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Abstract

Trailing-edge (TE) noise is an important noise source for airfoil applications that operate
near populated areas. This thesis aims to develop novel (porous, serrated, and porous-
serrated) geometries for the TE noise control of airfoils/rotors and investigate their noise
generation mechanisms.

First, the acoustic absorption of ten additively manufactured porous specimens is
characterised to facilitate the design of porous TE geometries. The aeroacoustic perfor-
mance and near-wake characteristics of eleven novel TE designs are then measured at
various velocities in UNSW Anechoic Wind Tunnel. Their noise attenuation performance
on laminar-transitional boundary layer TE (LBL-TE) and turbulent boundary layer TE
(TBL-TE) noise are evaluated. Fluctuating velocity results indicate that the proposed
designs influence LBL-TE noise generation by altering the flow characteristics around the
TE. A TBL-TE noise intensity factor is proposed to relate near-wake flow statistics to
TBL-TE noise generation, showing good consistency with the measured TBL-TE noise
level. A high-frequency-broadband noise increase is observed for all porous TE designs.

Moreover, the aeroacoustic performance of three sets of rotor blades with integrated
novel TEs is evaluated at various pitch angles and RPMs on UNSW Rotor rig. Compared
with serrated blades, porous blades show better low-frequency noise attenuation. At
frequencies where the porous structures have good acoustic absorption, porous blades can
effectively control TE noise at all operating conditions, indicating the acoustic absorption
may contribute to TE noise attenuation by altering the acoustic scattering efficiency.

In addition, Large-Eddy Simulations (LES) are performed on a porous and a reference
airfoil. Ffowcs-Williams and Hawkings (FWH) acoustic analogy results of porous airfoil
capture the high-frequency excessive noise and agree well with single microphone mea-
surements. Flow simulation results reveal that the TBL-TE noise reduction for porous
TE is mainly due to an attenuation of convection velocity and spanwise correlation, and
the excessive noise is originated from the interaction of the permeated turbulent flow and
pore geometries.

Finally, a wind turbine noise prediction model based on a noise scaling function is
proposed. It accurately predicts the noise spectra and overall noise levels of a full-scale

wind turbine using the aerodynamic and acoustic data of lab-scale airfoil models.
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Nomenclature

The majority of the abbreviations, symbols and mathematical operators used in this thesis
are listed below. Although some symbols have been used for multiple purposes, they should

be unambiguous according to their context.
Abbreviations

NSF Noise scaling function

OAPW L Overall sound power level
OASPL Overall sound pressure level
SPL Sound pressure level

3D Three-dimensional

APE Acoustic perturbation equation
BEMT Blade element momentum theory
BG  Background

BPM Brooks, Pope and Marcolini

CAA Computational aeroacoustics
CAD Computer-aided design

CBF Conventional beamforming

CFD Computational fluid dynamics
CSD  Cross-spectral density

DLR German Aerospace Center

DNC Direct noise computation

DNS Direct numerical simulation
FMM Fast multipole method

FWH Ffowcs-Williams and Hawkings
IAG Institute of Aerodynamics and Gas Dynamics (University of Stuttgart)

LBL-TE Laminar-transitional boundary layer trailing-edge
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NOMENCLATURE xix

LBM Lattice-Boltzmann method

LE Leading edge

LES Large-eddy simulation

LWT UNSW Large Wind Tunnel

MPP Micro-perforated panel

NASA National Aeronautics and Space Administration (US)
OGV Outlet guide vane

PABF Phase-averaged beamforming

PIV  Particle image velocimetry

PSD Power spectral density

PWL Sound power level

RANS Reynolds averaged Navier-Stokes

RMS Root-mean-square

RPM Rotations per minute

SGS  Subgrid-scale

T-S  Tollmien-Schlichting

TBL-TE Turbulent boundary layer trailing-edge
TE  Trailing edge

UAT UNSW Anechoic Wind Tunnel

UFL  University of Florida
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w Tapering function
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Chapter 1

Introduction

1.1 Background

Due to the expanding transportation network and increasing demand for the deployment of
renewable energy, increasing numbers of aircraft and wind turbines have been operating
near populated areas [I, [I50]. The associated noise pollution, which can have adverse
effects on human health [74], has become a notable concern for communities living near
airports and wind farms. In comparison to other environmental noise sources (such as
road noise and rail noise), annoyance due to wind turbine and aircraft noise was found
to be more severe at the same annual day-evening-night A-weighted equivalent noise level
Lger, [98]. Therefore, wind turbine and aircraft noise regulations have become increasingly
strict, posing a significant challenge for the design of relevant noise reduction technologies.

Airfoil self-noise is a leading contributor to environmental noise as it is a major com-
ponent of aero-engine fan rotor noise [I16], fan outlet guide vane (OGV) noise [116] and
wind turbine noise [148] [174]. It originates from the interaction between an airfoil (wing or
blade) and the turbulence produced in its own boundary layer and near wake. Brooks et
al. [31] summarised five theoretical generation mechanisms of airfoil self-noise and the cor-
responding flow conditions are shown in Figure A brief description of each mechanism

is presented as follows:

e Turbulent boundary layer trailing-edge (TBL-TE) noise
When the Reynolds number based on chord, Re,, is sufficiently large (> 3 x 10°)
for an airfoil application (such as industrial-scale wind turbine blades and aero-
engine fan blades at prevalent operating conditions), the boundary layer near the
trailing edge (TE) is fully developed and turbulent. Within this boundary layer,
eddies of various scales and energy levels interact with the airfoil surface, generating

broadband acoustic waves. As the turbulent eddies propagate to the airfoil TE,
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an impedance discontinuity at the sharp edge scatters the acoustic waves, forming
TBL-TE noise with a broadband nature (see Figure for the corresponding flow

condition).

e Laminar-transitional boundary layer trailing-edge (LBL-TE) noise
Laminar-transitional boundary layer trailing-edge noise is often produced when the
boundary layer remains in laminar or transitional regimes over at least one side
of an airfoil, which may occur for applications that operate at low-to-moderate
Reynolds numbers (such as micro wind turbines and unmanned aerial vehicles)
or scenarios when the wind turbine blades or aero-engine fan blades operate at
off-design conditions. Such noise originates from an aeroacoustic feedback loop
between the Tollmien-Schlichting instability waves in the upstream boundary layer
and vortex-shedding noise produced at the TE [3I]. In this feedback loop, the
acoustic waves generated at the trailing edge propagate upstream, encountering and
amplifying the Tollmien-Schlichting (T-S) waves that originate from flow instabilities
in the upstream boundary layer. Meanwhile, the amplified T-S waves will intensify
the near-wake vortex shedding, thus efficiently promoting the emission of high-

amplitude quasi-tonal noise (see Figure for the corresponding flow condition).

e Bluntness vortex-shedding noise
A blunt TE can improve the structural strength and lift-to-drag ratio of an air-
foil [I82], but its bluntness can promote the formation of intense vortex-shedding
in the wake (see Figure when the ratio between the bluntness height and the
boundary layer displacement thickness b/6* > 0.3 [24]. This can cause periodic
pressure fluctuations related to the shedding frequency near the airfoil TE and the
emission of bluntness vortex-shedding noise with a tonal nature. Rotor blades and
wing designs are likely to have small bluntness relative to their boundary layer

thickness [31], therefore such self-noise mechanism is usually less prominent.

e Stall noise
When the airfoil exceeds the critical angle of attack where maximum lift is pro-
duced, large-scale flow separations occur in the suction-side boundary layer (see

Figure|l1.1d)). The non-recoverable separation can produce low-frequency stall noise,
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Figure 1.1: Schematics of flow conditions that induce the airfoil self-noise: (a) TBL-TE
noise; (b) LBL-TE noise; (c¢) bluntness vortex-shedding TE noise; (d) stall noise; (e) tip
vortex-formation noise.

which is similar to the flow-induced noise of a bluff body [31]. For state-of-the-art
airfoil applications, the aerodynamic design of their blades or wings can effectively

prevent stall under prevalent operating conditions.

e Tip vortex-formation noise
As the locally separated flow passes over the blade tip, vortices with a thick viscous
turbulent core will interact with the TE of blade tip region (see Figure, emitting
tip vortex-formation noise. This noise mechanism can occur for thick blade tips,
where the tip vortex is allowed to develop efficiently. However, as confirmed in field
measurements [148], [I74], this noise mechanism is not prominent for state-of-the-art

wind turbine blade tips, likely due to the their sharp tip geometries.
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In this thesis, investigations focus on TBL-TE noise and LBL-TE noise, as they are
the dominant noise mechanisms for high-Reynolds-number [116] 148, [174] and low-to-
moderate-Reynolds-number [24, 25] applications, respectively. Without further explana-
tion, TE noise refers to these two self-noise mechanisms in the rest of this thesis.

