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The investigation of the noise emitted from the trailing edge (TE) of a Somers S834 airfoil
section with advanced experimental and numerical methods is presented. The airfoil section
is placed in a low noise, low turbulence small aeroacoustic wind tunnel. To mimic a relative-
ly large target Reynolds number the boundary layer on the airfoil has to be tripped. An un-
steady large-eddy simulation (LES) provides the input data for airfoil self noise prediction
models. Standard microphone correlation as well as microphone array based techniques were
applied to distinguish trailing edge noise (TEN) from ambient sound and for quantification.
The carefully applied boundary layer tripping produced the targeted boundary layer parame-
ters in the TE region of the airfoil. The TE of the airfoil was found to be the most dominant
sound radiation region on the airfoil section. The microphone array measurements revealed
dominant contributions from the TE from 160 to at least 2500 Hz. The peak level of TEN
was found at a displacement thickness based Strouhal-number of approximately 0.075, corre-
sponding to a frequency of 500 Hz. Both sound prediction models utilized - Brooks, Pope
and Marcolini (BPM) and Curle's - confirmed that the spectral hump found in the measure-
ments is indeed attributed to the turbulent flow over the airfoil's trailing edge.

1. Introduction

The growing impact of turbo-machinery applications on public life results in stricter noise
regulations. Key topics of actual research activities are aero-acoustically generated sound e.g. from
aircraft engines or onshore wind turbines. The interaction of the flow with the aerodynamically ef-
fective surfaces, e.g. the rotor blade, is responsible for various sound sources. Brooks, Pope and
Marcolini' attributed the sound from an airfoil section subject to a flow to five main mechanisms,
(1) separation-stall, (ii) tip vortex formation, (iii) trailing-edge-bluntness vortex-shedding, (iv) lami-
nar-boundary-layer vortex-shedding and (v) turbulent-boundary-layer trailing-edge (TBL-TE). Ac-
cording to Roger?, the scattering of the turbulent boundary layer at the airfoil TE acts as the domi-
nant sound source of airfoils in a temporally and spatially homogeneous flow. In general sound or
noise from trailing edges is called trailing edge noise (TEN).

The overall target of our current research is studying TEN and possible mitigation measures.
This paper is focussing on the experimental and numerical investigation of the acoustic emissions
from airfoils. As a generic example we consider a two-dimensional S834 airfoil section employed
in wind turbine technology. This airfoil shape has been developed by Somers® and was originally
designed for small and quiet horizontal axis wind turbines. Oerlemans® investigated the acoustic
properties of the S834 airfoil in an aeroacoustic wind tunnel by means of microphone array meas-
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urements using the conventional sum-and-delay beam forming algorithm. For tripped conditions he
indeed found the airfoil TE to be the most efficient sound emitting part. This was encouraging for
this study considering the flow and sound generating mechanisms in the TE region in more detail.
Since we target at larger wind turbines, the Reynolds number and the associated boundary layer
parameters must be appropriate

As compared to experimental techniques, numerical approaches offer the advantage of closing
the gap between the unsteady, physical flow field and the sound radiated. Numerous studies are
known, dealing with the unsteady turbulent flow field around airfoils or turbomachinery rotors and
the subsequent calculation of the sound field by acoustic analogies or computational aeroacoustic
methods. Winkler et al.” performed a large eddy simulation (LES) of the flow around an airfoil sec-
tion, used the data as input to various acoustic models and found satisfactory agreement between
sound prediction and experimental results. In the present study tripping is not only done for the ex-
periments but is also taken into account in the numerical flow simulation.

2. Methodology

2.1 Airfoil Section and Test Rig

The investigated S834 airfoil section has a chord length of ¢ = 0.2 m and an aspect ratio of
1.33, Fig. 1 (right). The angle of attack (AOA) is chosen such that an infinite aspect ratio section of
this airfoil would operate at its optimal lift to drag ratio for a chord based Reynolds number Re =
3.5-10°. This requires an effective AOA a,;=4.7°.

