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Aeroacoustic Benchmarking of Trailing-Edge Noise from NACA
63;—018 Airfoil with Trailing-Edge Serrations

Salil Luesutthiviboon,*® Lourenco Tércio Lima Pereira,! Daniele Ragni,i Francesco Avallone,} i}
and Mirjam Snellen?
Delft University of Technology, 2629 HS Delft, The Netherlands

https://doi.org/10.2514/1.J061630

Experimental results on trailing-edge (TE) noise from a NACA 63;-018 airfoil are presented for a chord-based
Reynolds number Re, range between 2 X 105 and 3 x 10°. Far-field TE noise from the baseline airfoil with a straight
TE and TE serrations is measured with varying Re_, angle of attack, and serration shape and flap angle. Additionally,
aerodynamic coefficients and boundary-layer parameters at the TE are also reported. To cover such a broad Re,
range, two NACA 63;-018 airfoil models were tested in two different wind tunnels. The measurements include the
emitted noise with natural and forced transition locations. For the straight TE, the forced transition location results in
up to 5 dB increase of the far-field TE noise level, compared to the natural one. Scaling of the far-field noise spectra
from the baseline TE shows that the Strouhal numbers S¢ at which the peak noise level is measured reduce as Re,
increases. TE noise spectra for the cases with the TE serrations are found to be dependent on the airfoil lift and Re..
The present data are to be included in the framework of the Benchmark Problems for Airframe Noise Computations
category I and are publicly available in a repository with the following digital object identifier (DOI): https://doi.org/

10.4121/20940646.
Nomenclature

b = span,m
C = Coles’ fitting coefficient
c = chord, m
cy = drag coefficient
c = lift coefficient
c, = pressure coefficient
f = frequency, Hz
H = shape factor
h = serrations amplitude, m
Kp = Brooks’s angle correction factor
Kt = transmission loss empirical coefficient
Ks, = boundary-layer thickness factor
Ly = A-weighted overall sound pressure level, dB(A)
M = Mach number
n, = unit vector in direction of a
Ds = static pressure, Pa
12 = total pressure, Pa
Re, = Reynolds number based on a

St, = Strouhal number based on a
K = direction along airfoil surface
trg = trailing-edge thickness, m

u = flow velocity, m/s

U, = edge velocity, m/s

u, = friction velocity, m/s

X = streamwise distance, m

X, = distance to transition, m
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Y = distance normal to flow, m
VA = spanwise distance, m

a = angle of attack, deg

A = difference

6%, 6* = (averaged) displacement thickness, m
S99 = boundary-layer thickness, m
€ = angle offset, deg

[ = momentum thickness, m
K = von Karman constant

A = serrations wavelength, m
II = wake parameter

0 = kinematic viscosity, m?/s
@ = serrations flap angle, deg
Subscripts

eff. = effective

geom. = geometrical

lam. = laminar

min. = minimum

max. = maximum

norm. = normalized

p-s. = pressure side

ref. = reference

scaled = scaled value

S.S. = suction side

turb. = turbulent

1/3 = 1/3 octave band

1/12 = 1/12 octave band

00 = related to freestream
Superscripts

close = closed section

corner = corner of the airfoil

open = open section

scan plane = entire scan plane

+ = in wall units

I. Introduction

HE acoustic fluctuations originating from the trailing edge (TE)
of an airfoil due to interaction of the surface pressure fluctua-
tions induced by the turbulent boundary layer (TBL) [1,2] are
responsible for noise emission in a variety of industrial applications,
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for example, in aviation and wind-turbine industries [3,4]. This so-
called turbulent boundary layer trailing-edge (TBL-TE) noise rep-
resents a main setback in the deployment and growth of those
industries. There have been rigourous research efforts to understand,
model, and mitigate the TBL-TE noise [2,5,6]. Previous literature
has indicated strong needs to validate modeling strategies of the
TBL-TE noise and new computational simulation algorithms [7-9]
against reference experimental datasets with well-characterized
inputs and inaccuracies [7]. One of the most remarkable attempts
to create such a reference database for the TE noise problem is the
Benchmark Problems for Airframe Noise Computations (BANC)
workshop (category I, TE noise). Up to the fifth edition of the work-
shop (BANC-V), the presented datasets feature aeroacoustic data of
a symmetric NACA 0012 airfoil and cambered DU96-W180 and
NACA 64;-618 airfoils with a straight TE in the chord-based Reyn-
olds number Re,. range from 1 x 10° to 1.5 x 10° [8,9].

The published BANC results left several open questions, as the
need to explain the influence of Re,. on the measured TE noise. The
narrow Re, range of the benchmark dataset (1 x 10° to 1.5 x 109)
neither is representative of industrial airfoil applications (usually
>3 % 10°) nor covers the range upon which existing semi-empirical
TE noise prediction methods are based or where academic studies are
carried out [7]. For example, semi-empirical prediction methods such
as the one of Brooks et al. [6] or anechoic wind-tunnel measurements
[10] are based on data acquired at Re, < 1 x 10°. This issue has
partially been addressed in the work of Ferret Gasch et al. [7], in
which the aeroacoustic data of two cambered airfoil models from
Siemens Gamesa are tested up to Re, = 3.7 x 10°. However, there
are still some unexplainable phenomena, for example, a noise
increase hump in the far-field noise spectra, which could be attributed
to the self-noise of the airfoil, and differences in wind-tunnel setups,
in other words, blockage effects and aspect ratios. The authors
hypothesized that the noise increase hump resulted from the post-
processing method of the far-field acoustic signals. To date, the
BANC dataset is available for a scattered Re. range where the
available data and postprocessing protocols differ per campaign.
Moreover, boundary-layer parameters at the TE are not consistently
available in every dataset, being insufficient for analytical TE noise
prediction models. Therefore, Ferret Gasch et al. recommended test-
ing an airfoil with known aerodynamic characteristics with the same
postprocessing technique among different institutions.

Currently, datasets available in the BANC category I workshop
feature only TBL-TE noise data from airfoils without any TBL-TE
noise reduction devices. The lack of well-characterized and docu-
mented data of the TBL-TE noise reduction obtained with such
devices contrasts with the growing interest and application of them.
Among other TBL-TE noise reduction technologies, TE serrations
have been widely studied due to their simplicity and robustness [11—
15] and are, in fact, an established way of mitigating wind-turbine
blade noise, reducing about 3 dB(A) in average [16,17]. Besides,
many computational and experimental research works in the past
decades have also been focusing on optimizing the TE serrations as
well as other alternative devices for the TBL-TE noise reduction
[2,18]. Therefore, the current BANC dataset may not completely
meet the need for academic and industrial research.

This work addresses the need for a new dedicated aeroacoustic
dataset, which will be added to the current BANC framework for TE
noise of airfoils. In this new work, a symmetric NACA 63;-018
airfoil from the six-series NACA airfoil family is tested with a base-
line straight TE and several serrated TE configurations in a broader
range of Re... For this airfoil, the change of the aerodynamic charac-
teristics in relation to the flow features, for example, Re, and angle of
attack, is known, reported [19], and predictable [20]. The symmetric
geometry of the airfoil additionally helps define an accurate zero-lift
angle, at the same time allowing one to studying pressure distribu-
tions very similar to the ones of profiles usually employed on wind
turbines, once placed at a different angle of attack [21].

To achieve the largest Re. number range possible, two NACA
63;—018 models having different chord lengths have been tested in
two different wind tunnels. A model with a chord of 900 mm, manu-
factured by the Technical University of Denmark (DTU), was tested in

the Low-Turbulence Tunnel (LTT) of Delft University of Technology
to cover the high Re, range (Re, > 1 x 10°). A second with a chord of
200 mm, manufactured at Delft University of Technology, was tested
in the smaller (open-jet) A-Tunnel facility, where the anechoic con-
ditions allow for a precise assessment of the acoustic emissions in a
lower Re, range (Re, < 1 x 10°). In addition to the straight (baseline)
TE, two TE serration geometries are considered, namely, the simple
sawtooth serrations and the recently introduced iron-shaped serration,
which, according to the numerical study of Avallone et al. [22], has
shown the ability to achieve a higher maximum TBL-TE noise reduc-
tion than the sawtooth serrations. The present experimental work also
provides confirmation to this numerical finding.

The aforementioned NACA 633;—018 models have also been tested
in various other facilities, such as the Stability Tunnel of Virginia
Polytechnic Institute and State University [23], the Pour La Cour
Tunnel at the Technical University of Denmark (DTU), and the
Acoustic Wind Tunnel in Braunschweig in collaboration with the
German Aerospace Center (DLR). An extensive endeavor to extend
the comparison to different facilities in Europe is on course [24]. This
dataset is additionally presented and employed in the Hybrid
Anechoic Wind Tunnel (HAWT) yearly activities. The noise reduc-
tion data given by various TE serration configurations also fits in the
International Energy Association Wind Technology Collaboration
Programme Task 39 framework, which focuses on accelerating
research and developments of quiet wind turbines.

The paper is organized as follows. Descriptions of the test setup,
the test matrix, and the experimental techniques are provided in
Secs. II-1V. Subsequently, results and discussions are provided in
Secs. V and VI, including the aerodynamic coefficients, boundary-
layer parameters, and acoustic results from the two wind-tunnel
facilities. The most relevant aeroacoustic data are reported in
chord-based Reynolds numbers from 2 X 10° to 3 x 10° and Mach
number from 0.04 to 0.2. Finally, the scaling of the acoustic emis-
sions with respect to the boundary-layer parameters at the airfoil TE
in both wind tunnels is discussed.

II. Experimental Models and Flow Facilities
A. Airfoil Models and Serration Geometries

To obtain aerodynamic and aeroacoustic results for a wide chord-
based Reynolds number range, two models of the same airfoil with
different chords ¢ have been tested. For the purpose, a 900-mm-chord
and a 200-mm-chord NACA 635-018 airfoil model have been manu-
factured. Throughout the manuscript, the two models will respec-
tively be referred to as the low-Re model (LRM) and high-Re model
(HRM) for convenience, meaning that the model with the smaller
chord was tested at relatively low Re, (Re. < 1 x 10°), while the
other one was tested at 1x 10° < Re,. <3 X 10°. The NACA
63;—018 airfoil profile with the convention for the axis orientation
used in the data analysis is presented in Fig. 1. The origin of the
reference coordinate system is placed at center of the airfoil TE with
X, Y, and Z in the chordwise, vertical, and spanwise directions,
respectively.

The NACA 633-018 airfoil profile is symmetric with a maximum
thickness-to-chord ratio of 0.18 at X = —0.661c¢. The wing manu-
factured for the HRM model has a span of b = 2.22¢, and it was
manufactured by Deharde using sheet metal skins covering rib and
stringer structures [23]. The LRM has a span b = 2¢ and was
manufactured at Delft University of Technology as an assembly of
three solid modular aluminum structures. The TE thickness of both
models trg is 7.5 X 10™*c.