Inspired by owl’s silent flight and unique wing features, many passive TE treatments
(such as serrated, brush and porous TEs) have been developed and proven to be effective
in airfoil TE noise control. Porous TEs and novel TE serrations, due to their superior
potential in TE noise attenuation, have received much attention. However, past studies
on these TE treatments were performed individually using different methods at different
operating conditions and facilities. It is difficult to conclude which type of TE treatment
is more efficient in TE noise control. Moreover, the physical mechanisms associated with
their noise reduction have not been well understood. Their effects on the airfoil LBL-TE
noise and rotor TE noise have also not been reported in detail.

This thesis presents a systematic study on developing novel porous treatments for
airfoil and rotor TE noise control, which includes: 1) acoustic characterisation of novel
porous structures; 2) aeroacoustic and flow measurements for the airfoil with novel porous
TE; 3) numerical investigations on noise generation mechanisms for the airfoil with novel
porous TE and 4) aeroacoustic measurements for the rotor blades with novel porous TE.
In addition, the aeroacoustic performance of novel porous TE on the airfoil and rotor
TE noise has been compared with that of novel serrated TEs. Furthermore, a prediction
model for wind turbine noise has been developed and validated. This model can potentially
be used to predict the noise reduction performance of TE treatments on full-scale wind

turbines.
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1.2 Aims and Objectives

The primary aim of this thesis are to develop quiet airfoils and rotors using novel porous
and serrated TE treatments while deepening our understanding of the physical mechanisms
controlling noise reduction. The secondary aim is to develop a high-accuracy prediction
method for wind turbine noise. To achieve these aims, the specific objectives of this thesis

are:

1. Experimentally characterise the acoustic properties of porous materials to evaluate

their feasibility for TE noise control;

2. Experimentally evaluate the noise reduction performance of novel porous, serrated

and porous-serrated TE treatments;

3. Experimentally and numerically investigate the flow characteristics that are related

to the noise reduction by the novel TE treatments;

4. Apply novel porous and serrated TE treatments to rotor blades and experimentally

evaluate their feasibility in rotor TE noise control;

5. Develop a noise scaling model to accurately predict the noise performance of a full-

scale wind turbine using wind tunnel measurement data.
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1.3 Thesis Structure

This thesis is structured in accordance with the aims and objectives presented in Sec.

The contents for each chapter are summarised as shown in Figure [1.2

Chapter 2

Systematic review of past
studies on TE noise and TE

treatments
Chapter 3
Experimental and numerical
methodology
Chapter 4
Evaluation —
Characterisation results
| of porous structures _ £ .
> . | of porous material and 3D
to be applied at the printed porous structures
airfoil TE

Chapter 5

Noise from -
. . . Aeroacoustic measurement
stationary airfoil . P
| results of stationary airfoil

with novel TE blade with TE treatments
treatments

Develop quiet
airfoils and rotors Chapter 6
with TE treatments

Aerodynamic measurement
results of stationary airfoil
blade with TE treatments

Y

Flow characteristics
ralated to noise
reduction by novel Numerical simulation results

TE treatments | of stationary airfoil blade with
porous TE treatment

Chapter 7
Noise from rotor Aeroaocustic measurement
| blades with novel TE » results of rotor blades with TE
treatments treatments
Chapter 8
Aeroacoustic & Aerodynamic
Develop a high- Noi n del # measurement results of wind
P oise scaling mode . s
accuracy prediction - 8 turbine blade sections
. > based on - —
method for wind . Noise prediction code for the
. . experimental data | . .
turbine noise | noise from large-scale wind
turbine
Chapter 9

Conclusions of major findings
& suggestions for future work

Figure 1.2: Thesis structure and the summarised contents for each chapter.
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1.4 Publications

During this PhD project, the following papers were published:

e Jiang, C., Moreau, D., Fischer, J. and Doolan, C.J., 2021. Additively Manufactured
Sound-Absorbing Porous Structures for Airfoil Trailing-Edge Noise Control. Journal

of Aerospace Engineering.

e Jiang, C., Fischer, J.R., Moreau, D. and Doolan, C.J., 2019. Experimental Investiga-
tion of Novel Porous-serrated Treatments on Airfoil Trailing Edge Noise Reduction.

In 25th AIAA/CEAS Aeroacoustics Conference (p. 2435).

e Jiang, C., Moreau, D., Yauwenas, Y., Fischer, J.R., Doolan, C.J., Gao, J., Jiang, W.,
McKay, R. and Kingan, M., 2018. Control of rotor trailing edge noise using porous
additively manufactured blades. In 2018 AIAA/CEAS Aeroacoustics Conference

(p. 3792).

e Jiang, C., Moreau, D. and Doolan, D., 2017. Acoustic absorption of porous materials

produced by additive manufacturing with varying geometries. In Proceedings of

ACOUSTICS.

e FEcheverria, C.A., Pahlevani, F., Handoko, W., Jiang, C., Doolan, C. and Sahajwalla,
V., 2019. Engineered hybrid fibre reinforced composites for sound absorption build-

ing applications. Resources, Conservation and Recycling, 143, pp.1-14.

e Delhomme, F., Hajimohammadi, A., Almeida, A., Jiang, C., Moreau, D., Gan, Y.,
Wang, X. and Castel, A., 2020. Physical properties of Australian hurd used as

aggregate for hemp concrete. Materials Today Communications, 24, p.100986.

e Doolan, C., Moreau, D., Awasthi, M. and Jiang, C., 2018, November. The UNSW
anechoic wind tunnel. In Proceedings of ACOUSTICS (Vol. 7, No. 9).



Chapter 2

Literature Review

2.1 Overview

In line with the primary thesis aims (Sec. , this chapter systematically reviews past
studies on TE noise and its control from in terms of its theoretical, experimental and
numerical aspects. First, a review on the generation mechanisms, characteristics and
prediction methods of TE noise is presented in Sec. Then, the current research status
on the noise reduction performance and mechanisms of sawtooth-serrated, porous and
novel TE treatments for airfoils and rotors is presented in Sec. Finally, research gaps

are identified and summarised in Sec. 2.4l
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2.2 Airfoil Trailing-Edge Noise

As described in Sec. this thesis focuses on the TE treatments for reducing the TBL-
TE noise and LBL-TE noise. In order to gain an in-depth understanding of the genera-
tion mechanisms, characteristics and prediction methods of these two self-noise sources,
a systematic review of the relevant theoretical, experimental and numerical work will be

presented.