The airfoil section is mounted between sideplates in an open wind tunnel, 0.5-¢c downstream
of the nozzle exit, Fig. 1 (left). To compensate for open wind tunnel installation effects, a correction
as derived by Brooks et al.’ is applied, leading to a geometric AOA of Qgeom = 12.7° for this particu-
lar aspect ratio.
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Figure 1. Left: Schematic layout of the small aeroacoustic wind tunnel at the University of Siegen (not to
scale); right: Sketch of the S834 airfoil section with trip positions (dimensions in mm, not to scale)

The available small aeroacoustic wind tunnel provides a maximum flow velocity resulting on-
ly in Re = 3.5-10°. To mimic the 10-times higher target Reynolds number the location of boundary
layer transition on both, pressure and suction side (SS) of the airfoil section were controlled by a
zigzag tape. The tripping locations were selected such that they correspond to the chordwise loca-
tion of natural transition for the S834 airfoil at the target Reynolds number. The locations of natural
transition were found via the airfoil performance prediction tool XFOIL’. XFOIL yields overall
airfoil characteristics like lift and drag coefficients as a function of airfoil shape, AOA, Reynolds
and Mach number in an undisturbed flow (i.e. without any effect of an open wind tunnel). Since it is
based on a linear-vorticity second order accurate panel method coupled with an integral boundary
layer method and an e"-type transition amplification formulation®, it also allows a prediction of the
transition locations. For our case transition must occur at x/c = 0.17 on the airfoil suction and x/c =
0.76 on the pressure side, hence the zigzag tape is applied at exactly these chordwise positions
along the complete span. All investigations were carried out at a Mach-number of M = 0.075.
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The time-averaged chordwise pressure distribution from leading to trailing edge was meas-
ured via 31 pinholes connected by tubes to a 16 channel pressure transducer (Pressure Systems Inc.,
type PSI 9116). It allowed a synchronous measuring of the complete pressure distribution at either
side of the airfoil. Since the surface pressure fluctuations in the trailing edge region were of special
interest, the airfoil was instrumented with nine flush mounted miniature pressure transducers
(Knowles Acoustics, type FG-3329-P07) as documented in Fig. 2. This arrangement of sensors al-
lowed the synchronous determination of the stream- and spanwise unsteady pressure field in the
airfoil TE region. Basically these transducers are miniature condenser microphones with a sensitive
diameter of 0.7 mm. They have been calibrated in-situ with a white noise excitation signal ranging
from 100 Hz to 10 kHz. Flow velocity and turbulence parameters in the airfoil boundary layer were
measured with a 1-D hot-wire anemometer (TSI™, type: 1210-T1.5). The 1.25 mm long wire is
made of tungsten and has a diameter of 5 um. The probe is operating in a constant-temperature
mode using the Streamline™ unit from Dantec Dynamics. For the exact positioning of the probe a
three-axes traverse system was used.

Figure 2. Left: Sketch of the test rig; middle: Airfoil section between side plates attached to wind tunnel noz-
zle; right: field of miniature pressure transducers in the trailing edge region.

The wind tunnel (for details see Winkler and Carolus’) exhausts in a semi-anechoic chamber
(4.5 m x 3.23 m x 2.9 m) which allows acoustic measurements according to ISO 3745'° down to
125 Hz. The characteristic turbulence intensity in a plane 0.01 m downstream of the wind tunnel
nozzle exit is 0.2 %. The sound from the airfoil section is measured synchronously by three micro-
phones (1/2" Briiel & Kjaer™, type 4190), each located outside of the jet in a distance of 0.3 m
from the center line, Fig. 3 (left). The microphones are equipped with a wind screen to avoid any
flow induced pseudo sound. In addition to this local sound pressure measurement technique a mi-
crophone array (CAE Noise Inspector™) was utilized. The array consists of 40 condenser micro-
phones which are spread over a plane area of 0.5 m”, Fig. 3 (right).

2.2 Acoustic Signal Processing Techniques

The acoustic signature from the airfoil is relatively low level and potentially contaminated by
extraneous sound sources. Three different techniques are applied for isolation of TEN.