Y/e (=)

-0.1F 1

-1 -1 09 08 07 -0.6 -05 04 03 -02 -01 0 0.1
X/e (=)
Fig.1 NACA 63;-018 airfoil and axis orientations.
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In this study, a careful and detailed characterization of the flow
with respect to the boundary-layer transition has been carried out for
both natural and forced transition location conditions. The forced
transition location helps to ensure comparability of the boundary-
layer properties at the TE and therefore the far-field acoustic results
from different wind-tunnel facilities, where the inflow turbulence and
the natural transition location on a given airfoil may differ [25]. In
particular, the tests were carried out for two configurations, in other
words, without and with a laminar-to-turbulent forcing transition
device, applied to set the transition location at around 5% chord
distance from the leading edge, or X/c = —0.95 as indicated in
Fig. 1. These conditions are referred to as the clean and forced
configurations, respectively. For the latter condition, zig-zag strips
were applied at X = —0.95¢ on both the suction and the pressure
sides. Detailed specifications of the turbulators are provided in Fig. 2.
On both the LRM and HRM, the boundary-layer state was verified by
scanning a stethoscope probe downstream of the turbulator strip
along the entire span. The stethoscope comprises a Briiel and Kjer
4134 microphone and a Briiel & Kjar 2619 preamplifier. The stetho-
scope was also used on the clean configuration to detect the natural
transition location. It is worth highlighting that, for both the LRM and
HRM in the clean configuration, the boundary layer at the TE is

turbulent. For the LRM, it has been found that the same aeroacoustic
behaviors are consistently replicated with distributed carborundum
particles with a nominal size of 0.42 mm (Grit No. 46) on a 0.6-mm-
width and 0.1-mm-thick base tape, following the guideline of Bras-
low et al. [26], installed at the same chordwise location. The com-
bined thickness of the carborundum particles and the tape strip is
similar to the one of the zig-zag strip. However, for reproducibility, it
is motivated to use only the zig-zag strip for the remainder of this
paper because the actual transition location triggered by the carbo-
rundum particles may vary along the span, depending on the span-
wise particle distribution density [25].

TE serrations were installed on the airfoil and tested under the
forced transition location only to ensure reproducibility of this
benchmarking noise database when the airfoil is tested in a different
wind-tunnel facility or is simulated in a numerical study. Two geom-
etries shown in Fig. 3 are considered: namely, the sawtooth and the
iron serrations. These serration geometries are chosen from a numeri-
cal study of Avallone et al. [22], which found an additional noise
attenuation given by the iron serrations compared to the more con-
ventional sawtooth counterpart, due to minimized scattering at the
curved and (almost) tangent roots. The serrations have wavelength
A =0.05¢, and 2h = 0.1¢, where £ is the serration peak amplitude,

Airfoil model

Turbulator specifications

Transition element Installation tape Drawing

X/c =-0.95
Glasfaser-Flugzeug—Service GmbH < f mm
Zig-zag turbulator B

LRM Thickness: 0.5 mm None —) ]
. Flow 2

Width: 6 mm ) &

> Sk
Angle: 70° <

— ‘* 6 mm

X/c =-0.95 Base tape

Glasfaser-Flugzeug-Service GmbH <
Zig-zag turbulator Aerovac blue flash tape €0 [ 6 mm
HRM Thickness: 0.4 mm Thickness: 0.08 mm =
Width: 12 mm Width: 25.4 mm Flow > 60°
Angle: 60°
12 mm
25.4 mm
Fig.2 Boundary-layer forced-transition device parameters.
-1 -1
radius; 0.002¢ radius: 2x 10
-.05 radius: 0.002¢ -.05 radius: 0.002¢
L L 0.25%2h
R S s 0 e -
N 1 N 0.75%2h 1
05 <" 05
.1 1
-.05 0 .05 1 15 -.05 0 .05 1 15

X/e (=)

a) Sawtooth serrations

X/e (=)

b) Iron serrations

Fig. 3 Drawings of the TE serrations used on the airfoil compared to the geometry used in the simulation of Avallone et al. [22].
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following the guidelines given by Gruber et al. [12]. For the experi-
ments, the serrations for both airfoils were produced from a 1-mm-
thick stainless steel plate using wire cutting. The serrations feature
minimum manufacturing corner radii of 2 x 1073¢ and 2 x 10™*¢
(see Fig. 3). Both serrations were installed with a 0 deg flap angle ¢,
in other words, parallel to the chord. The sawtooth serration was also
tested with flap angles of ¢ = +8 deg onthe LRM and ¢ = 4 deg
on the HRM with respect to the chord line, where the positive ¢
denotes deflection toward the pressure side [27]. Installation of the
serrations on the airfoil models differ for the LRM and the HRM. For
the LRM, the TE insert starting at X = —0.2¢ was removed and
replaced by the serration clampers which support the serrations on the
airfoil. The serration clampers are shown in Fig. 4a. For the HRM, the
serrations have an upstream extension of 45 mm, which was used to
side mount the inserts to the airfoil using double-sided tapes and
aluminum tapes. Note that the actual chord extension is slightly less
than 0.1c¢ due to the aforementioned minimum radius criteria. Details
of the serration installation on the HRM are illustrated in Fig. 4b.

B. A-Tunnel Facility for Low-Re, Tests: 6 X 10* < Re, < 1 x 10°

The A-Tunnel is an open-jet anechoic wind-tunnel facility of Delft
University of Technology, where the jet is installed within a room
with acoustically absorbent foam wedges. The cutoff frequency of
the room is 200 Hz, and the room is characterized as acoustically dead
according to the International Organization for Standardization (ISO)
3382 standard [28]. Readers are referred to a paper of Merino-
Martinez et al. [29] for further details on the A-Tunnel facility.
Different velocity ranges can be achieved by installing outlet nozzles
of different contraction ratios. In the present case, two nozzles
were employed to achieve Re, between 0.06 X 10° and 1.0 x 10°,
namely, nozzles with a rectangular opening of ¥ X Z = 3.5¢ X 2¢
(700 x 400mm) for 6x 10* < Re, <4.6x10° and YXZ =
1.25¢ x 2¢ (250 x 400 mm) for 3.9 x 10° < Re, < 1.0 x 10°. For
the whole range of flow speeds tested, the turbulence intensity of
the freestream is below 0.15% [29].

The LRM was mounted between rectangular side plates, installed
and centered downstream from the nozzle outlet (placed at X = —2.9¢
for both nozzles tested). A photograph of the setup is shown in Fig. 5a.
The test section is semi-open to allow for acoustic measurements. The

Main airfoil body

angle of attack was controlled with a stepper motor with 0.001 deg
precision, while the angle bias with respect to the floor was measured
by a Wyler Clinotonic PLUS inclinometer with 0.01 deg precision.
Because of the semi-open test section, the geometric and effective
angles of attack are prone to deviate significantly at high lift conditions
[30]. Therefore, when aerodynamic data are of higher relevance than
the acoustic data, it is also possible to test the airfoil model in a closed
configuration by installing two additional hard-wall panels, as shown
in Fig. 5b. Data were collected at geometric angles of attack ageom,
ranging from =21 deg < dyeqm. < 21 deg only for the larger nozzle
tested. Given the higher airfoil blockage with the smaller nozzle,
experiments were only carried out at 0 deg effective angle of attack,
in other words, zero lift, for this configuration. Table 1 summarizes all
conditions and configurations tested.

C. LTT Facility for High-Re, Tests: 1 x 10° < Re, < 3 x 10

The Low-Turbulence Tunnel (LTT) facility of Delft University of
Technology is a closed-circuit wind tunnel with a contraction ratio of
17.8. In the freestream envelope of the current study between 20 and
70 m/s, the turbulence intensity varies from 0.015 to 0.07% [21,31].
The HRM was mounted on a built-in turntable on an exchangeable
octagonal test section, which is integrated into the LTT circuit. The test
section has the width, height, and length of 2.00c, 1.39¢, and 2.88c,
respectively. The airfoil span of 2.22¢ could not fully fit in the section
as it was constrained by the test section height. The actual aspect ratio
of the airfoil therefore became 1.39, with the remaining portion of the
span outside the flow. For this particular test section, the wall panels
were treated with Kevlar®-covered melamine wedges to minimize
acoustic reflections. An acoustically transparent Kevlar® window
[32] was installed on the side panel of the section where a microphone
array (see Sec. IV.A) was placed. The aviation-standard Kevlar® 49
T965, with a thickness of 0.12 mm and a weight-to-area ratio of
61 g/m? [33], was used in combination with Foam S.T.O.P. open-cell
anachoic chamber melamine wedges with a thickness between 7.6 and
15.2 cm, depending on available space. A photograph showing the
airfoil installed in the LTT section is provided in Fig. 6. Deviations of
the measured surface pressure distribution due to the Kevlar® and
melamine walls with respect to the hard-wall configuration [34] are
carefully examined and discussed in Sec. IV.B. The background noise

25-mm-wide, 0.12-mm-thick
Aluminum tape

\ 0.2¢ Airfoi TE serrations
> irfoil
. —> == 0.06¢
Serration X
clamper
TE insert ~0.1c
V4 TE serrations
45-mm-wide, 0.19-mm-thick
T double -sided tape
r=0.15 mm Thickness: 1 mm

a) Installation on the LRM

b) Installation on the HRM

Fig. 4 TE serrations attachment on the airfoils.

Side plates ™

Turntable
Airfoil

a) Semi-open section

~—Hard-wall
panel

b) Closed section

Fig. 5 Installation of the LRM in the A-Tunnel.
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Table 1 Data availability matrix

Data availability with respect t0 @yeom, , deg

Aerodynamics TBL profiles
Airfoil Wind tunnel Re, Uos Qgeom, SWEEP [start: Wake Hot
model facility (x10%  m/s increment:end], deg Static pressure taps rake drag  wire  PIV Acoustics
LRM A-Tunnel, 0.06 5 [0,6,12,15] For baseline TE, at all N/A N/A N/A 0

3.5¢ X 2¢ nozzle

@geom. > FOT serrations, at
Qgeom, fOT acoustics

0.20 15 +[0:3:9], £[9:1.5:24],  For baseline TE, available  [0:3:18] 0 N/A +[0,6, 12,15, 18]
+[24: —1.5:12] at all ayeqp, for semi-open
and closed sections; for
serrations, at Qgeom, for
acoustics
0.26 20 +[0, 6, 12,15, 18] Same as 5 m/s 0 0 N/A [0, 6, 12, 15]
0.39 30 +[0:3:9], £[9:1.5:24], Same as 15 m/s [0:3:18] 0 N/A +[0,6, 12,15, 18]
+[24: - 1.5:12]
0.46 35 +[0, 6, 12,15, 18] Same as 20 m/s N/A N/A N/A [0, 6, 12, 15]
LRM A-Tunnel, 1.25¢x  0.39 30 0 0 N/A 0 N/A 0
2¢ nozzle
0.59 45 0 0 N/A 0 N/A 0
0.66 50 0 0 N/A N/A  N/A 0
0.79 60 0 0 N/A 0 N/A 0
0.92 70 0 0 N/A N/A  N/A 0
1.00 75 0 0 N/A 0 N/A 0
HRM LTT, Kevlar®- 1.00 16 +[0:2:20] For baseline TE, available ~ Sameas  N/A  [0,4] =+[0:2:8], £[8:4:16]
walled section atall ageop for Kevlar®and  p. taps
hard walls; for serrations,
available up to £16 only
for Kevlar® wall
200 34 4[0:2:20] Sameas N/A [04] £[0:2:8], £[8:4:16]
p. taps
300 51 +[0:2:20] Sameas N/A [04] +[0:2:8], £[8:4:16],
p. taps except —2
p. = pressure.
® properties of the wind-tunnel facility and the transmission loss of the
Kevlar™- Kevlar® window are discussed in detail in Appendix A.
Melamine
panels .
Pressure III. Summary of Available Dataset
Kevlar® = taps By testing the LRM and the HRM in the two wind-tunnel facilities,
window the experiments can be carried out in a broad and continuous Re,.
range. This strategy is visualized in Fig. 7. The chord-based Reynolds
number Re. and geometrical angles of attack dyeqn. covered in the
tests are illustrated. It is also worth highlighting that the tests were
Airfoil carried out at several overlapping Reynolds numbers between differ-
! ent nozzles/facilities. Subsequently, Table 1 summarizes the avail-
Fig. 6 Installation of the HRM in the LTT. able d'ata. Measur.erpent techmques. mentioned in the table are further
explained in detail in the next section.
20 - ! IA A A —
— 10} > ° © o od A A A -
&b 5 > o o od A A A
. 0 5 o m—— A i -
g : 21l LRME 2
) o o o o o9 A a 4|
o 5 o o o o4 R R i
S -10f o o o o o9 a N o B
DLRMponnn : P
20k . I: HRM & N ]
10* 10° 100

Re.