2.2.1 Turbulent Boundary Layer Trailing-Edge Noise

Turbulent boundary layer trailing-edge (TBL-TE) noise has been extensively studied since
the late 1950s, when Powell [I54] published the first paper on edge noise. In this study, a
dimensional analysis on TBL-TE noise was performed based on Lighthill’s acoustic anal-
ogy theory [I17], suggesting that dipole edge noise is the predominant noise source in
low Mach number flow and the noise intensity is scaled with the fourth to fifth power
of freestream velocity, U 5. Later in 1970, Ffowes Williams and Hall [I90] performed
an analytical study on the noise generated by the interaction between the turbulent flow
and a rigid half plane, in which the well-known dependence of radiated noise intensity on
the fifth power of freestream velocity U2, was proposed. During the 1970s, several semi-
analytical theories on TBL-TE noise were proposed by Crighton et al. [52], Chase [37, B8],
Chandiramani [36], Howe [90], Amiet [6] and Tam et al. [I80]. Howe [91] comprehensively
reviewed early semi-analytical theories (until 1978) and categorised them into: theories
based on 1) Lighthill’s acoustic analogy [117] (such as Refs. [52, 00, 190]); 2) linearised

hydroacoustic equations (such as Refs. [0, 36, 37, B8]) and 3) ad-hoc models (such as

Ref. [180]). It was concluded that all these theoretical models are essentially equivalent,
leading to the same velocity dependence U3, of the radiated noise intensity, dependen-
cies on the turbulent length scales and static noise directivity. Based on these models,
Howe [91] proposed a unified theory of TBL-TE noise, which incorporates the effects of
the Kutta condition and Doppler amplification. In a more recent review by Howe [93],
the effects of finite TE thickness were investigated analytically based on an extension of
diffraction theories [36, [37], which accounts for modifications of the turbulence convected

past variable-geometry edges. Among these theoretical models, only Amiet’s model [6]
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introduced the effect of finite chord length, hence possessing great value for practical

applications. In Amiet’s model [6], the far-field noise spectra ¢,, can be expressed as

pp(%,w) = (L) D(x,w) [L(w)[* Iy (w) dgq(w), (2.1)

where x denotes the observer location, w is the angular frequency, c is the airfoil chord, L
is the airfoil span, D(x,w) is a dipole radiation function, £(w) is the acoustically weighted
airfoil response function, I, (w) is the spanwise correlation length and ¢, is the wall pres-
sure spectrum. According to Amiet’s theory [6], the far-field noise spectrum is proportional
to the spanwise correlation length and wall pressure spectrum. The latter can be predicted

from the boundary layer velocity field using TNO-Blake model [25] [152]

aU(y)} 202(y)

e 2klygy (2.2
oy 1 Uely) w (22)

o) = 52 [ My U U b = )

where y is the vertical location in the TE boundary layer, p is the air density, A, is

the spanwise correlation length, A, is the vertical integral length scale, U, is the local

vly
convection velocity and ¢, is the dimensionless wavenumber spectral density of vertical
velocity fluctuations v'. Later theoretical studies by Howe [94] and Roger et al. [162] both
considered the leading-edge scattering effect for an airfoil with a finite chord. The former
work extended Amiet’s theory [6] based on the vanishing Mach number Green’s function
tailored to a finite-chord flat plate. The latter work derived and integrated a leading-
edge back-scattering correction into the Amiet’s model [6]. Both studies suggested that
this leading-edge scattering effect can be significant at low frequencies where the airfoil
chord is acoustically compact. This brief review of theoretical works on TBL-TE noise is

considered sufficient for this thesis, the reader is referred to Refs. [91), 93] for more detailed

reviews.

Experimentally, early measurements by Fink [65] on an airfoil-like plate model con-
firmed the fifth power velocity dependence proposed by Ffowcs Williams and Hall [190].
Brooks and Hodgson [28] performed the first comprehensive investigation of TBL-TE noise
of a NACA 0012 airfoil, where the surface pressure spectra measured near the TE were re-
lated to the far-field noise by using evanescent wave theories [36}, 38, 91] on TBL-TE noise.

Afterwards, Brooks, Pope and Marcolini [30} B1] published the most comprehensive data
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set of the self-noise for NACA 0012 airfoils, and developed the well-known semi-empirical
model (the so-called BPM model) based on this data set. The BPM model provides
useful formulations to relate the TE boundary layer parameters to the TBL-TE noise,
which can effectively predict the peak Strouhal number and level of the noise spectra.
The comparison [31] between BPM prediction results and experimental data [I75] for a
cambered helicopter blade section show a reasonable agreement, illustrating the versatility
of the BPM model. This semi-empirical model was later incorporated into “NAFNoise”
code [138], a widely used engineering tool for wind turbine noise prediction. In recent
years, with increasing concern of the noise from low-Mach-number high-Reynolds-number
airfoil applications (such as wind turbine noise), numerous experimental investigations
have been performed on airfoil TBL-TE noise, where the noise data were measured us-
ing individual microphones [136] 137, 161] (background noise corrected), pairs of micro-
phones [20] 211, [134] (based on the coherent power output method used in Refs. [28] 30, 31]),
hot-wire sensors [87, [88] (based on the coherent particle velocity method), elliptical acous-
tic mirrors [83], [84] 85] and microphone arrays [56, [57, 96, 1311 [146] (based on the acoustic
beamforming method). A recent review by Doolan and Moreau [58] compared the TBL-
TE noise data of NACA 0012 airfoils measured from different facilities (NASA [28, 31],
DLR [83, B4, 85], VT [56], UFL [2I] and IAG [88]) over the last 40 years. The noise
spectra at Reynolds numbers based on chord between 1 and 1.3 x10° collapse well and
are in reasonably good agreement with BPM model predictions. However, larger errors
are present for BPM predictions at higher Reynolds numbers (1.5 to 3 x10%) and the data
from different facilities start to show large discrepancies (up to over 10 dB) in the peak
1/3 octave sound pressure level (scaled based on BPM model), which is likely caused by
different boundary layer tripping methods, measurement techniques and background noise
scattering effects of different facilities. Since the BPM model is developed based on the ex-
perimental data measured over Reynolds numbers from 6.9 x 10 to 1.47 x 105, predictions
for higher Reynolds numbers (Re. > 1.47 x 10°) rely on extrapolated equations. In order
to accurately predict the TBL-TE noise from high-Reynolds-number applications (such
as large-scale industrial wind turbines), further experimental investigations are needed to
extend the BPM model. Moreover, the cross-facility comparisons highlighted the impor-

tance of computational investigations, in which the extraneous noise sources and effects
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of facility scattering can be eliminated.

With the rapid development of computing power and numerical techniques, computa-
tional investigations of TBL-TE noise have become increasingly feasible. Early numerical
investigation can be referred to the work by Wang and Moin [I89], where an incompress-
ible large-eddy simulation (LES) is adopted to compute the unsteady flow over a Blake
airfoil. The far-field noise spectra and near-field source-term characteristics were deter-
mined using the Lighthill equation derived by Ffowcs-Williams and Hall [190]. Oberai et
al. [144] later employed an unstructured mesh and incompressible LES simulation to com-
pute the low-Mach-number turbulent flow over a NACA 4412 airfoil, and used Lighthill’s
analogy [117, 18] to investigate the edge scattering effects and noise directivity. More
recently, direct noise computations (DNC) were performed by Le Garrec et al. [108], Gloer-
felt et al. [73] and Marsden et al. [I29], where the far-field noise is directly calculated from
the resolved compressible flow field instead of acoustic analogies. Direct numerical simula-
tions (DNS) have also been employed to investigate TBL-TE noise in work by Sandberg,
Jones and Sandham [168,[169]. The acoustic pressure obtained by DNS was compared with
acoustic analogies and Amiet’s theory [6], suggesting Amiet’s model can predict the noise
generated from turbulent flow past a flat-plate TE with reasonable accuracy, despite nu-
merous assumptions and simplifications. Winkler et al. [191], [192] used an incompressible
LES simulation to compute the flow field around a NACA 6512-63 airfoil, and calculated
the far-field noise using Amiet’s theory [6], Ffowcs-Williams and Hall’s theory [190] and
Curle’s acoustic analogy [53]. Predictions from Ffowcs-Williams and Hall’s model [190]
showed the closest comparisons with experimental data. In addition, the effects of dif-
ferent boundary layer tripping devices were also investigated. Ewert et al. [61] applied a
hybrid method to investigate the noise generated by turbulent flow past a NACA0012 air-
foil, where the flow field is solved by Reynolds averaged Navier-Stokes (RANS) simulation
and the acoustic pressure is computed by a computational aeroacoustics (CAA) approach
based on the acoustic perturbation equations (APE) with stochastic sound sources gen-
erated using the random particle-mesh approach. Comparisons between the simulated
acoustic results and experimental data suggested that good prediction quality can be
achieved by this fast hybrid RANS/CAA approach with calibrated RPM parameters. In