Firstly we take advantage of the fact that the TE essentially is a dipole sound source. Hence a
filtering technique derived by Blake and Lynch'' is applied using the cross-correlation of two
phase-matched TE microphones (here M2 and M3, Fig. 3 left). Because of the dipole directivity
pattern the signals of both microphones should be equal in magnitude but 180° out of phase. The
preparatory work is done by a first filter that removes all frequency components for which the level
of the cross-spectral density (CSD) is less the 6 dB above the background CSD level. The second
filter rejects all frequencies where the phase shift of the CSD is not within a range of 180°+9°. Up-
on applying both filters, the spectrum contains theoretically only pure TEN. The drawback of the
filtering technique by Blake and Lynch is that sound generated at the airfoil leading edge (LE) due
to ingested turbulence, has the same dipole characteristics and could distort the TEN signal.

Secondly, to locate the main dipole sound sources from the airfoil, Brooks Pope and Marco-
lini' developed a simple correlation method utilizing cross-correlation. The wave travelling time
due to different distances from source to two microphones (here M2 and M1, Fig. 3 left) allows
drawing conclusion on the main source location.
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A third technique is based on the array of microphones. For the low frequency range (f' < 600
Hz) near field holography is applied to localize sound radiating areas on the airfoil. For that the ar-
ray is positioned 0.25 m next to the airfoil suction side surface. For signals in a frequency band 600
Hz < f'< 1200 Hz orthogonal beamforming and for all higher frequencies the Clean SC'* algorithm
is applied (the array is then positioned 0.75 m next to the airfoil suction side surface, Fig. 3 right).

With exception of the microphone array all unsteady quantities were captured with a sampling
frequency f; = 51.2 kHz. The spectral analysis is based on the power spectral density (PSD) ob-
tained by the pwelch routine in MATLAB® 2012a (Af= 1 Hz, py = 2-10" Pa, f, = 1 Hz). The sampling
rate for all 40 microphones from the microphone array was 48 kHz with 24 bits resolution.

1.5¢

®M3 ; A
Figure 3. Left: Airfoil section and microphone positions (top view); right: Microphone array next to airfoil

2.3 Numerical Set Up

A steady-state, incompressible 3D Reynolds-averaged Navier-Stokes (RANS) simulation us-
ing the standard k-c-SST turbulence model derived by Menter'® was performed. The RANS domain
includes the anechoic chamber, the sideplates, the complete airfoil and the nozzle. The results of
this simulation provide the inflow boundary conditions for the integrated LES domain of a spanwise
airfoil section, Fig. 4. The main wind tunnel installation effects were taken into account due to the
upstream extension of the LES domain up to the nozzle exit. The LES domain extends 5.75-c in
streamwise, 3-¢ in crosswise and 0.075-¢ in spanwise direction. At the inlet plane and at the cross-
wise boundaries the velocities taken from the RANS simulations are used as boundary conditions.
In spanwise direction periodic boundary conditions are predefined, the outlet is executed as a
pressure outlet. The 3D-block-structured numerical grid of the LES consists of 8.5:10° cells, with an
averaged local grid spacing of about Ax" = 70, Ay" ~ 0.4, Az" = 30. The wall-resolving LES utilizes
a wall adaptive local eddy viscosity (WALE) subgrid-scale model by Nicoud and Ducros'* and a
dimensionless time step-size based on freestream velocity and chord length of A¢ = 6.4:10™. The
convective Courant-Friedrichs-Lewy number is only locally above 1. The flow solver is based on a
finite volume method and 2™ order accurate in space and time. For the time integration a bounded
2" order implicit spatial scheme is used, the spatial integration is done by a bounded central differ-
encing scheme. The reached convergence criteria of all variables are 1-10. The simulation ran for
15 flow-through times. The applied tripping is considered in case of a representative step with the
height and an average length of the experimentally used zigzag tape, Fig. 4 (right). The commercial
Navier-Stokes code ANSYS FLUENT™ version 14.5 has been used throughout this study.