Fig.7 Illustration of the conditions tested in the test campaigns. The circle and square marks represent the conditions measured during the campaigns
with LRM using the 3.5¢ X 2¢ nozzle and the 1.25¢ X 2¢ nozzle in the A-Tunnel, respectively. The triangular marks represent the experiments carried out

with the HRM in the LTT.
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IV. Measurement Techniques and Uncertainties
A. Far-Field Acoustic Measurements

For both the LRM and HRM tests, an array of 64 microphones was
employed and an acoustic beamforming technique was applied to
isolate and quantify the TE noise from the airfoils. The microphones
were arranged in a scaled optimized multi-arm spiral configuration
[35] facing the X—Z plane. The microphone specifications, array
scaling, and positioning relative to the airfoil for the different wind
tunnels are specified in Table 2 and illustrated in Fig. 8. Interested
readers are referred to Appendix C for the complete microphone array
coordinates. The sensitivity factor for the microphones calibration is
estimated using a GRAS 42AA piston phone with a reference fre-
quency of 250 Hz and sound pressure level (SPL) of 114 dB.

To isolate noise from the TE region, the source power integration
(SPI) [36,37] method within a predefined region of integration (ROI)
on the acoustic power maps, obtained from the conventional fre-
quency-domain beamforming [38,39], is used. The steering vector
is adjusted to account for the portion of the sound ray paths between
the scan plane and the microphones that lies within the flow using
the formulation presented by Sijtsma [40]. Specifications of the

postprocessing settings are given in Table 3. The scan plane and
the ROI for each campaign are also illustrated in Fig. 8. The back-
ground noise level in the wind tunnel is reported in the publication of
Merino-Martinez et al. [29] for the A-Tunnel and Appendix A for
the LTT.

B. Aerodynamic Coefficient Measurements and Aerodynamic
Corrections

1. Lift Coefficient from Surface Pressures

Steady surface pressure distributions were measured on both
models via built-in static pressure taps. The lift coefficient ¢; is
computed from the closed line integral of the pressure coefficients
¢, along the airfoil outline s, following Eq. (1),

n

c =—a.¢c,,ﬁsds (1)

c

where i, and i, represent the unit vectors that are orthogonal to the
airfoil angle of attack and to the airfoil surface, respectively.

Table 2 Specifications of the microphone array and the position with respect to the airfoil models

Airfoil model
Specifications LRM (¢ = 200 mm): A-Tunnel HRM (¢ = 900 mm): LTT
Array width and height in X X Z 10c X 5¢ 1.75¢ x 0.45¢
Array plane Y location —5.00c 1.16¢
Microphone model GRAS 40PH PUI AUDIO 665-POM-2735P-R
Measurement uncertainty (reconstructed spectra +1dB +2dB
from 50 to 5000 Hz)
Side plate Scan plane
Octagonal
test section ROI
Ll
-7 5
“” - /\\ /\\
< -
- Sl
- = Q §
- -1 -5
- . )
Microphone e | 3 Microphone 5
array array
Airfoil
X/e (-) Kevlar® Wind(;w Y/e (=)
a) LRM, A-Tunnel b) HRM, LTT

Fig. 8 Microphone array positioning in the two wind tunnels.

Table 3 Specifications the far-field microphone array acoustic signal measurements and processing settings using the SPI
beamforming technique

Airfoil model

Specifications

LRM (¢ = 200 mm): A-Tunnel

HRM (¢ = 900 mm): LTT

Sampling frequency, kHz

51.2 50.0

Time-domain data snapshot specifications for CSM averaging 5120 samples overlap: 50% Hanning 2048 samples overlap: 50% Hanning

Scan plane dimension in X X Z, centered at the origin

Scan plane resolution

Integration region dimension in X and Z, centered at the origin
Integration lower bound (relative to the maximum value), dB
CSM diagonal removal

weighing function weighing function

5.00c¢ x 5.00¢ 1.11¢ X 1.39¢
0.05¢ 0.01c¢
1c X 1¢ span coverage: 200 mm 0.31¢ % 0.25¢ span coverage: 200 mm
-6 —6
No Yes

CSM = Cross-Spectral Matrix.
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The LRM has a total of 28 pressure taps distributed on the airfoil
in the middle of the span with a spanwise angle of 15 deg to
avoid any possible flow interference resulting from the upstream
taps. The pressure taps were connected to Honeywell TruStability
HSCDRRNO025MDAA3 differential pressure transducers of
+2.5 kPa range and 0.25% full-scale accuracy (+6 Pa). The HRM
has a total of 197 pressure taps. Because of the model installation in
the LTT test section, the center of the main pressure tap row was not
exactly in the middle of the test section but at about 1¢ from the
bottom wall. This main row has 101 pressure taps with a spanwise
angle of 10 deg, following the same logic as for the LRM. The main
row was the only one used to compute the lift coefficient from this
campaign. Three other streamwise-oriented rows spaced 0.28c¢
from the main row with 16 taps each were used to confirm the
two-dimensional properties of the flow (see Sec. IV.B.4). The pres-
sure taps were connected to a Digital Temperature Compensation
(DTC) pressure system featuring six Electronic Pressure Scanner
(ESP-HD) scanners with selected ranges for the application (£2 Pa).
Interested readers are referred to Appendix C for the complete
pressure tap coordinates for both the LRM and the HRM.

2. Drag Coefficient from Wake Profiles

Drag measurements for both the A-Tunnel and the LTT campaigns
were obtained from the momentum deficit in the wake downstream of
the model. By assuming the incompressible flow and the Bernoulli
theorem, the drag coefficient can be calculated by the method of
Jones, which requires the total and static pressure profiles in the wake
[41]. For both the LRM and HRM, the pressure distribution was
measured by a wake rake. Note that the wake rakes in both wind
tunnels were absent during the acoustic measurements. Let ¢, denote
the pressure coefficients at the wake rake location; the subscripts s
and tin ¢, ; and ¢, , indicate that c, is calculated from the measured
static and total pressures, respectively. The drag is then computed by
the following integral across the wake [41-43]:

Oy,
c; =2 e = c,m(l - /—cp.,) ay = 27?]“ )

C Jwake

This is equivalent to the momentum thickness across the wake 6.
as shown in the equation.

The wake rake employed in the A-Tunnel has 48 total pressure
tubes, spaced 3 mm from each other, and 12 static pressure tubes,
spaced 12 mm from each other, placed at X = 1.0c. Because of the
small model chord, proximity to the trailing edge, and the small angle
of attack variation, the wake rake position was fixed, without the need
for a traversing system.

The wake rake employed in the LTT has 67 total pressure and 16
static pressure tubes and was placed X = 0.67¢. A traverse system
was used to center the rake with the wake and, during acquisition, to
average the drag along the span of the model (0.16¢). The center of
the wake rake has total pressure tubes spaced by 3 mm, and the whole
rake spans 500 mm.

3. Aerodynamic Coefficient Corrections in A-Tunnel

Because of the symmetric geometry of the airfoil, the surface
pressure distribution information can be used to determine the effec-
tive 0 deg angle of attack in the semi-open configuration. This was
done by matching the pressure distribution on both sides of the
model. However, in the semi-open configuration at nonzero geomet-
rical angle of attack dgeqp , the effective angle of attack agh" may
deviate from the geometrical one due to the distortions of the jet
direction by the airfoil circulation. It is assumed that the relationship

between ayfy - and Ggeom, is given by

open __
Xeff. = _KBageom. 3)

where 0 < K < 1 is a correction factor. Brooks et al. [30] provided an
analytical formula to determine the value of K based on the experi-
ment setup. For this particular setup, the formula gives a value of 0.681
for K g. This analytical value is confirmed by comparing the pressure on

Table4 Summary of the angles of attack
discussed in the results

LRM, A-Tunnel HRM, LTT

Qgeom. » deg eff.» deg Qgeom. s deg Qeff > deg

0 0.00 0.002 0.003
-6 4.02 4.003 4.255
-12 8.04 7.999 8.473

the clean airfoil with baseline TE at @geom = £6 deg to the pressure
distribution calculated with XFOIL [44]. It is found that Kz = 0.670,
close to the suggested value. For the results presented in this paper, we
focus on two nonzero angles of attack. These angles, both geometrical
and effective, are summarized in Table 4. It is worth mentioning that
the negative sign in Eq. (3) and the sign change in Table 4 (for the
LRM) are used to ensure consistency of the sign conventions between
the two wind tunnels; in other words, the pressure side of the airfoil
always faces the microphone array when a.g is positive.

For the results discussed in this paper, the airfoil was tested in the
semi-open configuration as shown in Fig. 5a. Nevertheless, informa-
tion on the angle correction for the closed section configuration (see
Fig. 5b) is provided in this section as future aerodynamic test refer-
ences. The closed configuration posed a small asymmetry in the flow,
and therefore a small angle offset € is introduced. The value of € is
determined in a manner similar to determining K, in other words, by
comparing the pressure distribution on the clean airfoil in the close
configuration at dgeom With that of XFOIL. Avalue of e = —0.13 deg

is found, and the relationship between agy - and a5l can be written as

ap = Kp(ag® + €) )

Figure 9 compares the pressure distribution at @yem for both semi-
open and closed configurations. The predicted pressure distribution
from XFOIL using the correction factors introduced in Egs. (3) and
(4) are also given. The closed test section presents an effective value
of the angle of attack much closer to the geometrical one, while the
semi-open configuration greatly decreases the effective angle of
attack. Good agreement between the predicted pressure distribution
of XFOIL and the measured ones can be seen for both the semi-open
and closed section cases. A slightly larger mismatch is observed on
the airfoil suction side in the semi-open section case. It is apparent
that flow acceleration around the leading edge that causes the suction
peak does not reach a value as high as the theoretical value for a given
angle of attack. This could be caused by a combination of multiple
factors: first, the flow in the semi-open section has the freedom to
diverge, and flow speed reaching the airfoil is not as high as when it

2 r r T T
Exp., semi-open, ageom, = —6°
XFOIL, ae. = 4.02°
1.5F o Exp.,closed, ageom, = —6°
XFOIL, g = 5.87°
1+
0
& 0.5
|
ob
-0.5
-1

-1 -0.8 -0.6 -0.4 -0.2 0
X/e (=)
Fig. 9 Measured and predicted pressure distributions on the clean

LRM with a baseline TE at Re, = 0.4 x 10°, ®geom. = —6 deg in the
semi-open and closed section configurations (Exp. = experiments).
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leaves the nozzle; second, the fact that the flow is confined by the
shear layer, in other words, the finite jet width, exposes the low-
pressure region close to the leading-edge that creates the suction peak
to static air. This induces the entrance of mass from outside of the jet,
in turn weakening the intensity of the suction peak. The latter
phenomenon is also visualized in a simulation of Moreau et al. [45].

