformed data is obtained with a Hamming window with 50 % overlap,
to smooth the spectra. Data throughout the paper is presented in 1/3th octave bands, and A-weighted for
convenience.

IV. Experimental setup

To validate the computational results, results were taken from a recent aeroacoustic wind tunnel campaign
at Virginia’s Tech anechoic facility, commissioned by Siemens Wind Power. The same model geometries (both
airfoil and serrations) were used as in the computational campaign. A rough sketch of the experimental setup
is presented in Fig. 2.

The Virginia Tech Stability Wind Tunnel is a closed loop subsonic wind tunnel with a 1.83 × 1.83 m
rectangular removable test section. The length of the test section is 7.3 m. The tunnel is driven by a 0.45 MW
fan of 5.3 m diameter. A flow speed of 75 m/s can be reached in an empty test section. Downstream of
the fan, an air exchange tower open to the atmosphere is located. From there the flow is directed into the
settling chamber. The settling chamber contains 7 screens with an open area ratio of 0.6 and a separation
of 0.15 m. The flow enters the test section through a nozzle with contraction ratio of 9 : 1 and leaves it
through a diffuser. All corners of the tunnel are equipped with an array of shaped turning vanes. Turbulence
intensities of less than 0.05% were reported from earlier measurements.

Two different test sections are available for the tunnel: a hard wall aerodynamic test section and a
acoustic test section with Kevlar walls. For the results presented in this paper, the acoustic test section
was used. It has Kevlar side walls designed to contain the flow and keep similar aerodynamic performance
as with a closed test section. The acoustic sound waves on the other hand, are transmitted through the
walls and can be measured in the anechoic chambers. More details of the acoustic characteristics of the test
section can be found in Ref.38

A microphone array consisting of 117 microphones was located in the anechoic chamber. The microphones
were arranged in a 9 armed spiral of 13 microphones each, with an overall diameter of 1.1 m. Its location
relative to the airfoil is similar to that in Fig. 2. The microphones used in this array are Panasonic model
WM-64PNT Electret microphones. These microphones have a flat frequency response from 20 Hz to 16 kHz.
All microphones used in the array were calibrated before being installed in the array and selected to be
within ±5◦ phase and = ±0.4 dB amplitude from 500 Hz to 16 kHz.

V. Straight trailing edge flow and acoustics assessment

The flow field around the wind turbine airfoil section is depicted in Fig. 3. The flow field undergoes
enforced transition due to the zig-zag strip, while the pressure gradient enhances the development of the
boundary layer. A fully turbulent boundary layer convects over the trailing edge, interacting with the
serrated design. The black line indicates a funnel around the airfoil trailing edge and part of the wake, and
is used as porous membrane to sample data for the FW-H acoustic analogy.

Essential in the comparison between experiment and simulation is the proper recording of the flow
conditions. Therefore, in a more quantitative manner, the flow and acoustics of the baseline straight trailing
edge case is analyzed in Fig. 4. Firstly, the mean pressure distribution is analyzed against experimental
data. Overall agreement is good; the numerical result fits the levels and trends of the data obtained in the
wind tunnel.

As mentioned in the methodology section, the acoustic far-field spectra (Φaa) are obtained by three
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Figure 2. Virginia Tech anechoic test facility setup
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Figure 3. Flow field overview around the trailing edge of the airfoil; iso-surfaces of vorticity (top), mean flow
speed magnitude (middle), and instantaneous snapshot of streamwise velocity (bottom).
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Figure 4. Overview of straight trailing edge results, (left) mean pressure distribution, (right) far field acoustic
spectra obtained with different post processing algorithms.

different post-processing methods; 1) directly from a probe in the computational domain, 2) with FW-
H analogy using the funnel as source location, 3) with Curle’s analogy using the airfoil surface as source
location. To verify that each method gives similar results, they are all plotted for the straight trailing edge
case in Fig. 4 (right). Φaa is the scaled far-field spectrum, obtained as:7

Φaa = Φmeas + 20 log10(R1/R2) − 10 log10(b1/b2) − 50 log10(M1/M2) (2)