recent work by Wolf et al. [193] [194], compressible LES simulations and Ffowcs-Williams
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and Hawkings (FWH) aocustic analogy [63] were employed to investigate the noise from
NACA 0012 airfoils, where surface and volume integrations in the FWH equation were
accelerated using a fast multipole method (FMM). Far-field acoustic predictions are in
good agreement with experimental data from Brooks et al. [3I]. Moreover, it was found
that the mean flow convection can significantly affect the noise directivity at medium and
high frequencies (Helmholtz number ke¢ > 3.68, Strouhal number St. > 5.09) even for
low-Mach-number (M, = 0.115) flow. The quadrupole sources are negligible for low-
Mach-number (Ms, < 0.115) flow, while can present significant effects at medium and

high frequencies (kc > 4.91, St. > 1.95) for moderate-Mach-number (M, = 0.4) flow.

2.2.2 Laminar-Transitional Boundary Layer Trailing-Edge

Noise

Laminar-transitional boundary layer trailing-edge (LBL-TE) noise has a character con-
sisting of a broadband hump superimposed with several discrete high-amplitude tones [7].
It usually occurs at Reynolds numbers (4 x 10% to 2 x 10%) and angles of attack (0° to
12°) within a certain envelope [10] 122]. Previous studies on this self-noise source mainly
focus on its generation mechanism and the prediction of the frequencies of the discrete
tones. Paterson et al. [I53] performed the first comprehensive investigation on the LBL-
TE noise of NACA 0012 and NACA 0018 airfoils at various Reynolds numbers (4.4 x 10°
to 2.2 x 10%) and angles of attack (—6° to 16°). The frequency of primary tones with re-
spect to freestream velocity were found to form a “ladder structure” [7, [143] [I81]. As the
velocity increases gradually, the frequency of the primary tone first slowly increases with
a dependency on freestream velocity U%8. After a certain velocity, the primary tone will
suddenly jump to a higher frequency, forming another “step” gradually increasing with
UY8. The average primary-tone frequency shows a dependency on freestream velocity of
UL5, which was also confirmed later in the BPM model [31]. Tam [I81] derived a model
to describe the evolution frequency of the tones based on the velocity dependency of U8
and proposed that the discrete tones are generated due to a self-excited feedback loop be-
tween the origin of vortex shedding at airfoil TE and the acoustic waves produced by the

amplified vortex-shedding oscillation in the downstream wake. After that, several experi-
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mental [7, [8, 9, 31} B39 (41l 124, 130, 142} 143}, [157], numerical [55], 07, 103, 104, 105, [168]
and theoretical [7, [106], 130, 143] studies have been performed in order to understand the
noise generation mechanism and predict the evolution of the high-amplitude tones. It
is believed that the high-amplitude tonal noise is produced by an aeroacoustic feedback
loop. Several aeroacoustic feedback loop models have been proposed in past studies. Three
typical ones are: 1) Model A [7, 39 [106]: feedback loop between the upstream-radiating
acoustic waves generated at the TE and the instability T-S wave at its origin; 2) Model
B [55, 07, 104, 105, 157, [168]: feedback loops between the acoustic waves generated in the
wake and the instability T-S wave at its inception position on the pressure side (or both the
pressure and suction sides); 3) Model C [I81]: feedback loop between the airfoil TE and
the acoustic waves emitted from dipole noise sources in the wake (as illustrated in Fig.1 of
Ref. [42]). In addition, a number of studies [39, 41} 55], 104 105, 122 130, 143, 157, [168]
linked tonal noise production to the existence of a laminar separation bubble near the TE.
The dominant tone is commonly attributed to the TE scattering of T-S instability waves
that originate upstream and are amplified by inflectional mean velocity profiles in the sep-
arated shear layer. Although there is no general consensus on the generation mechanism of
such self-noise source, it can be concluded from previous studies that the noise generation
is highly related to the boundary layer instabilities and the vortex shedding in the wake.
Therefore, the control strategy for the LBL-TE noise should focus on suppressing these

flow characteristics.

2.3 Trailing-Edge Treatments for Noise Reduc-
tion

It has long been recognised that owls can fly silently. In a recent experimental study by
Sarradj et al. [I73], the flyover noise from a common kestrel, a Harris’s hawk and a barn
owl was quantified. The noise spectra, which were scaled to account for the flight speed,
indicated that the barn owl was substantially 3 to 8 dB quieter than the other two bird
species at frequencies above 1.6 kHz. Later, the aerodynamic noise from the wings of five
species of birds was measured by Geyer et al. [70] in an aeroacoustic wind tunnel. The

acoustic results (scaled using Mach number and lift coefficient) suggested that the wings
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of two owl species were significantly (10 to 20 dB) quieter than that of other birds in flow,
further confirming the owls’ silent flight is due to their wing features instead of lower flight
speed. It is believed that the owl’s wing has three distinctive physical features that relate
to its silent flight [I8], [75], 100, 119]: 1) a downy upper wing surface with velvety texture;
2) comb-like stiff feathers at the leading edge of the wing; 3) a permeable and flexible
fringe at the TE of the wing and primary feathers. These alleged silent wing features have
led to many low-noise TE designs (such as TE serrations and porous TEs) and extensive

research to understand the physical mechanisms responsible for noise reduction.

2.3.1 Effects of Trailing-Edge Sawtooth-Serrations on Tur-
bulent Boundary Layer Trailing-Edge Noise

Trailing-edge sawtooth-serrated treatment, as a promising strategy for TBL-TE noise
control, has received much attention since the 1990s. The structure of typical TE sawtooth
serrations is shown in Figure where 2h and A\ are the root-to-tip amplitude and
wavelength of the serrations, respectively. In this thesis, these two parameters are adopted

to describe the geometry of the serrated TEs.

Figure 2.1: Sketch of the geometries of TE sawtooth serrations.

In 1991, Howe [92] proposed the first analytical model for the aerodynamic noise of
a semi-infinite plate with TE sawtooth serrations at zero angle of attack in low-Mach-
number flow. Due to the complexity of this problem, a tailored Green’s function based on

the slender-wing approximation and frozen turbulence assumption were adopted in Howe’s
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model. According to this model, the maximum reduction in far-field sound pressure level
by the sawtooth serrations is proportional to 10log[l + (4h/\/)?] when the serration is
sharp enough (A/h < 1) and the frequency is sufficiently high (wh/Us > 1). This
suggested that sharper serrations with a smaller wavelength-to-amplitude ratio A/h can
achieve greater noise reduction. However, it was found in later experimental work by
Dassen et al. [54], Gruber et al. [78] and Moreau et al. [133] that Howe’s model overpredicts
the noise reduction by TE sawtooth serrations. Recently, Lyu et al. [125] proposed a
new analytical model for the noise prediction of TE serrations based on Amiet’s TE
noise theory [6]. In this model, Amiet’s theory was generalised for the application to TE
sawtooth serrations, and its solutions were validated by the finite element method. The
second-order solutions of Lyu et al.’s model [125] can provide more realistic predictions of
the noise reduction by TE serrations compared with Howe’s model [92]. It was suggested
that the noise reduction by TE sawtooth serrations is due to the destructive interference
of the scattered surface pressure induced by the serrated geometries. Nevertheless, since
the effects of serrated geometries on the hydrodynamic flow field cannot be described
by current analytical models, experimental and numerical investigations are essential for

understanding the noise reduction mechanism.