4. Aerodynamic Coefficient Corrections and Two-Dimensional Flow
Investigation in LTT

The LTT correction for the octagonal hard-wall test section can be
found in the works of Timmer [31] and Garner et al. [46]. Nevertheless,
the modifications applied to the test section wall to improve its acoustic
properties may affect the flow conditions and must be assessed. For this
purpose, aerodynamic measurements of the baseline airfoil were car-
ried with both Kevlar® and hard-wall configurations. Of major con-
cern, while one side (the wall facing the suction side at positive angles
of attack) of the test section was the Kevlar®~melamine panel with a
solid back plate for the absorption of the acoustic waves, the opposite
side (the wall facing the pressure side at positive angles of attack) was
left with a single Kevlar® panel in order to allow the microphone array
measurements. This may cause asymmetry between the positive and
negative angles of attack tested. Figure 10 shows the comparison of the
¢, distributions and c; curve obtained in both test sections and com-
parison against XFOIL predictions. From Fig. 10a, in which ¢, dis-
tributions at a.g ~ 8 deg are compared, a slightly smaller suction
peak is captured with the Kevlar® walls. The permeable walls of the
Kevlar® section leak air from the ambient room to the test section when
the pressure difference is significant, consequently reducing the suc-
tion peak. The difference between positive and negative angles of
attack is also shown. Using the hard walls as reference, the Kevlar®
walls cause a small decrease in the lift (c; in Fig. 10b) for angles above
aeir. & 10 deg at the negative condition caused by the relatively lower

| o Hard wall

..... .. Kevlar® wall

., o Hard wall (—a)
Kevlar® wall (—a)

-1 -0.8 -0.6 -0.4 -0.2 0

X/e ()

a) Cp, Ceff. = 8°

suction peak. An observable difference in ¢; can only be found at
a.. < —10 deg. This is beyond the range of angles considered in the
acoustic data analysis (see Table 4).

Additionally, the two-dimensionality of the flow within the test
section, both with the Kevlar® and the solid walls, was also verified
by comparing pressure distributions from the pressure taps at other
spanwise locations to the main one. This comparison is shown in
Fig. 11 for a. =~ +10 deg at the highest Re,.. At a.¢ ~ —10 deg,
the Kevlar® window causes lower static pressures on the suction side
relative to when the solid wall is used. This explains the relatively
higher magnitude of c¢; at large negative angles of attack seen previ-
ously in Fig. 10b. Notably, this trend is seen regardless of the spanwise
location Z measured. Therefore, variation of the c,, values along the
span are lower than that caused by the difference between the solid and
the Kevlar® walls. This confirms the two-dimensionality of the flow in
the LTT section within the angle of attack range of interest.

C. Trailing-Edge Boundary-Layer Measurements

Studies have already established the dependencies of the airfoil self-
noise spectra on the boundary-layer parameters near the TE [5]. These
parameters govern the levels and spectral shape of the measured far-
field noise levels. To this purpose, the boundary-layer velocity profiles
close to the TE region were measured to provide the TBL parameters
necessary for the scaling and comparison of the acoustic spectra.
For the A-Tunnel campaign featuring the LRM, the measurements
were carried out using the constant-temperature hot-wire anemometry
technique. On the other hand, for the LTT campaign featuring the
HRM, the particle image velocimetry (PIV) technique was employed.
For both campaigns and models, the boundary-layer profiles were
extracted very close to the TE at X/c = —0.02. More details on
the TE boundary-layer measurements are given in the following
subsections.

T T T T ™

1t - XFOIL ==
—a—Hard wall
Kevlar® wall
0.5 4

-15 -10 -5 0 5 10 15
e (deg.)
b) ¢y vs. ey,

Fig.10 Comparison of a) ¢, distributions and b) ¢; curves from the LTT test with hard walls and Kevlar® walls of the baseline NACA 63;—018 airfoil at

Re, = 3 x 106,

b
1 Kevlar®-melamine panel
3t L | with a solid back plate

2 L L

—¢ ()

OF | 0 T
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b BT Kevlar® window (Mic. array)
-1 -0.8 -0.6 -0.4 -0.2 0
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Fig.11 Comparison of ¢, distribution obtained from multiple spanwise pressure tap rows on the baseline NACA 633;-018 airfoil in the LTT test section

with hard-wall and Kevlar®-wall configurations at Re, = 3 x 10°.
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1. LRM, Hot-Wire Anemometry

A single-sensor miniature wire probe model 55P15 (boundary-
layer type) from Dantec Dynamics was used. The sensitive wire was
made of platinum-plated tungsten having a length of 1.25 mm and a
diameter of 5 ym. The probe was positioned at X = —0.02cand Z =
—0.3c and traversed in the —Y direction using a Zaber LRQ150HL—
DES1TS3 traverse controller with 0.15 pm accuracy. Conditioning of
the sensor was carried out with a TSI® Intelligent Flow Analyzer
(IFA-300) Constant-Temperature Anemometry (CTA) module, and
acquisition was performed with NI-9234 cards (£5 V, 24 bits res-
olution). Data were collected at 71 different points in the —Y direc-
tion, with more data points collected near the wall. Each acquisition
point took 2 s using the sampling frequency of 51.2 kHz. The
calibration used a fourth-order polynomial curve fitting of the output
voltages [47] with data from 17 speed—voltage data points logarith-
mically spaced between the lowest and the highest freestream flow
speed u,,, which was measured upstream from the airfoil, in other
words, close to the nozzle lip. The reference velocity information was
taken from a pitot tube installed near the hot-wire probe. The maxi-
mum deviation of the actual flow velocity from the flow velocity
calculated from the calibrated speed—voltage curve was found to be
below 0.2 m/s, or 0.58% of u,.

2. HRM, Particle Image Velocimetry

The flow was seeded with SAFEX fog, and a laser sheet was
created at Z = —0.04c¢, in other words, close to the center of the
span, using a Quantel EverGreen 200 (200 mJ, dual pulsed, 15 Hz)
laser placed in the opposite wall from the microphone array. Two
Imager sSCMOS (5.5 megapixels, 16 bit, 50 frames/s) cameras were
placed at the bottom of the test section, 0.8 m from the illuminated
plane. The first camera was positioned along the TE line, to ensure the
precision of the in-plane velocities (X— and Y directions), while the
second camera was fixed 20 deg in the upstream direction, to allow
for stereoscopic PIV postprocessing, obtaining the fluctuations of the
velocity in the spanwise (Z) direction [48]. Figure 12 illustrates the
setup used for the measurements, and Table 5 summarizes the setup
employed and associated uncertainty for the measurement technique.
The uncertainty mentioned in the table refers to the instantaneous

-5

X/e (=)
Fig. 12 Schematic of the PIV setup used for the assessment of the
boundary-layer properties of the large model.

Y/e (=) Y15 -15 -1.0

Table 5 Main parameters of the stereo-PIV
measurement technique used to capture the
boundary-layer profile during the LTT wind-tunnel

campaign

Specifications Set values
Number of images recorded 1000
Numerical aperture f/11
Digital image resolution, pixels/mm 18
Maximum particle displacement, pixels 15
Field of view (X X Y mm) 150 x 100
Vector resolution, mm 0.3
Uncertainty in instantaneous velocity %u 0.7

velocity estimation. The averaging of the 1000 uncorrelated velocity
fields reduce the uncertainty to about 0.02% of u,. The velocity field
was extracted on a field of X X ¥ = 0.15¢ X 0.06¢ centered with the
TE. Measurements were carried out only for the forced transition
configuration for all the Reynolds numbers for ageom. = 0 deg and
additionally +4 deg for Re, = 2 x 10°.

3. Extraction of Boundary-Layer Parameters

Having obtained the velocity profiles in the direction normal to the
wall, the boundary-layer parameters were extracted, for example, the
edge velocity u,, the TBL integral parameters, the displacement
thickness 6*, momentum thickness 0, and boundary-layer thickness
899. The values of g9 and u, were obtained from the region where the
spanwise vorticity profile becomes constant [49]. The friction veloc-
ity u, was obtained from the fitting of the logarithmic layer, following
the work of Clauser [50]. The fitting procedure results in an uncer-
tainty of 1.5%u, in the determination of the friction velocity. The
wake parameter IT was calculated based on Eq. (3) from the work of
Coles [51]. The implicit equation is solved with a Newton—Raphson
method. In the equation, «, the von Kdrmén constant, and the param-
eter C have the values of 0.41 and 5, respectively,

6*
2I1—log(1 +1I) = K&—log( u") —xC—logk  (5)
u v

T

V. Results: Baseline TE

A. Pressure Distributions
1. Effects of Transition Location and Re,

Figure 13 shows the pressure distribution over the two models at
a5, & 0 degin the clean and forced configurations. The selected Re,.
are 0.4 x 10° and 2 x 10° for the LRM and the HRM, respectively.
The results are plotted together with XFOIL predictions at each given
condition.

At a. =0 deg, the clean configuration in Fig. 13a reveals a
laminar separation bubble. For the LRM, the laminar separation
bubble starting at X /¢ ~ —0.6 and ending where the flow reattaches
at X/c ~ —0.35 is clearly visible. This region is shown in the plot
inset. However, in this region, the laminar separation bubble is not as
visible on the HRM where Re.. is relatively higher. On the other hand,
when the tripping strip is applied to force the transition location,
similar ¢, distributions between the different models and Reynolds
numbers can be seen as shown in Fig. 13b. The laminar separation
bubble is no longer visible. Additionally, the ¢, distribution trends for
both the clean and forced configurations are in good agreement with
the XFOIL predictions, for both the LRM and the HRM.

Several additional Re, from both models are included in Fig. 14 to
more clearly illustrate the change of the ¢, distribution with respect to
Re,.. The XFOIL predictions are now omitted. It can be seen from the
clean configuration in Fig. 14a that the laminar separation bubble
shortens as Re,. increases. This shows that the Re, effect on the ¢,
distribution can be seen by joining data from two different wind
tunnels. For the forced configuration in Fig. 14b, there is no indica-
tion of the laminar separation bubble at any Re,.

2. Effects of Angle of Attack

The pressure distributions on the LRM and the HRM at a4 =~ 4
and 8 deg for the clean and forced configurations are shown in Fig. 15.
Again, the selected Re,. are 0.4 x 10° and 2 x 10° for the LRM and
the HRM, respectively. The results are plotted together with XFOIL
predictions at the given conditions.

For the clean configuration, the laminar separation bubble is still
visible for a.¢ ~ 4 deg, especially for Re, = 0.4 x 10° where it is
visible on both the suction and the pressure sides. This is in good
agreement with the XFOIL prediction. However, the laminar sepa-
ration bubble is no longer present for a.;; ~ 8 deg, except for the
pressure side of the LRM for Re. = 0.4 x 10°.

For the forced configuration, a small deviation of the ¢ p distribu-
tion is observed between the HRM and the LRM on the suction side.
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Fig. 14 Comparison of c, distributions from the A-Tunnel and the LTT tests of the baseline NACA 63;-018 airfoil at various Re, and a.. ~0 deg.

The measurements of the HRM feature a slightly lower pressure on
the suction side, compared to the LRM. This difference is larger as the
angle of attack is increased. Moreover, for the LRM at a.¢; = 8 deg,
the ¢, distribution close to the TE on the suction side flattens,
indicating flow separation. Therefore, a lower c; for the LRM is
expected for the forced configuration. This is discussed in the next
section. Interestingly, for the LRM at a ;. = 8 deg, the ¢, distribu-
tion on the pressure side does not seem to differ from the clean
configuration. It is therefore expected that at higher angles of attack
the forced transition on the pressure side is not effective.

B. Lift Curves and Drag Polars

The aerodynamic coefficients give an overall picture of the compar-
isons between the two campaigns. Figure 16 shows the lift and drag
coefficients, ¢; and c;, measured on the two models at different ay; .
From the lift curve, the effect of the smaller Re,. athigh angles of attack
is noticeable. The lift curve for this model exits the linear regime for
Qefr. > 6 deg. Lower values of ¢; beyond the linear regime are
observed for the forced transition condition, where the flow separation
is seen (see oy &~ £8 deg). The stall angle increases with Re,.. In
general, the curves agree well with the theoretical ¢; = 2za.