Here, index 2 indicates the reference values with Mach number M = 1, observer radius R = 1 m and spanwise
length b = 1 m. The adopted scaling is conventionally used in literature for trailing-edge noise studies, where
non-compact noise sources are the most relevant contributions.7,36,37 In addition, due to the cyclic boundary
conditions and limited span, the acoustic pressure field in the numerical solution contains contributions
from mirrored coherent image sources of the airfoil arriving through the cyclic domain boundaries to the
microphone location. To correct for this, in addition to the previously mentioned scaling parameters, another
correction has to be applied to the sound spectra of the direct probe measurements. Oberai39,40 derived a
three-dimensional, frequency dependent, correction for low Mach number flows, which can be rewritten in a
dB form as Φcor = 10 log10(fb2/cR), with f and c indicating the frequency and speed of sound respectively.

The results, depicted in Fig. 4 (right), and any further presented acoustic results, are obtained at an
upstream angle of 120◦ with respect to the trailing edge, as this matches the acoustic array of the experimental
set-up from the Virigina Tech wind tunnel (see Fig. 2). This makes a comparison possible in later sections.
The results in Fig. 4 (right) clearly show only marginal differences between the three numerical results,
indicating proper scaling has been performed. In general, the spectra show no peak, indicating no strong
shedding is present in the flow. The frequencies up to 2 kHz show a decreasing broadband noise signal.

To observe noise source locations in the near-field, a band pass filter is applied to the transient pressure
data obtained from the LBM solution. Results for low and high frequencies are depicted in Fig. 5. Besides
the acoustic pressure field, hydrodynamic pressure fluctuations can be observed in the boundary layer and
in the wake. At both frequencies, the dominant noise comes from the trailing edge, where both pressure side
and suction side boundary layer interact. As expected, the wavelength varies since specific frequencies are
considered. At the high frequency, additional noise is present from the suction side transition strip.

VI. Comparison of different serrations

This section discusses the numerical acoustic results for the different serrations. Both the far-field noise
reduction and the noise-source location are addressed. The numerical results are compared to the corre-
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Figure 5. Instantaneous band passed pressure fields around the straight trailing edge model for fc = 400 Hz
(top) and fc = 1, 000 Hz (bottom).
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sponding experimental results from the Virginia Tech wind tunnel.

A. Effect of a conventional serration

First, a comparison is made between the conventional serration and the straight trailing edge case. The
serration effect is depicted in Fig. 6 for the design angle of attack. The trends found both for the numerical
and experimental data are similar at low frequencies; reductions up to 5 dB are found. Larger discrepancies
are noted above mid frequencies, but trends stay similar between both. In general, it can be concluded that
this serration enhances noise reduction at low frequencies, while slightly increasing far-field noise levels at
high frequencies.

10
3

-5

0

5

10

Figure 6. Reduction of far-field noise with respect to the straight edge due to the installation of the serrations.
Positive is noise reduction.

B. Effect of a combed serration

In a similar fashion, the combed serration can be analyzed. Both experimental and numerical data are shown
in Fig. 7. The results indicate the larger noise reductions obtained with the improved serrated geometry.
The reduction is almost doubled. The numerical results indicate that noise reductions are observed at low
frequencies while a noise increase is observed at high frequencies. Similar trends and levels (on average 2
dBA lower) are found for the experimental data, giving confidence in the numerically obtained far-field noise
levels. A grid refinement study would be recommended to see if the numerical result converges towards the
experimental data.

C. Comparison between a conventional and combed serration

A final comparison between both serrations is made by looking at the enhanced acoustic emission of the
combed serration with respect to the conventional serration. The results in Fig. 8 indicate that a substantial
increase in noise reduction is observed at the low frequencies for the combed serration. Although the
reductions are about 1 − 3 dBA off, the trends are similar between LBM and experiment. This difference is
likely caused by the slight underprediction of the far-field noise of the conventional serration, and the slight
overprediction of the combed serration. It would be essential for future studies to see if, by improving the
numerical setup, the variation can be reduced.