Indeed, numerous experimental studies have been conducted on the noise generation
of serrated TEs over the last three decades. In 1996, Dassen et al. [54] measured the noise
from a series of airfoils and flat plates with serrated TEs (A/h = 0.2) in an anechoic wind
tunnel. The TE noise levels (over 1 to 6 kHz) of airfoils and flat plates were found to be
reduced by the serrated TEs by up to 8dB and 10dB, respectively. The experimental
data were compared with the predictions using Howe’s model [92], first reporting the
overprediction by Howe’s model. After more than one decade, Gruber et al. [76, [77, [78], [79]
performed a comprehensive study on the TBL-TE noise of a NACA 6512 airfoil with
thirty-six different TE sawtooth-serration geometries (0.1 < A\/h < 6) at various Reynolds
numbers (2.1x10° < Re, < 8.3x10°) and geometric angles of attack (0° < o, < 15°). The
noise reduction dependency on 10log[1 + (4h/\/)?] predicted by Howe [92] showed a poor
match with experimental data. Instead, two more critical parameters: non-dimensional
frequency f¢/Us and non-dimensional serration amplitude h/§ were proposed, where 0 is

the boundary layer thickness near the straight TE. A noise increase of up to 7.2dB was
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observed at high frequencies where the non-dimensional frequency f6/Us > 1. When the
serration amplitude was small relative to the TE boundary layer thickness (h/é < 0.25), no
significant noise reduction was observed as the acoustic scattering efficiency of serrations
becomes similar to that of a straight TE. It was suggested that the noise reduction by
TE serrations is mainly due to reductions in the convection velocity and the coherence of
surface pressure fluctuations along the TE. Later, Moreau and Doolan [I33] compared the
TBL-TE noise from a flat plate with two TE sawtooth-serration geometries. Contrary to
Howe’s theory, the wide serrations with a larger wavelength-to-amplitude ratio (A\/h = 0.6)
achieved a better (0.5dB more) noise reduction compared to the narrow serrations (A/h =
0.2). It was suggested that the effects of serrated geometries on the hydrodynamic field at
the source location may play an important role in noise reduction. The assumption that
the turbulent flow is not affected by the presence of serrations in Howe’s theory is likely
invalid, hence explaining the large discrepancies between the predictions and experimental
data. Since then, more attention has been paid to the flow characteristics around the
serrated TEs in more recent experimental studies. The hydrodynamic field in the vicinity
of TE serrations has been investigated using hot-wire anemometry [43], 1211 [I87], laser
doppler anemometry [121], stereoscopic particle image velocimetry (PIV) [110, 111} 112,
113), 114] and tomographic PIV [12, 110]. Important findings from these recent studies are
summarised as follows: 1) streamwise vortices along the serrated TEs were observed [12,
43, [113] [I87]; 2) the interaction between the streamwise vortices and turbulent boundary
layer can redistribute the momentum transport and turbulent shear stress hence affect the
acoustic scattering efficiency of the TE [43]; 3) the strength of the streamwise vortices is
related to the local flow misalignment which is sensitive to the serration flap angle [113]
187]; 4) the high-frequency noise increase reported by Gruber et al. [76, [77, [78, [79] may be
due to intense turbulent flow near the pressure-side serration edges [I113),[114]; 5) serrations
can cause significant reductions in lift coefficient at low angles of attack and reduce the

turbulent energy in the wake [121].

Numerically, Jones and Sandberg [101], 102} [167] first employed DNS to investigate the
noise from airfoils with sawtooth-serrated TEs. In these studies, the immersed boundary
method was adopted to simulate the flow around the complex serrated geometries without

the need for complex grid generation. Trailing-edge serrations were found to effectively
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reduce the far-field noise level by 6 to 10dB with only minor effects on the noise directiv-
ity. The Reynolds stress amplitude, spanwise coherence and turbulent spectra upstream
of the extended serrations were not significantly altered by the serrated geometries, hence
the noise reduction is mainly due to the changes in the scattering process. It was also
suggested that the noise reduction could potentially relate to the hydrodynamic changes
in the vicinity of serrated geometries, where the streamwise-oriented turbulent structures
gradually develop into spanwise-dominant regimes along the serrations, eventually form-
ing horse-shoe vortices in the wake region between two serration tips. Arina et al. [I1]
used compressible LES to simulate the near-field flow of a NACA 65-1210 airfoil with
TE sawtooth-serrations and the FWH acoustic analogy to calculate the far-field acoustic
pressure. The predicted far-field noise level and directivity of the baseline airfoil were
in good agreement with experimental data. Serrations were found to effectively reduce
the TBL-TE noise at low-to-moderate frequencies (f < 4kHz) but increase the noise
at high frequencies (as reported by Gruber et al. [77, [78, [79]). High streamwise vortic-
ity appeared along the serration edges (as observed in Refs. [12] 43| [113] [I87]) and the
integral length scale in the near wake was significantly reduced by serrated geometries.
More recently, Sanjose et al. [I70] adopted Lattice-Boltzmann method (LBM) to perform
DNS-resolution simulations on a controlled diffusion airfoil with TE sawtooth-serrations.
Both the aerodynamic performance and far-field noise were effectively predicted, showing

a good agreement with experimental data.

2.3.2 Effects of Porous Trailing-Edge Treatments on Turbu-

lent Boundary Layer Trailing-Edge Noise

In recent years, the use of porous TEs for TBL-TE noise reduction has gained much
attention. Due to the complexity of the physical properties of porous material, it is difficult
to describe its actual physical geometries in analytical modelling. Porous structures are
usually simplified to a perforated flat plate in analytical studies on the acoustic scattering
problem of porous or poroelastic TEs. The physical geometries of porous geometries are
described by the porosity and pore radius of the plate. In 2013, Jaworski and Peake [99]

performed an analytical study on the acoustic scattering of a semi-infinite poroelastic edge
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when a turbulent eddy passes over it. This problem was solved using the Wiener-Hopf
technique, and the far-field acoustic power scattered from a porous TE was identified
to scale with freestream velocity US. The numerical results indicated that the rigid-
porous TE can achieve a noise reduction over lower frequencies. Later, a more realistic
problem of the acoustic scattering by a finite rigid plate with a poroelastic TE was solved
by Ayton [I5] based on a Wiener—Hopf factorisation process. In this study, the effects
of finite chordlength were taken into account. It was concluded that poroelastic TEs
could be efficient in TE noise control, but the interaction between the scattered acoustic
fields of the rigid leading edge and poroelastic TE may increase the scattered far-field
noise. In a more recent study by Kisil and Ayton [107], the effects of a porous TE
extension with a finite chord on TE noise scattering was investigated analytically. In
accordance with the work of Jaworski et al. [99], porous TE extensions were found to
significantly reduce the low-frequency noise, while the interference of the impermeable-
permeable junction may lead to a slight noise increase at high frequencies (as observed
in the experimental study by Geyer et al. [71]). However, these analytical studies for the
porous TEs with simplified geometries have not yet been experimentally validated, and
the effects of the unavoidable flow perturbations due to the permeability of the porous

structures are difficult to investigate analytically.