Similarly, the drag coefficient c; decreases with the increasing Re,.
[52]. The curves follow closely the predictions obtained from
XFOIL. For the clean configuration, the critical amplification factors
for natural laminar-to-turbulent transition of 9 and 14 were chosen for
the LRM and the HRM, respectively, based on the expected turbu-
lence intensity of each wind-tunnel facility [29]. Especially for the

HRM, the measured drag compares well with the predicted one for
small angles of attack (—8 deg < a. < 8 deg). For higher angles,
the measured drag departs from the ones predicted with XFOIL. At
such conditions, the boundary-layer separation is observed sooner
than predicted. This is likely because the flow is no longer two
dimensional at those angles.

C. Boundary-Layer Parameters at TE Region

Figure 17 illustrates the boundary-layer velocity profiles measured at
X/c = —0.02. Figures 17a and 17b highlight the difference between
the clean and forced configurations for the LRM at 0 deg a . The
boundary-layer profiles are shown in dimensional quantities in Fig. 17a,
while they are compared to the linear, logarithmic, and wake law
predictions in wall units in Fig. 17b. In the latter figure, the black dashed
line represents the laminar sublayer (u™ = y™), the black dotted—
dashed lines show the logarithmic law [50], and the colored dotted lines
show the sum of the logarithmic layer and the wake layer computed with
the wake parameters [51]. In correspondence to Figs. 17a and 17b,
Figs. 17c and 17d show the boundary-layer profiles measured for the
HRM at X /c = —0.02. For this case, the effect of the angle of attack is
discussed by comparing 0 deg a.s to @y = 4 deg. The extensive
summary of the extracted boundary-layer parameters for the clean and
forced configurations is provided in Tables 6 and 7, respectively.

It is notable from Fig. 17a that the natural transition location
condition causes a thicker boundary layer at the TE. This boundary
layer presents a relatively lower shape factor H = §* /6. In Fig. 17b,
the forced-to-transition boundary-layer velocity profile departs from
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Fig. 15 Comparison of ¢, distributions from the A-Tunnel and the LTT tests of the baseline NACA 633;-018 airfoil at various Re, and nonzero a.y .

the logarithmic one [50], resulting in the higher wake parameter I1.
This departure is well captured by the curves predicted with the
logarithmic and wake laws (the colored dotted lines), following the
work of Coles [31].

It can be seen from Fig. 17c that as g increases the boundary
layer on the pressure side becomes thinner while the one on the
pressure side becomes thicker. The wake parameter is also strongly
influenced by this condition, decreasing on the pressure side and
increasing on the suction side (see Fig. 17d and Table 7).

The variation of the boundary-layer thicknesses at X /¢ = —0.02 at
aeir. & 0 deg with Re,. is shown in Fig. 18a for d¢9 and in Fig. 18b for
6*. The graphs contain the data of the LRM (A-Tunnel) experiment
with the two different nozzles and of the HRM (LTT) experiment. For
Fig. 18a, two trend lines are created for visualization purposes based
on the scaling laws shown in Egs. (6) and (7). These equations come,
respectively, from the Blasius solution for the laminar boundary layer
and the generic solution of the differential equation of the turbulent
boundary-layer growth in [52],

X
6 — 5 tr. 6
99,lam. \/—EE-X: ( )
4/5
¢ —x 5/4
699, turb. = K(sgg 0.29 ( w) §3/4 @

|:(C _ xlr.) ]1/4 + 99,lam.
—_ ) -5
c

where x,. and Re,represent the distance from the leading edge along
the chord line where the transition occurs and the Reynolds number
based on this distance, respectively. For the clean configuration, the

transition is assumed at X /¢ = —0.5, where the separation bubble is
observed for most of the Reynolds numbers (see Fig. 13). The
boundary-layer thickness computed from Eq. (7) needs to be scaled
with an empirical factor K;,, = 2.7 and 1.5 for the clean and forced
transition configurations, respectively. This is necessary as the equa-
tions are based on the boundary-layer development on a flat plate; in
other words, they do not account for the pressure gradients over the
airfoil. The value of the empirical K, = 2.7 of the configuration
without forced transition is greater due to the effect of the separation
bubble on the estimated thickness.

For Fig. 18b, the displacement thickness 6* variation with Re,. and
the tripping condition is compared to XFOIL predictions. The pre-
dicted 6* from XFOIL in Fig. 18b are well in agreement with the
measurements. Discrepancies are larger for §* for the LRM due to the
relatively lower measurement resolution near the wall. The higher
shape factor of the boundary-layer profiles for the clean condition
case contributes to the fact that the displacement thickness is smaller
although the boundary-layer thickness is larger.

The values of 6* and dg9 obtained from XFOIL and the aforemen-
tioned equations, in other words, the trendlines in Figs. 18a and 18b,
are used for the scaling of the acoustic results.

D. TE Noise Spectra
1. Measured TE Noise Compared to Background Noise and Brooks,
Pope, and Marcolini Model

First, the measured far-field noise spectra are compared against the
prediction from the semi-empirical model of Brooks, Pope, and
Marcolini (BPM) [6] and the background flow noise level measured
when the models were absent to assess the reliability. It is worth
emphasizing that the BPM model is developed based on an extensive
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a plate. The scaling laws are provided in order to guide the reader to the expected trend from the theory and 6* /c measured at X /¢ = —0.02 and oty ~

0 deg compared against predictions obtained with XFOIL.

experimental dataset featuring a NACA 0012 airfoil, a slightly thin-
ner symmetric airfoil. Therefore, the BPM predictions provide a good
reference trend line on the expected far-field SPL spectra variations
with Re. and the clean and forced configurations. However, exact
matches are not expected. The extracted boundary-layer properties
shown in Tables 6 and 7 are used directly as inputs for the BPM model
rather than the scaling laws or XFOIL outputs described previously to
avoid additional uncertainties.

Figure 19a shows the comparisons for the LRM measured in the A-
Tunnel for the two nozzles (one Re,. per nozzle). The measured far-
field SPL spectra, both with and without the LRM, in other words, the
empty section, are expressed in the 1/3-octave band format (SPL, /3)
in order to compare with the BPM model. For the LRM, the SPL,; /3
spectra of the empty section are obtained by applying exactly the
same SPI beamforming technique as described in Sec. IV.A to the
measured pressure—time signals.

For the low Re. = 0.4 x 10%, the measured SPL, /3 levels for the
entire frequency range considered are higher than the flow noise in the
empty section. The smallest SPL, /3 difference of approximately 2 dB is
found at the highest frequency: f = 4 kHz. The relative spectral slopes
and trends between the measured and the predicted SPL, /3 spectra are
satisfactory for f > 1 kHz for both the clean and forced configurations.
At lower frequencies, the SPL, /3 spectral levels tend to exceed the
predicted values. Analysis of the source maps in Appendix B shows that
this results from the worsened resolution of the source map at relatively
low frequencies. Consequently, the sound source at the TE can no
longer be discerned from the flow noise from the nozzle. This analysis
also shows that the noise from the flow interaction with the side plates is
stronger than the TE noise at the relatively higher frequencies. There-
fore, these frequencies are not considered in the scaling analysis. For the
high Re. = 1 X 100, the measured noise levels are shown to be more
severely affected by the background flow noise levels. It is important to

Table 6 Boundary-layer properties measured at the TE of the airfoil at a.;; ~ 0 deg, clean configuration

Model U, M/S ey, deg Re.. Jgo,mm 0", mm &,mm H, wu,m/s wu,m/s II
LRM 3.5¢ nozzle 15 0 0.2 x 100 13.0 2.40 1.65 145 14.1 0.61 0.54
20 0.3x 100 12.1 1.89 133 142 186 082 035
30 0.4 x 100 11.2 1.58 .12 141 278 1.18 047
LRM 1.25¢ nozzle 30 0 0.4 % 10° 10.9 1.70 1.07 159 29.1 125 0.25
45 0.6 x 10° 9.2 1.21 0.75 1.61 41.8 1.87 0.14
60 0.8 x 10° 9.0 1.31 0.84 1.56 56.7 237 0.14
75 1.0 x 10° 8.5 1.25 0.77 1.62  69.9 277 045
Table 7 Boundary-layer properties measured at the TE of the airfoil, forced configuration
Model Uy, M/S g, deg Re, dgo,mMm 6, mm 6, mm H wu,,m/s u,m/s II
LRM 3.5¢ nozzle 15 0 0.2 x 10° 9.2 2.23 1.33  1.68 142 052 1.7
20 0.3 x 10° 9.1 2.40 136 176 188 062 23
30 0.4 x 10° 8.9 2.54 137 185 281 0.81 3.0
LRM 1.25¢ nozzle 30 0 0.4 x 10° 8.7 2.20 1.20 1.83 277 091 2.1
45 0.6 x 10° 7.7 1.93 1.05 1.84 414 128 24
60 0.8 x 10° 7.3 1.78 1.01 1.76  55.1 1.69 23
75 1.0 x 10° 6.8 2.02 .13 1.79 709 203 27
HRM 17 0 1.0 x 10° 28 6.6 4.1 1.61 15.3 045 26
34 0 2.0 x 10° 27 6.1 39 156 315 091 25
34 4(ss)  2.0x10° 30 9.0 48 1.87 315 0.69 4.8
34 4(ps) 2.0x10° 17 34 28 121 310 1.08 14
51 0 3.0 x 10° 26 5.5 35 157 476 134 24
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Fig.19 SPL spectra for the airfoils with baseline TE at various Re, and a.;; ~ 0 deg considering clean and forced transition configurations compared to
the background flow noise levels and the BPM model. The different Re. and facilities are annotated in the plots (Exp. = experiments).

note that when the LRM was removed the stiffness of the side plates
reduced. This caused them to vibrate more freely and thereby cause
additional noise, especially at relatively high u,. Therefore, the noise
levels from the empty section shown in the plots are likely to be
overestimated. Nevertheless, at frequencies above f = 1.6 kHz, good
agreement between the measured and predicted SPL,; /5 is found. It can
be inferred that the spectra for the forced configuration are more trust-
worthy because the levels in average are higher than the clean configu-
ration and, therefore, the background flow noise.

A similar comparison for the HRM measurements in the LTT is
shownin Fig. 19b. For the HRM cases, only the forced configuration is
shown for all Re.. Because the measurement of the empty section
noise level was performed using only one microphone at preselected
U, (see Appendix A for the complete narrowband spectra at all u,),
the empty-section SPL,; /3 spectra from the closest measured speeds
used for each Re,. are shown with a separated vertical axis on the right.
For Re, = 1 x 10°, a tonal peak is found in the measured SPL, s at
f = 0.6 kHz. The comparison indicates that this can be attributed to
the background noise. Therefore, to avoid mistaking this tonal noise
increase as part of the airfoil self-noise, the lower Re, = 1 x 10° from
the LTT-HRM test is omitted in the further analysis. Variations of
SPL,; /3 with Re, are in line with the prediction for f > 1 kHz. It can
also be seen that the slopes of the SPL, /3 spectra from the airfoil TE
region are higher than those of the single-microphone empty-section
noise measurement. This could be attributed to the spatial filtering of
the beamforming, which improves with increasing f.

2. Effects of Transition Location and Re,.

Figures 20a and 20b show the measured SPL, /3 for the clean and
forced configurations with the baseline TE measured in the A-Tunnel
(LRM) and the LTT (HRM), respectively. Only a.; = 0 deg is
considered, while the nonzero a.; will be discussed in upcoming
figures.