D. Directivity effects

The far-field results presented before where considered only the 120◦ direction, corresponding to the array
location in the experiments. To study directivity effects, 360 virtual microphones were placed in a circle
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Figure 7. Reduction of far-field noise with respect to the straight edge due to the installation of the combed
serrations. Positive is noise reduction.
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Figure 8. Reduction of far-field noise with respect to the conventional serrations due to the installation of the
combed serrations. Positive is noise reduction.
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of 10l diameter at mid-span with respect to the airfoil. Far-field noise levels are derived from the FW-H
integral solution method for the straight, serrated and combed serrated case, and results are plotted for three
different frequency bands in Fig. 9.

Figure 9. Far-field directivity (in dB), depicted in normalized acoustic pressure, for three frequency regimes

At low frequencies, a compact dipole source is observed. For increasing frequency, an asymmetric dipole
directed towards the leading edge is obtained due to the phase shift of the acoustic pressure on the suction and
pressure sides.41 The acoustic waves from both airfoil sides destructively interfere upstream of the leading
edge, thus creating a zone of silence. At the highest frequency, a non-compact behavior is observed. At low
frequencies, noise reduction is observed in all directions for both the conventional and combed serration, with
the largest reduction at upstream angles between 120 − 150 degrees. At mid frequencies, the conventional
serrated edge starts producing more noise than the straight trailing edge case, while at the highest frequency,
noise increases are observed for both cases in most directions. Results indicate that the upstream traveling
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waves are most effectively canceled out using serrations, which affects the directivity pattern.

E. Flow induced noise detection

The flow induced noise detection tool can, as explained in the methodology, show whether or not co-rotating
vortex pairs are reduced around the serrated trailing edges. If those vortex pairs are reduced, acoustic
quadrupole sources are reduced, potentially reducing part of the trailing edge noise. Fig. 10 summarizes the
results for both conventional and combed cases. A low and high center frequency were selected, where for
both frequencies, the combed serration is quieter in the far field.

Figure 10. Iso-surfaces of co-rotating vortex pairs according to Powell’s anology, for both the serrated (top) and
combed serrated (bottom) design. On the left side, results are depicted at fc = 400 Hz, right at fc = 1, 000 Hz.

At low frequency, the majority of the sources for the conventional serrated design are located between
the teeth near the standing vortex, which is created due to the difference in pressure between the pressure
and suction side. It develops into a larger horseshoe vortex further downstream. This vortex is, as expected,
most dominant for the conventional serration. For the combed serration, this vortex is not visible, but
more spread out in between the comb filaments. At increasing frequencies, the sources are moving from the
location of the horseshoe in between the teeth, towards local edge noise, mainly at the pressure side of the
serrated edge. Even though a large amount of vortex pairs is present near the combs, the far-field levels are
lower for this configuration at both frequencies. A possible explanation may be that the combs scatter noise
less efficiently than the tooth edges, or that the combs dissipate part of the acoustic energy.

VII. Conclusions and recommendations

The flow field and noise emission around a wind turbine airfoil with conventional and combed serrations
were determined at chord based Reynolds numbers of 3.3 million. The flow and pressure fields were analyzed
by evaluating the fully explicit, transient, compressible Lattice Boltzmann equation. Acoustic perturbations
were directly obtained in the numerical domain, while the far field acoustic data was obtained by means
of a FW-H and Curle integral solution. The numerical results were compared against acoustic array data
obtained from wind tunnel campaigns performed in an anechoic wind tunnel.

The mean pressure distribution showed that experiment and simulation yield similar flow conditions. The
three different acoustic post-processing methods were compared for the straight edge case. Only marginal
differences were present, giving confidence to the numerical results.

Next, noise reductions were determined due to the installation of serrations. Both the numerical results
and the experiments showed that serrations reduce noise in the low frequency regime, while noise increases
are found at high frequencies. The largest reductions were found at upstream angles, between 120◦ − 150◦,
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where also the experimental array was located. The numerical results also reproduced the experimental
finding that combed serrations are quieter than standard serrations.

The trends for experiment and simulation were similar, giving confidence in the results obtained from
the LBM solver. However, the peak reduction was sometimes underpredicted (e.g. conventional serration)
but also overpredicted (combed serration). In future studies, it is essential to test multiple grids, as well as
different simulation times. Especially the low frequency noise results considered here may be dependent on
enough acoustical data.
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