Figure 4. Left: Grid topology of the wind-tunnel setup for initial RANS computations, middle: truncated LES domain,
extracted from the full wind-tunnel setup (every 2™ mesh line visible); right: numerical surface grid of the simulated
airfoil section with close up view on the airfoil LE and TE with the applied tripping.
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3. Results

3.1 Aerodynamic Results

Fig. 5 shows the mean pressure distribution around the airfoil and the boundary layer dis-
placement thickness on the suction side. (The boundary layer displacement, especially at the trailing
edge, is an important parameter for TEN prediction models). Note that we compare experimental
and numerical results from the tripped airfoil section operating in the small wind tunnel at Re =
3.5-10° and Ogeom= 12.7° with the XFOIL-prediction of the untripped, at Re = 3.5- 10° and with Oefy
= 4.7° operating airfoil. The results from experiments, RANS and LES, and XFOIL agree quite
well. The local pressure peaks occurring for the LES are caused by the tripping which is not includ-
ed in the RANS simulation.
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Figure 5. Left: Mean pressure distribution on airfoil surface, right: displacement thickness (SS), Re = 3.5- 10°
and Ogeom = 12.7°; for comparison: XFOIL results for Re = 3.5- 10° and Oor=4.7°.

The LES predicted fluctuating pressure on the airfoil suction side is depicted in Fig. 6 (left).
The root-mean-square (rms) values increase at the trip (x/c = 0.17) and again slightly at the TE. The
dominant frequency parts shift from higher frequencies in the LE region towards lower frequencies
at the rear part of the airfoil. Figure 6 (right) shows a comparison of the measured and the LES-
predicted surface pressure spectra at x/c = 0.8 on the airfoil suction side. The agreement is not per-
fect, but the numerical prediction shows the tendencies of the experimental spectra quite well.
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Figure 6. Upper left: LES predicted fluctuating pressure normalized with the dynamic freestream pressure
(SS); lower left: surface pressure PSD at different chordwise positions indicated in the upper left figure; right:
Comparison of the measured and the LES-predicted surface pressure fluctuations at x/c = 0.9 (SS).

3.2 Aeroacoustic Results

Fig. 7 (left) shows the measured free field sound pressure in terms of the cross spectral densi-
ty level Lg,, of the two adjacent TE microphones M2 and M3. The airfoil sound signals were pro-
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cessed according to Blake and Lynch's filtering and correlation technique. Between 300 and 3000
Hz the signal to background noise ratio is sufficiently big to identify the sound from the airfoil.

A first indicator that the dominant sound source is indeed the airfoil TE stems from the cross-
correlation of microphone M2 with M1 as suggested by Brooks Pope and Marcolini. The two main
peaks in the cross-correlation function in Fig. 7 (right) represent the LE and TE sound sources. The
different sign and absolute values of travelling times Af clearly indicate their location. Obviously
there is a highly correlated sound source at the TE.
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Figure 7. Left: Measured airfoil sound against background, signal processing acc. to Blake and Lynch; right:
cross-correlation of TE and LE microphone (signals have been bandpassed between 100 Hz and 12.8 kHz)

A second indicator is obtained from the microphone array measurements. The sound pressure
maps in Fig. 8. refer to different 1/3-octave frequency bands. In the top row two examples of the
near field measurements are depicted showing the TE to be the dominant sound emitting part within
a dynamic range of 6 dB. The bottom row shows measurements with the array positioned in the far-
field. The data shown in the left picture were calculated using the orthogonal beamforming algo-
rithm. Spatial resolution and dynamic range are rather poor; however, the TE can be detected as
main sound source within the specified dynamic range. At higher frequencies the much more effi-
cient Clean SC algorithm yields the best results. Here th e background noise almost drowns the
sound emitted by the airfoil, but due to the large dynamic range, even here the airfoil TE can be
identified as main airfoil self noise source. In general, the phased array results suggest that the
largest contribution from the TE to the overall emitted sound is in the lower frequency range, which
coincides with the 500 Hz hump in the spectrum of Figure 7 (left). The discussion in the following
section tries to support this finding by semi-theoretical approaches.
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Figure 8. Microphone array measurements in the near field (top row) and far-field (bottom row), the data
refer to different 1/3-octave frequency bands; different algorithms applied (view from suction side).

ICSV21, Beijing, China, 13-17 July 2014 6



21st International Congress on Sound and Vibration (ICSV21), Beijing, China, 13-17 July 2014
3.3 Further Discussion of the Acoustic Results

Numerous models for TEN-prediction are known. We employ two of them to support our ex-
perimental finding that the hump around 500 Hz in the sound spectrum of Fig. 7 (left) is indeed
caused by the TE of the airfoil.