For the frequency range considered, the effects of the forced
transition location on SPL, /3 spectra become visible from Re, =
0.4 x 105 onward. At this Re,, Fig. 18b indicates that the tripping
strip applied causes a thicker 6* at the TE compared to the case
without it. This causes a noise increase on the former configuration of
up to 5 dB compared to the clean configuration. This trend is in good
agreement with the BPM prediction (see Fig. 19a). The frequencies
where the noise increase is found are higher for larger Re.. Addi-
tionally, it can be seen that at the overlapping Re, = 0.4 x 10° where
the spectra are measured using two different nozzles both the clean
and forced configurations SPL, /3 collapse well; this confirms that the
results from the wide Re,. range can be obtained and interpreted
continuously, regardless of the different nozzles.

Similarly, the LTT data are shown in Fig. 20b. For the HRM, the
forced transition location does not produce clearly visible difference
from the natural one, as the boundary-layer thickness produced for
both conditions are similar.

For the LTT measurements of the HRM, the noise created by the
vortex shedding from a blunt TE [6] is also observed. Using the
suggested Strouhal number based on the TE thickness Sz, = = 0.12,
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Fig. 20 SPL spectra for the airfoils with baseline TE at various Re, and a;; ~ 0 deg considering clean and forced transition configurations.
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where g = 1.35 mm, the frequency at which the peak is expected is
marked in Fig. 20b. This frequency is in line with the frequency where
the measured SPL, /3 from the clean configuration is higher than that
of the forced configuration. This is expected because the SPL of the
TE bluntness noise varies with 101log,o (¢ /6*) [6,53], where &* is
the averaged displacement thickness at the TE from the suction and
the pressure sides. The ratio tg/ 5" is larger for the clean case as the
expected 8* is smaller than the forced configuration (see Fig. 18b).

3. Effects of Angle of Attack

The effects of the varying effective angle of attack a.; on the
SPL, /3 spectra are investigated in Figs. 21a and 21b for the A-Tunnel
and LTT measurements, respectively. In the same manner as Figs. 20a
and 20b, the baseline TE with the clean and forced configurations are
considered. Three different o, mentioned in Table 4 are considered,
and the readers are referred back to Figs. 13 and 15 for the ¢,
distributions at these angles.

For the A-Tunnel data in Fig. 21a, Re. = 0.4 X 10° is considered.
For the forced transition configuration, it can be seen that the low-
frequency SPL, /3 levels (f < 1 kHz) increases with ;. . This can be
attributed to the thicker 6* at the suction side. On the other hand, for
the clean configuration, a noise increase is observed when .
increases. The narrowband spectra (omitted for conciseness) indicate
that this noise increase is tonal. This is likely due to the acoustic
feedback loop of the laminar boundary-layer vortex shedding noise
occurring on the pressure side of the airfoil. This effect can also
partially be seen for the highest o in the forced configuration. This
could be because, at high angles, the forced transition was not

effective as discussed in Fig. 15d. Because of the thin TE geometry
of the small model (#rg = 0.3 mm), the lowest possible frequency for
the tonal blunt TE vortex shedding noise is expected to be at f ~ 6
kHz. This is beyond the observed frequency range.

For the LTT measurements, shown in Fig. 21b, the Re,. case of 2 X
109 is selected due to the clearest difference between the clean and
forced configurations as discussed in Fig. 20b. The values of o, are
selected consistently with Fig. 15. Within the frequency range
1 kHz < f < 3.5 kHz, noise reduction of up to 5 dB due to the
increasing a.;; can be seen. However, the noise increase at lower
frequencies is not observed. This could be caused by the LTT wind-
tunnel background noise at lower frequencies that hampers the TE
noise and all the spectra seem to collapse. This also applies to the
higher frequency range at f > 3.5 kHz. Figures 20b and 21b there-
fore imply a reliable frequency range for the LTT measurement at this
Re.. Again, the frequency associated with the blunt TE vortex
shedding noise is marked by a line. This frequency agrees with the
one where the SPLs of the clean configuration exceed those of the
forced configuration and can be seen for a i = 0 and 4 deg.

E. Scaling of TE Noise

This section is dedicated to scaling of the TE noise measured at the
different facilities at different Reynolds and Mach numbers. Figure 22
shows the scaled spectra measured both in the A-Tunnel and the LTT.
The measured SPL spectra from both the A-Tunnel and the LTT are
examined in the 1/12-octave-band format SPL,j,. The forced
configuration with the baseline TE at O deg angle of attack. The
scaled spectra are calculated as [8],
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Fig. 21 SPL spectra for the airfoils with baseline TE at various Re, considering clean and forced transition configurations at various o .
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Fig. 22 Scaling of the measured SPL spectra in the baseline TE configuration, based on the Mach number and boundary-layer displacement thickness

[see Eq. (8)], for the forced transition condition.
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SPLy 12 5cated = SPLy ;12 — 501og;oM — 101og;g 6*dB  (8)

while the frequency axis is replaced by the displacement-thickness-
based Strouhal number: St5 = f6* /u,,. For a scaling as such,
Brooks et al. [6] provide an estimation of the peak Sts based on
the Mach number as Stz = 0.02M 6. These values are shown
based on the Mach numbers in each facility by the shaded areas.
Some parts of the spectra are omitted in this scaling due to the low
signal-to-noise ratio. This analysis is done based on the examination
of the source map presented in Appendix B. As discussed in Fig. 20b,
the SPL spectum of the HRM at Re, = 1 x 108 is largely affected by
the LTT background noise at 0.6 kHz. The source map signal-to-
noise analysis also showed that fewer than half of the data points at
this Re,. case are reliable for the scaling. Therefore, the spectrum for
the HRM at Re,. = 1 x 10° is excluded in this analysis. However, the
spectrum of the LRM at Re, = 1 x 10° is still reliable according to
the source map analysis, thanks to the relatively higher signal-to-
noise ratio in the A-Tunnel. The latter case is therefore included in
this scaling analysis.

In general, it can be seen that the A-Tunnel data fulfill the low St
range of the spectra that the LTT could not achieve due to the low
signal-to-noise ratio of the latter. As Re, increases, the scaled spec-
trum shifts toward the lower Sts-. This trend is often seen when the
range of u, included in the scaling is large, for example, in the work
by in Brooks et al. [6]. The spectral slopes from both the LRM and
HRM are similar. This can be seen by the collapse of the HRM data
from the LTT, especially for Re, = 2 x 10° where a wide continuous
datarange with a high signal-to-noise ratio is available, with the other
data points from the LRM.

The result suggests that the experiment featuring the LRM repre-
sents mainly the far-field noise emission resulting from the large-
scale TBL structures relative to the airfoil chord, whereas the HRM
accounts for the smaller scales in the turbulent boundary layer relative
to the airfoil chord. Given that the latter represents conditions closer
to full-scale applications such as wind turbines, the results indicate
that this condition may also be reproduced using only the smaller
airfoil model with an improved signal-to-noise ratio in the high-
frequency range.

Subsequently, the scaling of the integrated levels with respect to
the Mach number is presented in Fig. 23. For this purpose, the A-
weighted sound pressure levels L, are considered. The choice of the
A weighting follows the limitations of the measurements at low and
high frequencies. The values are scaled according to Eq. (9):

LA,scaled = LA - 1010g105* dB(A) (9)

Results show the agreement between the measured acoustic data and
the hypothesized M? scaling [54] for both clean and forced transition
configurations.
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VI. Results: Serrated TE
A. Lift Curves and Drag Polars

Figures 24a and 24b compare the lift curves (c; versus a.. ) of the
baseline (straight) TE configuration to various TE serration geom-
etries for the LRM and HRM, respectively. The selected Re,. for the
LRM and HRM are 0.4 x 10° and 3 x 10°, respectively, and only the
forced transition location configuration is considered. The full over-
view on the baseline lift coefficients can be found in Fig. 16b.

Atags = 0 deg, the serrated TE airfoils produce zero lift for most
cases due to symmetry, with an exception for the flapped sawtooth
serrations where a slightly higher ¢, is found. For nonzero a,g , the
airfoil with the serrated TE provides a slightly higher lift curve slope
due to the extended effective chord. For ¢ = 0 deg, the lift increase
provided by the iron serrations is slightly larger than the sawtooth
counterpart. This is expected because the iron geometry has a rela-
tively larger wetted area (see Fig. 3). However, the trend is symmetric
for both the positive and negative a.g . On the other hand, for the
flapped sawtooth serrations, the airfoil effectively behaves as a
cambered airfoil with the relatively higher lift for the positive oy ,
and the trend is no longer symmetric.

Correspondingly, Fig. 24c compares the drag polars (c,; versus
agr.) of the baseline (straight) TE configuration to various TE serra-
tion geometries for both the LRM and the HRM. Again, the full
overview on the baseline drag coefficients can be found in Fig. 16d.
The results from both the LRM and the HRM consistently show a
slight increase in drag when the TE serrations are installed. However,
the difference in the c; increments among the different TE serration
geometries cannot be discerned by the present experimental
approach. This could be limited by the resolution of the wake rake;
in other words, the thickness of the serrations (1 mm) is lower than the
spacing between the adjacent total pressure probes on the wake
rake (3 mm).

B. Boundary-Layer Parameters at TE Region

The boundary-layer parameters measured with the hot wire on top
of the LRM with different serration devices are shown in Table 8. The
parameters are computed following the same procedure described in
Sec. IV.C.

When ¢ = 0 deg, the boundary-layer thickness at X = —0.02c¢ is
comparable to the baseline TE case. Notably, the serrations are
responsible for a local decrease of the boundary-layer momentum
and displacement thicknesses. This might be caused by the favour-
able pressure gradient induced by flow deceleration due to the
presence of the serrations. Under a more favorable pressure gradient,
the boundary-layer growth rate is smaller.

A stronger influence is observed when serrations are put at an angle
with respect to the airfoil symmetry line, in other words, flapped
serrations, ¢ # 0 deg. From the suction side, the boundary layer
develops thicker and with a stronger wake layer (higher value of I1),
while from the pressure side, the boundary layer is thinner, and the
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< Ry
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0 0.05 0.1 0.15 0.2 0.25 0.3
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Fig. 23 Scaling of the A-weighted sound pressure levels L 4 of the baseline TE noise with M for a.; ~0 deg.
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Fig. 24 Measured aerodynamic coefficients with different serration inserts installed. Only the forced transition location configuration is considered.

Table8 Boundary-layer properties measured at the TE of the LRM with different serration devices at

various Re, and a.;; ~0 deg

Serration geometry Uqy, M/S Re.. Sgo, mm S5, mm O,mm H wu,m/s wu,m/s Tl
Baseline 30 0.4 %100 8.9 2.54 1.37 1.85 28.1 081 3.0
Sawtooth ¢ = 0 deg —_— _— 8.3 2.49 133 1.87 28.1 082 29
Iron ¢ = 0 deg — —_— 9.1 2.53 1.34  1.89 28.6 0.81 3.0
Sawtooth ¢ = 8 deg (s.s.) —— —_— 9.9 2.74 141 194 278 0.75 34
Sawtooth ¢ = 8 deg (p.s.) —— —_— 7.8 2.17 121 179 28.6 091 23
Baseline 75 1.0 x 106 6.8 2.02 .13 1.79 709 203 2.7
Sawtooth ¢ = 0 deg —— —_— 6.7 1.81 1.00 1.81 685 1.99 26
Iron ¢ = 0 deg —_— —_— 6.5 1.83 1.00 1.83 685 1.97 27
Sawtooth ¢ = 8 deg (s.s.) —— —_— 6.7 1.97 1.06 1.86 67.9 1.81 33
Sawtooth ¢ = 8 deg (p.s.) —— —_— 6.4 1.78 098 1.82 699 205 25

boundary-layer profile follows closely the logarithmic law (smaller
value of IT).