Several experimental studies on porous TEs have examined their effects on the TBL-
TE noise of an airfoil [34) 35, 68, 69, [71], 86l [172]. Geyer, Sarradj and Fritzsche [68] 69, 172]
characterised the flow resistivity of sixteen types of porous materials and performed a com-
prehensive investigation of fully porous SD 7003 airfoils made of these materials. In these
studies, the far-field noise, aerodynamic performance and boundary layer parameters of
the porous airfoils were measured using a microphone array, a six-component force balance
and a single hot-wire probe, respectively, in an anechoic wind tunnel. Measurements were
performed at various Reynolds numbers (4 x 10° < Re, < 8 x 10°) and geometric angles
of attack (—16° < a4y < 20°). Porous airfoils were found to reduce the TBL-TE noise
by up to more than 10 dB at low-to-moderate frequencies (St. < 100). However, a noise
increase was observed at high frequencies, presumably due to the surface roughness of the
porous material. The noise reduction by porous airfoils is largely related to the material

flow resistivity, but no general dependency or scaling law was established. Moreover, the



Chapter 2. Literature Review 20

porous materials led to a reduction in lift and an increase in drag, and the aerodynamic
performance of porous airfoils gradually deteriorated with a decreasing flow resistivity.
Later, Geyer and Sarradj [71] extended their work to a series of airfoils with a portion
of their TE region made of porous materials. The chordwise extent (normalised by the
airfoil chord) of the porous TE region varied from 0.05 to 1 (fully porous), and five types
of porous materials with a different flow resistivity were examined in this study. A larger
porous region led to a higher noise reduction without considering its aerodynamic disad-
vantage. When scaling the noise spectra with the measured lift, porous materials with a
low flow resistivity were found to be not feasible for airfoil TE noise control due to their
penalty in aerodynamic performance. Partially porous airfoils, even with only a small
TE region made of high-flow-resistivity materials, could effectively control the TBL-TE
noise. Fluctuating velocity data revealed that a decrease of flow resistivity or an increase
of chordwise porous extent could lead to an increase in the boundary layer thickness, wake
deficit and turbulence intensity. Herr et al. [86] measured the acoustic and aerodynamic
performance of a NACAQ012-derivative airfoil with a series of porous metal TEs with
different micro-structures and flow resistivities. A maximum broadband noise reduction
of up to 6 dB was achieved by porous TEs over low-to-moderate frequencies (f < 10kHz)
without significantly compromising the aerodynamic performance. Higher noise reduction
was obtained using materials with a higher functional-layer flow resistivity. Moreover,
a high-frequency noise increase (as reported in Refs. [68, 69, [71]) was observed for the
porous metal TEs with a relatively large spanwise pore size (> 160 um). More recently,
Carpio et al. [34, [35] measured the hydrodynamic field around four porous metal-foam
TEs (attached to a NACA 0018 airfoil) and the far-field noise scattered by them using a
time-resolved planar PIV system and a microphone array, respectively. A broadband noise
reduction of up to 10 dB was achieved over low frequencies (f < 1.6kHz) by the metal
foam edge with a higher permeability (lower flow resistivity), which is in accordance with
previous experimental data. In contrast to the porous TEs examined in Refs. [68, 69, [71],
these metal-foam TEs can lead to a reduction of turbulence intensity in the boundary
layer near the TE [34], 35]. Additionally, the convection velocity and Reynolds shear stress
magnitude in the TE boundary layer were also reduced. It was concluded that the low-

frequency noise reduction is attributed to these changes in the TE boundary layer and
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the attenuated acoustic impedance jump at the edge due to flow permeation through the
porous metal foam. Unfortunately, the high-frequency noise increase was again observed

and believed to be due to roughness-generated noise.

Numerically, only a handful of studies [23] [62], 163}, [164] have investigated the noise
generation of an airfoil with a porous TE. All these studies are based on a hybrid two-step
CFD/CAA procedure, where the turbulence statistics are first obtained by the RANS [62]
163| [164] or the zonal LES [23] simulations and then used as the input for the CAA step
to compute the acoustic field. The effect of porous material was modelled by a volume-
average model based on a linear-friction Darcy term and a non-linear Forchheimer term, in
which the physical properties of the porous material are described by porosity, permeability
and Forchheimer coefficient. In the more recent studies [23, [164], the measured acoustic
spectra [86] of both the solid and porous airfoils can be accurately (error within +3 dB)
reproduced over the lower frequencies (f < 6.3kHz) where noise reduction was achieved
by the porous TE. However, the high-frequency noise increase was not predicted by these
numerical studies. This could result from the lack of details in describing the porous

material or the limited accuracy of the CFD simulations.

2.3.3 Effects of Novel Trailing-Edge Treatments on Turbu-

lent Boundary Layer Trailing-Edge Noise

During recent years, many researchers have investigated the effects of novel TE geometries
on TBL-TE noise. Analytically, Azarpeyvand et al. [17] extended Howe’s model [92] and
derived the analytical expression of far-field acoustic spectra for novel periodic geome-
tries (slitted, slitted-sawtooth and sawtooth-sinusoidal serrations). These complex geome-
tries can significantly affect the interference between the acoustic waves scattered from
the edge, thus reducing the far-field noise level. Among these novel geometries, slitted-
sawtooth serrations were found to be most efficient in TBL-TE noise control, which has
also been confirmed experimentally [80]. Ayton [I6] recently proposed a method based
on the Wiener-Hopf technique for analytically solving the far-field acoustic spectrum of
the TBL-TE noise scattered from arbitrary but periodically serrated TEs. Two critical

noise reduction mechanisms were proposed for serrated TEs: 1) the destructive interfer-
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ence (over low-to-moderate frequencies) of acoustic fields scattered from the serration root
and tip, which can be maximised by square-wave geometry; 2) the acoustic energy redis-
tribution (over high frequencies) from low cut-on modes to high cut-off modes, which is
only effective for non-flat geometries. This study provided some useful insights into the
optimal geometry design for TBL-TE noise control. However, the accuracy of analytical
modeling is still limited by the fact that the effects of complex geometries on the turbulent

flow cannot be modelled analytically.

Several experimental studies [80), [83] 84, 110, [IT5] have examined the noise reduction
capability of TE extensions with novel geometries. It was found that the TBL-TE noise
can be effectively reduced by TE brushes [64, 83], [84] by up to 10dB (broadband reduc-
tion), slits [80] by up to 5dB (reduction in overall sound power level OAPW L), perforated
serrations [80] by up to 1dB (OAPW L reduction), randomly distributed serrations [80]
by up to 3dB (OAPW L reduction), slitted serrations [80, 110] by up to 8dB (broad-
band reduction) and hybrid-slitted serrations [I15] by up to 8 dB (broadband reduction).
Chong et al. [45] investigated the self-noise generation of a NACA 0012 airfoil with three-
dimensional cut-in serrations of different serration amplitudes (2h = 10 or 20 mm) and
wavelength-to-amplitude ratios (A/h = 0.49-1.87). Serrations with such 3D geometry can
achieve a broadband noise reduction of up to 6.5dB but also promote high-amplitude
narrow-band noise due to the bluntness of the cut-in serration root. Smaller serration an-
gle and large serration amplitude (2h/0 > 1) were found to be beneficial for TBL-TE noise
reduction. In follow-up studies by Vathylakis et al. [186] and Chong et al.[40], novel TE
treatments combining the cut-in serration and porous material, namely porous-serrated
treatments, were investigated. The use of porous material in between the cut-in serrations
can completely suppress the narrow-band noise increase due to the blunt serration roots
and achieve a further 1.5dB broadband noise reduction (compared to the cut-in serra-
tions) without compromising the aerodynamic performance. More recently, inspired by
the downy canopy on owl’s flight feathers and the great potential of canopy structures [47]
in attenuating surface pressure fluctuations (by up to 30dB), Clark el al. [48] proposed a
series of 3D finlet add-ons for TBL-TE noise control. In this study, 3D finlet add-ons were
attached onto the airfoil surface near the TE. Broadband noise reductions of up to 10 dB

can be achieved by these add-ons over high frequencies with minute aerodynamic penalty
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(a slight increase in drag).

Numerically, in addition to sawtooth-serrated and porous TEs, only a few studies [13],
14, [183), [184] investigated flat-plate TE extensions with novel-serrated geometries (slitted-
sawtooth serrations [184], combed-sawtooth serrations [14], 183] and curved serrations [13]).
In these studies, the flow field and far-field noise were simulated using the compressible
LBM and FWH acoustic analogy [63], respectively. In addition to these novel serrated
TEs, the airfoil with straight and sawtooth-serrated TEs were also simulated, and their
far-field noise spectra predicted by the FWH analogy were in good agreements with the ex-
perimental data measured in Ref. [I12]. Simulation results indicated that both the curved
and combed-sawtooth serrations are more efficient in TBL-TE noise control compared to
conventional sawtooth serrations, however, their actual noise reduction capabilities have

not yet been confirmed experimentally in the literature.