The first is the semi-empirical Brooks, Pope and Marcolini (BPM) model'. Basically it allows
quantifying various contributors to the airfoil's overall self-noise. It is based on a set of acrodynam-
ic and aeroacoustic measurements of a NACA 0012 airfoil blade section at varying Reynolds num-
ber and angle of attack. One has to keep in mind that the BPM-model resolves 1/3-octave frequency
bands only. The self noise mechanism addressed in the present study is denoted in the BPM model
as turbulent-boundary-layer trailing-edge (TBL-TE) noise. According to this model the maximum
TEN emissions occur at a Strouhal-number of

si=2% <01, )

& is the boundary displacement thickness at the TE. The boundary layers of both airfoil sides are
scattered at the airfoil TE and contribute independently to the overall TEN emissions. Furthermore,
the TEN sound pressure level (SPL) is a function of the airfoil AOA. The overall peak TEN can be
calculated as:

SPL,,, =10-1g [1051%(, 10 L 18P0 |05 /10] . o

BPM then use a generalized shape function to create the TBL-TE noise spectrum. We take the AOA
as o= 4.7° and the displacement thickness from Fig. 5 (explicitly from the LES-prediction) and
compare the BPM-prediction with our measurements in Fig. 9 (left). It is obvious that the BPM-
predicted TEN occurs is in a similar frequency range and has a similar overall level as in our exper-
iments. The discrepancies are most likely due to the fact that we are dealing here with a completely
different airfoil S834 instead of a NACA 0012.

The second is Curle's acoustic analogy'. It describes sound radiation from stationary surfaces
in a turbulent flow. Relevant are the forces acting from the solid surfaces on the fluid. Here, the
LES-predicted fluctuating pressure at each surface element center represents the unsteady force per
unit area and hence is taken as input for this prediction model. The result of Curle's prediction is
presented in Fig. 9 (right) again in terms of the cross spectral density level Lg,, of two adjacent TE
microphones. The agreement between the prediction and our experimental finding is good, even the
complete hump around 500 Hz is predicted very well. The spectral levels are in the same order up
to a frequency of about 1500 Hz, at higher frequencies the level is slightly underpredicted.

70 50
_ 40
m R R R S —
s 9 g 30
- £
‘ ‘ 7
& 00/ =] ——BPM G*, )] -
—&— EXP 10 ©  EXP
40 i i 0 5 H T T 1 1 111 i|3 i H H H y
0 0.2 04 06 08 10 10 10
St= fS*/uOO [-] f[HZ]

Figure 9. Comparison of a TEN prediction with experimental data for the S834 airfoil section; left: Brooks,
Pope and Marcolini (BPM) model (1/3 octave bands); right: Curle's analogy (Afgxp = 1 Hz, Afigs =5 Hz)
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4. Conclusions

The TEN emission of a stationary airfoil placed in an aeroacoustic wind tunnel was investi-
gated with advanced experimental and numerical methods. To account for high Reynolds numbers
and associated boundary layer conditions appearing at full-scale wind turbine applications, the air-
foil surface has been tripped at the natural transition locations corresponding to a 10-times higher
Reynolds number than the prevailing Reynolds number achieved with the existing wind tunnel.

The applied boundary layer tripping was successful in so far, as it produced the targeted
boundary layer parameters (e.g. displacement thickness) in the TE region of the airfoil. They are
acoustically relevant for TEN. The TE of the airfoil was found to be the most dominant sound radia-
tion region on the airfoil section. This was the result of several independent correlation techniques
applied. The microphone array measurements revealed dominant contributions from the TE from
160 to at least 2500 Hz. The peak level of TEN was found at a displacement thickness based Strou-
hal-number of approximately 0.075, corresponding to a frequency of 500 Hz. Both sound prediction
models utilized - Brooks, Pope and Marcolini (BPM) and Curle's - confirmed that the spectral hump
found in the measurements is indeed attributed to the turbulent flow over the airfoil's trailing edge.

Hence, the tools applied allow a precise characterization of the airfoil TEN signature and fa-
cilitate future implementation of TEN mitigation techniques.
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