Nevertheless, the boundary-layer displacement thickness, used in
the remainder of this work for nondimensional representations, does
not change with more than 15%. This indicates that the presence of
the serrations does not drastically affect the properties of the incom-
ing turbulent boundary layer.

C. TE Noise Spectra Relative to Straight TE
1. Effects of Serration Geometries and Re,.

Figures 25 and 26 show the noise reduction with respect to the
baseline TE in 1/3-octave bands ASPL, ;3 obtained with the different
TE serrations in the A-Tunnel and in the LTT, respectively. In the

figures, ASPL;/3 = SPL; /3 — SPL, 3, dB, where SPL, 3 is the
noise level of TE serrations cases of interest at selected Re,. and o
and SPL 3 .1 is the baseline TE noise level at the corresponding Re,.
and a.g. (see the absolute levels in Figs. 20 and 21). The negative
ASPL,; /3 indicates noise reduction. The effects of increasing Re. on
the ASPL, /3 are investigated in the figures where each subfigure
accounts for a different TE serrations geometry. Only o = 0 deg
is considered.

For the given frequency range, the frequency, where the maximum
noise reduction is found, appears to increase with the increasing Re,..
This frequency shift follows the work of Gruber et al. [12], who
suggest that the ASPL, 3 scales with the Strouhal number based on
the TBL thickness, thus decreasing with the increasing Re,.. As also
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Fig. 26 One-third octave band SPL noise reduction spectra for the HRM under forced transition condition with serrated TEs at various Re, and
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presented in other works [12,55], the noise reduction has a maximum
that depends on the flow velocity. This maximum is around 5 dB for
the sawtooth and 7 dB for the iron-shaped serrations. The results also
confirm the higher noise reduction observed for iron-shaped serra-
tions in numerical studies by Avallone et al. [22].

Figure 25 shows that ASPL,; ;3 measured with the large 3.5¢ and
the small 1.25¢ nozzles is similar up to f = 2 kHz. Beyond this
frequency, approximately 1 dB additional noise reduction is found
when measuring with the small (1.5¢) nozzle. This is likely caused by
the lower background noise of the fan operating at a smaller mass
flow rate with the smaller nozzle (see the A-Tunnel characterization
by Merino-Martinez et al. [29]). For the lowest Re, tested, the
measurements show a second peak of noise reduction around f =
2 kHz. This feature is observed for both the sawtooth and the iron
serration and is also found in the study of Zhou et al. [15], in which

the sawtooth and the iron-shaped TE serrations were tested on a
flat-plate at Re, similar to that of the LRM. This additional noise
reduction at relatively higher frequencies could be due to the destruc-
tive interference of the high-frequency content in the surface pressure
fluctuation occuring close to the serration tip [14,15]. For the flapped
sawtooth serration, a lower noise reduction is found compared to the
zero-flap one. This is because the airfoil is effectively cambered when
the flapped serrations are installed, and the nonzero airfoil loading
(see the change in ¢; in Fig. 24a) induces formation of a pair of
vortices along the edge of the serrations. The lift-induced vortex
formation hinders the noise reduction [27].

Itis worth highlighting that the background noise levels in the LTT
vary largely with the flow speed. In Fig. 19b, it can be observed that at
Re,. = 2 x 10° the spectra are least affected by the LTT background
noise. This implies that, for Re, = 2 x 10, the noise reduction can
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most clearly and completely be seen. For the available data, the
maximum noise reduction of approximately 4 dB is observed at f =
2.5 kHz. The influence of the serration shape on the maximum noise
reduction cannot be seen as clearly as for the LRM data from the
A-Tunnel. Nevertheless, it can be observed that a slightly lower noise
reduction is obtained for the flapped sawtooth serrations compared to
the zero-flap counterpart. This is consistent with the finding for
the LRM.

2. Effects of Angles of Attack

The influence of increasing a.g. on the ASPL, /3 provided by the
TE serrations are shown in Fig. 27 for the LRM. The a.¢ selection is
consistent with Fig. 21a as well as the selected Re, = 0.4 x 10°. As
the angle of attack increases, the noise reduction promoted by the
serrated TE decreases. This phenomenon is attributed to the afore-
mentioned formation of the vortex pairs, which is present for both
the flapped and the nonflap serrations for nonzero a. , due to the
nonzero c; (see the change in ¢, in Figs. 24a and 24b). Therefore, this
effect is more pronounced for the sawtooth serration with positive
flap angle (¢ = 8 deg) because the aerodynamic loading over the
serration is the highest. This configuration shows noise increase at
aer. = 4.02 deg. On the other hand, the noise reduction spectra
provided by the sawtooth serrations with the negative flap angle
(p = —8 deg) is least affected when the angle of attack increases
due to the least altered airfoil loading, in other words, smallest change
in ¢;. This can be confirmed from the lift curves in Figs. 24a and 24b
for the positive ¢ at negative . . The same trends are also captured
by the experiment with the HRM (see Fig. 28).

D. Scaling of TE Noise Reduction

Figure 29 shows the noise attenuation spectra by the sawtooth
serrations with ¢ = 0 deg from both the A-Tunnel and the LTT at

a.;. = 0 deg and all the Re, considered in the 1/12-octave band
format ASPL ,. The lift-induced vortex formation hinders the noise
reduction [27]. The frequency axes are replaced by the Strouhal
numbers based on different length scales. The dashed line shows
the predicted noise reduction for the small model configuration given
by the analytical model of Lyu and Ayton [13].

For the scaling shown in Figs. 29a and 29b, the Strouhal numbers
are based on 6* and g9, following the work of Howe [11] and Lyu
and Ayton [13], who suggested that the spectrum of noise reduction
caused by a serrated TE is dependent only on the serration size with
respect to the thickness of the boundary layer. On the other hand, for
Fig. 29c¢, the Strouhal numbers are based on the chord ¢, following
the serration geometry tested in this experiment, which is designed
with the same proportion of the airfoil chord. From the spectrum
obtained in the A-Tunnel, it is clear that the scaling based on the
boundary-layer thicknesses (Figs. 29a and 29b) results in a better
match of the low-St region in the noise reduction spectrum pro-
moted by the serrations. Nevertheless, the high-frequency cutoff
seems to have a different dependency and starts at a lower St for
higher Re. and higher ones for the low Re, experiments. This
observation does not follow the results from Gruber et al. [12],
who suggested that the noise increase from the serrations starts at
Sts ~ 1.0. This different dependency of the cutoff band suggests that
this region of the spectrum does not follow the large scales of the
boundary layer (outer scales) but rather the small ones (viscous or
inner scales [56]).

A meaningful collapse between the HRM and the LRM data at
relatively lower Strouhal numbers cannot be seen. This is due to the
high background noise levels at low frequencies in the LTT test of the
HRM, and the relatively large serration with respect to the boundary-
layer scales hinders the obtained noise reduction. Therefore, the
measured noise reductions within this range are invisible.
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Table9 A-weighted scaled acoustic pressure levels based on a fitting
of the measurement data with Eq. (10)

Configuration (clean/ Qeft.» L 4 norm.»
TE geometry forced) deg dB(A)
Baseline Clean 0 146.9
Baseline Forced 0 149.2
Sawtooth Forced 0 146.9
Tron Forced 0 146.0
Sawtooth ¢ = 8 deg Forced 0 146.9

Finally, Table 9 summarizes the obtained A-weighted sound pres-
sure levels from the measurements of this work. Data are reduced
using a fit of all the speeds and conditions measured using Eq. (10):

Ly norm. = La +501log M + 101log(8%s + 655) + 101log b dB(A)
(10)

The data provide a comparable measure of the noise levels emitted
by the different configurations tested in the experiment, including
different angles of attack and serration geometries.

VII. Conclusions

In this paper, aeroacoustic characterization of the NACA 63;-018
airfoil is presented. The characterization is done in a wide chord-
based Reynolds number range of Re, = 6 X 10* to 3 x 10° as well as
multiple angles of attack. To achieve this, small and large NACA
633—018 airfoil models, denoted as the low-Re,. model and high-Re,.
model, respectively, were tested in two wind-tunnel facilities. The

airfoils were tested in the baseline trailing edge configuration with
natural and forced transition locations as well as with various TE
serrations while the forced transition location was applied.

First, baseline aerodynamic characteristics of the airfoil are exam-
ined. For the natural transition configuration, a laminar separation
bubble length reduction with increasing Re,. is observed. Addition-
ally, the lift and drag coefficients agree well with the theoretical
values and predictions. A consistent trend is observed despite the
different model sizes; as Re, increases, the maximum lift coefficient
increases and the drag coefficient reduces.

Next, boundary-layer parameters at the TE are measured. The
forced transition location consistently increases the chord-normal-
ized displacement thickness 6* / ¢ at the TE, which reduces when Re,.
increases. Based on the collected boundary-layer data, a fitting
equation for the boundary-layer thickness, which is later used to
scale acoustic data, at the TE of this airfoil is provided.

For a given Re,, as the TBL-TE noise dominates, the increase of
&* /¢ by the forced transition causes the measured far-field TBL-TE
noise level to increase. As the angle of attack increases from 0 deg, the
low-frequency content of the TBL-TE noise increases, following the
thicker 6* /c at the suction side of the airfoil.

Scaling of the acoustic data reveals that for a given Re. and Mach
number M the scaled spectra measured from the LRM and the HRM
show an overlapping trend. The displacement-thickness-based
Strouhal number Stz where the peak noise level is found reduces
as Re. increases. This is in agreement with previous literature. The
integrated SPLs from both tunnels follow closely the scaling
with M>.

TBL-TE noise attenuation is found for the case of TE serrations.
The results validate the higher noise reduction provided by the iron-
shaped serrations over the regular sawtooth serrations observed
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in previous computational studies. The noise increase with increasing
angles of attack is found to depend on the airfoil loading; in other
words, positive flapped serrations are more sensitive to changes in
angle of attack than zero or negative flapped ones. The noise
reduction from the serrations is demonstrated to scale with the
boundary-layer length scales at the low-frequency range. The present
scaling method does not produce accurate matching of the high-
frequency cutoff neither of the large-scale results. The latter is
believed to be caused by the wide serration scale with respect to the
boundary-layer and the wind-tunnel background levels.

The data presented in this paper are publicly available in a reposi-
tory with the following digital object identifier (DOI): https://doi.org/
10.4121/20940646 and will be further compared to data obtained
from other institutions. The ultimate aim is to create an aeroacoustic
benchmarking dataset of this 63;—018 airfoil, which is a representa-
tion of generic wind turbine blades.

Appendix A: Kevlar® Transmission Loss and
Background Noise of LTT

This Appendix describes the characterization of the transmission
loss (TL) and background noise properties of the LTT. These proper-
ties were measured using a speaker in the empty test section for the
TL and with the fully empty test section for the background noise.
The following results were presented at the Hybrid Anechoic Wind
Tunnel (HAWT) workshop, a session in the AIAA/CEAS Aeroa-
coustic Conference in 2020 and are provided in this Appendix for
completeness.

A Visaton K50 SQ speaker was used to assess the Kevlar® proper-
ties. The speaker was positioned at (X, Y, Z) = (0.5¢,0,0.12¢).
Synthesized white-noise signal generated in MATLAB® was fed to
the speaker. To record the sound signal emitted from the speaker,
a LinearX MS53 microphone was installed at the center of the
microphone array, (X,Y,Z) = (0.5¢, 1.16¢, 0). Before installation,
this microphone was calibrated using a GRAS Type 42AA piston
phone. Tests were carried out with and without the stretched Kevlar®
panel between the speaker and the microphone to determine the TL.