2.3.4 Effects of Trailing-Edge Treatments on Laminar-Transitional

Boundary Layer Trailing-Edge Noise

The noise generated by the interaction between a laminar-transitional boundary layer and
a treated TE, such as a serrated TE, has been rarely studied. Chong et al. [42] [44] experi-
mentally investigated the effects of cut-in sawtooth serrations on the LBL-TE noise. It was
found that the tonal noise level can be significantly reduced by such TE treatment when the
serration angle and amplitude is sufficiently large. Near-wall flow characteristics obtained
using a hot-wire probe and hot-film arrays indicated that the cut-in serrations promote
bypass transition to suppress flow separation, which reduces the two-dimensionality of
the T-S wave and sequentially restrains the amplification process in the acoustic feedback
loop. More recently, Moreau and Doolan [132] measured the far-field noise and near-wake
velocity fluctuations of a sharp-edge flat plate with sawtooth-serrated TE extensions at
low Reynolds numbers. Contrary to the cut-in serrations examined in Refs. [42] [44], excess
tonal noise was observed for the serrated extension with a small serration angle. Near-wake
velocity data indicated that such geometry could induce intensive vortices at its serration

tips, hence promoting the generation of high-amplitude tonal noise.

For the porous and novel TE treatments, previous studies have mainly focused on the
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reduction of TBL-TE noise; the effects of these treatments on LBL-TE noise has not yet
been reported in open literature. Since the latter self-noise mechanism can be the dominant
noise source for airfoil applications operating at relatively low Reynolds numbers [132]
(e.g., wind turbine blades operating at off-design conditions), more attention should be

paid to LBL-TE noise when developing low-noise TE treatments.

2.3.5 Rotor Trailing-Edge Treatments

Numerous studies on TE treatments for stationary airfoils have been reviewed. Surpris-
ingly, little information about rotor TE treatments for self noise control has been reported
publicly. Oerlemans et al. [I47] measured the noise from a reference two-blade wind tur-
bine model, a wind turbine model with acoustically optimised profiles and a wind turbine
model with TE sawtooth serrations using a microphone array in an anechoic wind tunnel.
Results showed that a broadband noise reduction of 2 to 3dB can be achieved with TE
serrations. Later, Oerlemans et al. [149] extended their work to a 94m-diameter wind
turbine consisting of a standard (baseline) blade, a shape-optimised blade and a blade
with TE sawtooth serrations. For the most prominent operating conditions (wind speeds
from 6 to 10m/s), the noise reduction with the serrated treatment was found to increase
with increasing wind speed, and an averaged A-weighted overall noise reduction of 3.2dB
was reported. More recently, Oerlemans et al. [145] reported limited experimental re-
sults (A-weighted overall noise levels) for wind turbines with a porous TE device and TE
combed-sawtooth serrations. The porous treatment reduced the A-weighted overall noise
level by approximately 2dB without compromising the turbine output level. The combed-
sawtooth serrations were found to be a more promising design compared to the sawtooth
serrations, achieving a further noise reduction of approximately 2dB at high wind speed.
Unfortunately, no details of these two promising designs were included (except for a photo

of the combed-sawtooth serrations).

2.4 Summary and Research Gaps

To better explain the research objectives, methodology and theoretical basis of this thesis,

this chapter first systematically reviewed the state of knowledge on airfoil TE noise from
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the theoretical, experimental and numerical perspectives. Summarised from past theo-
retical studies, the intensity of TBL-TE noise is related to the following characteristics:
1) surface pressure fluctuations (such as surface pressure spectrum in Ref. [0]); 2) length
scale of coherent turbulent structures (such as spanwise correlation length in Ref. [6]); 3)
turbulence convection velocity [6l, 25, 152, [162]. These findings will be used as the the-
oretical basis for the analysis of the noise reduction mechanisms for porous and serrated
TE treatments in Chapter [6] Experimentally, the dependency of TE noise intensity on
U3, and the semi-empirical BPM model have been validated by numerous studies. In
Chapter [§] they will be employed as the theoretical basis and guidance for developing the
noise scaling model for wind turbine noise prediction. Numerically, various techniques
(such as DNS, DNC and LES combined with FWH) have been employed to investigate
the TBL-TE noise in past studies. The method of using compressible LES for flow mod-
elling and FWH acoustic analogy for noise prediction has the advantages of relatively low
computational cost (compared to DNS) and high noise prediction accuracy. Therefore, it
will be employed to investigate the noise generation mechanism of an airfoil with porous
TE treatment in Chapter [6] In terms of the LBL-TE noise, past studies mainly focus
on its generation mechanism. Although no general consensus has been established, it can
be concluded that the production of such self-noise is strongly related to the boundary
layer instabilities and vortex shedding in the wake. This finding will be used to explain
how the flow characteristics are related to the LBL-TE noise reduction by treated TEs in
Chapter [6]

In order to identify the research gaps, a significant number of studies on TE treatments
for airfoils and rotors have also been reviewed. Most of these studies have focused on the
control of TBL-TE noise. TE sawtooth serrations, as the most common TE treatment,
have received much attention during the last three decades. Analytical studies suggest
that the noise reduction by TE sawtooth serrations is solely due to the destructive inter-
ference induced by the serrated geometries in the acoustic scattering process. However,
experimental and numerical studies have indicated that the serrated geometries can sig-
nificantly alter the turbulent flow structure and redistribute the momentum transport and
turbulent shear stress, thus reducing the noise scattered from the edge. These findings

indicate that both the source strength and scattering process need to be considered when
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investigating the noise reduction mechanisms of TE treatments.

For porous TE treatments, both analytical, experimental and numerical studies have
reported that significant noise reductions can be achieved over low frequencies. It was
suggested that the low-frequency noise reduction may be due to: 1) reduced turbulence
intensity, Reynolds shear stress and convection velocity in the boundary layer; 2) reduced
acoustic impedance jump at the TE due to the flow permeation through the porous mate-
rial. However, a broadband noise increase over high frequencies has been observed for most
porous TE treatments in experiments. This noise increase may result from the roughness
noise induced by the porous geometries, but no direct evidence has been reported in past
studies. Due to the complexity of the physical properties of porous material, existing an-
alytical and numerical studies rely on simplified geometries or models of porous media to
describe the porous structures. Consequently, the high-frequency noise increase has not
yet been detected in analytical and numerical studies. Moreover, the porous materials in
previous experimental and numerical studies are only characterised by the flow resistivity
(permeability) and porosity. Since many porous materials inherently have a good sound
absorption capability, the sound absorption may also play a role in noise reduction by
attenuating the noise scattering process. Prior to this thesis, no literature has been found

to relate the sound absorption to the TE noise reduction.

Several novel TE treatments, including the brushes, slits, slitted serrations, porous-
serrated TE and 3D finlet add-on, have shown great potential in TBL-TE noise control.
The noise reduction performance of these treatments was determined by either comparing
to an airfoil with straight edge, an airfoil with a flat-plate extension or an airfoil with TE
sawtooth serrations, and measurements were performed using different boundary layer
tripping methods and measurement techniques at different facilities and operating condi-
tions. All these differences could potentially lead to a biased comparison, therefore it is
of great importance to examine the novel TE treatments using the identical experimental
setup and reference to provide a fair comparison of their noise reduction capability. More-
over, no literature has been found to evaluate the TE noise performance of rotors with
novel serrated and porous treatments, nor report the effects of novel serrated, porous and

porous-serrated TE treatments on LBL-TE noise.