Speaker

T\ \\ BupheEmmsssry . /01T

Kevlar®
window

Kevlar®—
melamine =
panels

a) Viewed from outside the test section with the
Kevlar® panel

Figures Ala and Alb show the setup with and without the Kevlar®
panel, respectively.

Data were recorded with a sampling frequency of 51.2 kHz for
2.7 s. Postprocessing in the frequency domain was done by averaging
the spectra obtained from fast-Fourier-transformed time domain data
snapshots having a length of 0.0625 s, weighted with the Hanning
weighting function with 50% data overlap between adjacent time-
domain snapshots. The process resulted in a frequency resolution
of 16 Hz.

The TL is then calculated following the procedure described by
Devenport et al. [32] for the Stability Wind Tunnel at Viginia Poly-
technic Institute and State University and Mayer et al. [57] for the
Kevlar®-walled test section at the University of Bristol. The latter
uses the same Kevlar® cloth type, 49 plain cloth with a weight-per-
area ratio of 61 g/m? [33], as the one selected for the LTT test
section. The values of TL versus frequency f are shown in Fig. A2a.
The periodic pattern of the TL with respect to f is observed in the
measured narrowband TL. This is in accordance with previous works
[32,58,59]. The following equation is fitted to the data to represent the
frequency-dependent TL,

f 2
= KTL(looo)

where a least-squares fitting procedure was used to determine the
empirical coefficient Ky . This results in K1y = 12.9 x 1073, close
to the work of Mayer et al. [57] for the Kevlar® section at the
University of Bristol (Kg; = 9.4 x 1073). These curves are also
shown in Fig. A2a.

The measured narrowband background noise SPL spectra for
varying freestream flow speeds u,, are shown in Fig. A2b. The levels
have been corrected for the TL, and the distance from the center of the
test section is assumed to be 1 m (1.11¢). Strong tones are captured
for u,, <20 m/s, predominantly at 0.6 kHz. These are attributed to
background noise from the motor inverter in the LTT. The same tone
is also observed for the measurements of the airfoil at the lowest Re,.
case in the LTT (Fig. 20b), indicating that the measured tone is not a
self-noise from the airfoil model. For u,, > 20 m/s, the flow noise

(Al

Kevlar®-—
melamine
panels

b) Viewed from inside the test section without the
Kevlar® panel

Fig. A1 Setup of the speaker and microphone in the empty LTT test section.
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Fig. A2 Acoustic characterization of the empty LTT test section: a) transmission losses (TL) through the Kevlar® sheet and b) background noise SPL

spectra measured in the LTT vs flow speeds u .
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dominates, overshadowing the tones, and the background noise
levels increase with the increasing u,. Another notable feature of
the spectra is the broadband hump, which becomes visible for
Ug > 25 m/s. At u,, = 25 m/s, the hump reaches its peak at
f =~ 3 kHz. This part of the spectrum is attributed to the so-called
roughness hump, as investigated by Stephens [60] and other studies
[61]. This roughness comes from imperfections on the wind-tunnel
walls, such as opening gaps between the test section and the LTT
circuit.

Appendix B: Source Map Analysis for Scaling Frequency
Range Selection

To ensure that parts of the acoustic spectra considered in the
scaling studies represent predominantly the TBL-TE noise with
minimal contamination from other noise sources in the wind tunnel,
criteria are set to either include or exclude the SPL at a given
frequency. These criteria are explained in detail in this Appendix.

An analysis is done by examining the acoustic source map per 1/
12-octave band frequency f. Different criteria between the A-Tunnel
and the LTT are chosen due to the inherent differences in the geom-
etry and acoustic environment of both wind tunnels.

Because of the relatively small airfoil size in the A-Tunnel, the
sources at the corners where the airfoil is attached to the side plates
often interfere with the trailing-edge noise source. Two additional
ROIs are defined adjacent to the main ROI on the left and the right
sides. These ROI are called “ROI, corner”. All of the ROI have the
same dimension of ¢ X c. These ROI are shown in Fig. B1.

Because ROL, corners cover a span extent that is half as long as the
main ROI, a criterion is set such that the minimum difference between
the integrated SPL within the main ROI is 3 dB above the corner
ROIL: min(SPLRO! — §p[ROLcomery . 3 (R,

The aforementioned difference as well as the 3 dB criterion are also
shown in Fig. B1 for the LRM under forced transition condition with
a baseline TE at Re, = 0.4 X 10° and a,; = 0 deg. Three source
maps belonging to three different f are selected for visualization
purposes. Case I at the relatively low f is excluded due to the low
resolution. The source at the TE cannot be discerned from those at the
side plates. In contrast, case Il is included, and the TE sources at the
center of the span can be perfectly discerned. Finally, case III at the
relatively high f is excluded because the SPLs of the corner sources
are more dominant than the SPL within the ROI, possibly affecting
the integrated value at the center.

On the other hand, for the LTT, which is inherently not an acoustic
wind tunnel, the TE is usually overshadowed by the sources from
upstream and downstream, for example, metal meshes and electrical
cabinets. To account for this, a ROI covering the same streamwise
extent as the main ROl is defined and denoted by “ROI, TE”. The SPL
is integrated within this “ROI, TE” and compared to the SPL of the
entire scan plane. Considering the streamwise length of ROLTE
compared to the streamwise length of the scan plane, the difference
of the integrated SPL between ROL TE and the scan plane greater than
—5.1 dB implies that there is a significant level of noise within ROI,
TE compared to the entire scan plane. Therefore, a criterion is set to
be SPLROLTE _ GpJ scanplane », _5 1 (B,

An example is given in Fig. B2 for the HRM under forced
transition condition with a baseline TE at Re, =2 x 10° and

Table C1 Chordwise pressure tap locations on the LRM (the underlined
locations mean only on the suction side)

X/c(-) =098 -=0.965* -0.95* -0.925* -09

-0.875 -085 -0.8 -0.7 -06 -05 -04

-0.325 -0.275 -0.225 -0.175

Table C2 Chordwise pressure tap locations on the HRM (for both suction side and pressure side)

X/c(=) —1.0000 —0.9996 —0.9984 —0.9963

—-0.9934

—0.9898 —0.9858 —0.9812 —-0.9760 —0.9705

-0.9646 -0.9583 —-0.9516 —0.9446* -0.9373* -0.9296* -0.9215 -0.9131 -0.9044 —0.8953

-0.8859 -0.8762 -0.8635 -0.8478 -0.8291 —-0.8074 -0.7826 -0.7548 —0.7239 —0.6899
-0.6499 -0.6099 -0.5700 -0.5302 -0.4904 —-0.4508 -0.4113 -0.3719 -0.3325 —-0.2933
-0.2540 -0.2147 -0.1754 -0.1409 -0.1113 —-0.0816 —0.0568 —0.0319 0.0000

Table C3 Microphone coordinates used in the A-Tunnel, LRM

Microphone No. X, m Z,m  Microphone No. X, m Z, m

Microphone No. X, m Z, m

Microphone No.  X'm Z,m

1 -0.410 0.030 17 0.640 0.030
2 —0.545 -0.030 18 0.745 -0.120
3 -0.605 0.120 19 0.730  0.105
4 -0.605 -0.135 20 0.880 —0.030
5 0.040  0.420 21 0910 -0.210
6 -0.755  0.030 22 0.970 0.105
7 -0.695 0.240 23 1.045 —0.105
8 -0.830 —-0.090 24 0.955 0.210
9 0.355  0.120 25 0.265 —0.105
10 0.115  0.165 26 0.355 -0.030
11 0475  0.195 27 0.325 0.045
12 0.130  0.255 28 0.190  0.105
13 0430  0.285 29 0.235 -0.180
14 0.715  0.225 30 0.430 -0.105
15 0.265  0.360 31 0.475 0.015
16 0.625  0.345 32 0.580 —0.150

33 -0.125 0.120 49 —0.005 -0.180
34 -0.230  0.195 50 -0.080 -0.270
35 -0.020 0315 51 -0.350 -0.150
36 -0.410 0.195 52 -0.380 -0.240
37 -0.245 0.330 53 -0.290 -0.345
38 -0.500 0.300 54 -0.605 -0.270
39 0460  0.435 55 -0.110 -0.435
40 -0.185 0.435 56 -0.515 -0.375
41 0.115  0.000 57 0.295 -0.270
42 0.115 -0.135 58 0.025 -0.345
43 0.040  0.105 59 0.460 —0.300
44 —0.095 0.045 60 0.235  -0.390
45 -0.125 -0.030 61 0.685 —0.270
46 -0.035 -0.105 62 0.490 -0.420
47 -0.245 0.015 63 0.715  -0.390
48 -0.200 -0.105 64 0.100 —-0.495
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Table C4 Microphone coordinates used in the LTT, HRM

Microphone No. X, m Zm Microphone No. X, m Z,m  Microphone No. X, m Z,m  Microphone No. X, m Z, m
1 0.068  0.014 17 0417 -0.038 33 —-0.328 0.004 49 0.240  0.069
2 0.059 -0.021 18 0.520  0.021 34 —-0.271 0.035 50 0.331 -0.006
3 0.124  0.046 19 0.424 —0.089 35 —-0.409 0.032 51 0.118 0.128
4 0.183  —0.005 20 0.512  0.098 36 —-0.262  0.070 52 0.388  0.059
5 0.097 -0.054 21 0.611 -0.029 37 —0.333  0.103 53 0.315  0.121
6 0.208 —-0.079 22 0.365 -0.142 38 —-0.266  0.138 54 0.114  0.178
7 0.192 -0.118 23 0.645  0.060 39 —-0.396 0.176 55 0.311 0.172
8 0.070  -0.157 24 0.619 -0.079 40 —-0.228 0.202 56 0.244 —0.181
9 -0.424 —0.022 25 —0.175 —0.050 41 —0.688 —0.011 57 -0.126  0.000
10 —-0.564 —0.034 26 —-0.289 —0.030 42 —-0.762  0.036 58 -0.147 0.051
11 —-0.547 0.045 27 —0.094 —0.078 43 —0.704 —0.076 59 -0.013  0.042
12 —0.584 0.083 28 —-0.299 —0.065 44 -0.779  0.091 60 -0.037 -0.046
13 -0.529 —0.100 29 —-0.376  —0.097 45 —0.858 —0.037 61 -0.051 0.076
14 -0.523  0.131 30 —-0.181 -0.142 46 —-0.719 0.138 62 -0.022 0.113
15 -0.376 —0.152 31 —0.110 —0.188 47 —-0.769 —0.123 63 -0.071 -0.115
16 —0.593 —0.147 32 —0.304 —0.199 48 —0.933 0.010 64 -0.097 0.165

aeir. ~# 0 deg. For case I, which is included in the scaling, the TE
region is clearly visible. For case II, spurious sound sources are seen
in the map without a clear view of the TE. The latter is therefore
excluded.

Appendix C: Supplementary Coordinates

A. Pressure Tap Coordinates

The chordwise locations of the pressure taps on the LRM and
HRM are provided in Tables C1 and C2, respectively. The superscript
* indicates the pressure taps that may be blocked or interfered by the
tripping strip.

B. Microphone Array Coordinates

The microphone array coordinates used in the A-Tunnel (LRM
tests) and LTT (HRM tests) are provided in Tables C3 and C4,
respectively. The A-Tunnel array was installed at Y = —1 m (-=5c¢),
while the LTT array was installed at ¥ = 1.044 m (1.16¢).
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