In this thesis, the following research gaps are addressed:
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1. The potential effect of the sound absorption of porous structures on TE noise gen-

eration is experimentally investigated;

2. The mechanisms of the noise reduction by porous TE treatments and the associated

high-frequency noise increase are numerically investigated;

3. The noise reduction performance of a series of novel serrated, porous and porous-
serrated TEs (see Table [3.4] for their geometries) on the LBL-TE noise and TBL-TE

noise are experimentally evaluated using the identical measurement setup;

4. The flow characteristics around a series of novel serrated, porous and porous-serrated

TEs are related to their TBL-TE noise reductions;

5. The aeroacoustic performance of rotor blades with porous, extended-serrated and

cut-in-serrated TEs are experimentally evaluated.



Chapter 3

Methodology

3.1 Overview

This chapter details the experimental techniques and computational methodology em-
ployed to investigate the noise generation of airfoils and rotors with trailing-edge (TE)
treatments, and the experimental techniques used for developing a noise prediction model
for industrial-scale wind turbines based on university-scale wind tunnel data. It is struc-
tured as follows: first, Sec. describes the characterisation method and geometries of
the porous structures to be applied in airfoil TE noise control. Next, Sec. details the
facility, experimental setup and measurement techniques used in two experimental cam-
paigns in the UNSW Anechoic Wind Tunnel, in which the effects of porous and serrated
edge treatments on TE noise generation have been investigated. Afterwards, details of
the measurements performed using the UNSW Rotor Rig are described in Sec. where
the aeroacoustic performance of rotors with treated TEs have been evaluated. Finally, the
computational methodology employed to study the noise generation mechanisms of the

airfoil with a porous TE is detailed in Sec.

28
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3.2 Acoustic Characterisation of the 3D Printed
Porous Structures

Porous structures have been characterised in terms of acoustic absorption for their appli-
cation in airfoil TE noise control. The sound absorption of traditional porous material is
usually proportional to its thickness. However, the airfoil TE region is too thin for tradi-
tional porous material to be efficient as a sound absorber. Inspired by the micro-perforated
panel (MPP) theory proposed by Maa [126, 127, [128], two types of porous structures that
can achieve good sound absorption with a limited thickness have been additively manu-
factured (3D printed) and characterised in two measurement campaigns: MC Campaign

1 and MC Campaign 2.

3.2.1 Test Specimens

In both MC Campaign 1 and 2, 3D printed porous specimens are made of the material
Visijet M3 supplied by 3D Systems Inc. ®. This material has a liquid density of 1.02 g/cm?
at 80°C, a tensile strength of 42.4 MPa, a tensile modulus of 1463 MPa and a flexural
strength of 49 MPa. A high-definition professional 3D printer Projet 3500 HDMax is
employed for specimen fabrication. All specimens were printed with a layer resolution of
16 pm and an accuracy of 0.025-0.05 mm per 25.4 mm of part dimension.

Figure [3.1] shows the structure of test specimens in MC Campaign 1. The geometries
of these specimens are characterised by pore diameter dy, thickness hg, pore aspect ratio
AR = dy/ho and porosity ¢ = V,,/Vp, where V,, is the volume of void-space and Vr is
the total volume of material. The acoustic properties of ten porous specimens and three
reference specimens were measured, where the reference specimens are used to evaluate
the effectiveness of the porous specimens. All cylinder specimens have a diameter of Dy
= 29mm. For the ten porous specimens P1 to P10, the porosity ¢ ranges from 5.35 to
11.53 %; pore diameter do ranges from 0.6 mm to 1 mm and thickness hy ranges from 5 mm
to 10mm. Reference specimen R1 is a 3D printed solid cylinder with a diameter Dy =
29 mm and thickness hg = 10mm. Specimens 40PPI, 20PPI and 10PPI are aluminium

foams with a pore density of 40, 20 and 10 pores per inch, respectively. According to
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Figure 3.1: Geometries of the 3D printed micro-tube specimens and reference specimens:
(a) schematic of micro-tube structures; photos of specimens with (b) different porosity
¢, (c) different pore diameter dy and (d) different thickness ho; (e) photos of reference
specimens (from left to right): SR (3D printed solid resin with hg = 10mm), 40PPI,
20PPI and 10PPI (aluminium foam with ¢ = 92-94%).

Side view

(a) (b) (c)

Figure 3.2: Geometries of the 3D printed micro-perforated housings: (a) with melamine
resin foam (Basotect ® foam) infill; (b) with an air gap; (c) schematic of the assembled
specimen and its dimensions.
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Table 3.1: Geometric parameters of micro-tube specimens, reference specimen and porous
aluminium specimens in MC Campaign 1.

Pore

Specimen No. of Diameter Porosity ¢  Thickness Aspect
Holes do (mm) (%) ho (mm)  Ratio AR
P1 97 1 11.53 10 10.0
P2 69 1 8.20 10 10.0
P3 45 1 5.35 10 10.0
P4 146 0.8 11.11 10 12.5
P5 269 0.6 11.51 10 16.7
P6 97 1 11.53 9 9.0
pP7 97 1 11.53 8 8.0
P8 97 1 11.53 7 7.0
P9 97 1 11.53 6 6.0
P10 97 1 11.53 5 5.0
SR 0 0 0 10 N/A
40PPI N/A N/A 92-94 10 N/A
20PPI N/A N/A 92-94 10 N/A
10PPI N/A N/A 92-94 10 N/A

Table 3.2: Geometric parameters of micro-perforated housings with an air gap or acoustic
foam infill in MC Campaign 2.

Pore

Specimen  Diameter Poro(;lty ¢ u fim fuy Gap
do (mm) (%) (mm) (mm) (mm) Media

PA1 1 11.53 1 8 1 Air
PA2 1 11.53 2 6 2 Air
PA3 1 11.53 3 4 3 Air
PA4 1 11.53 4 2 4 Air
PF1 1 11.53 1 8 1 Foam
PF2 1 11.53 2 6 2 Foam
PF3 1 11.53 3 4 3 Foam
PF4 1 11.53 4 2 4 Foam
F10¢ N/A >99 0 10 0 Foam

2F10 is a 10 mm-thick Basotech ® foam without the micro-perforated housing.

the manufacturer, all porous aluminium specimens have a porosity of 92-94 %. Detailed
geometric parameters of the test specimens in MC Campaign 1 are listed in Table

In MC Campaign 2, a novel structure consisting of a micro-perforated housing (ge-
ometries based on specimen P1) and acoustic foam (Basotect ® foam) infill is additively
manufactured and characterised. Figure [3.2] shows the structure of test specimens in MC

Campaign 2. All specimens have a diameter Dy of 29 mm and total thickness hg of 10 mm.
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The pore diameter dy and porosity ¢ of the micro-perforated housing part are identical
to those of specimen P1 in MC Campaign 1. For specimens PA1-PA4, thickness of the
top micro-perforated panel h; is identical to that of the bottom micro-perforated panel hy,
varying from 1-4 mm. In between these two panels, an air gap is present with a thickness
hp, varying from 2-8 mm. For specimens PF1-PF4, their 3D printed geometries are identi-
cal to those of PA1-PA4, whereas the air gap is replaced by a cylindrical Basotect ® foam
(melamine resin foam). Note that the top and bottom panels are connected through pins
as shown in Figure Detailed geometric parameters of test specimens in MC Campaign
2 are listed in Table 3.2

3.2.2 Measurement Setup and Theoretical Background

A two-microphone impedance tube B&K type 4206 was used to characterise the acoustic
properties of the porous specimens proposed in this thesis. As shown in Figure it
consists of a solid anodised aluminium tube with a diameter of 29 mm (on the right) and a
loudspeaker (at the left end). The specimen was held at a rigid termination at the right end
of the tube. A B&K LDS PA25E power amplifier drove the loudspeaker to act as a sound
source. Sound pressures were measured by two GRAS® type 40 PH 1/4 inch free-field
microphones positioned separately on the top of the tube. A laptop and a 24 bit NI 9234
CompactDAQ were used to generate the noise source signal and collect data. The test
specimen was fixed at the right end of the impedance tube as shown in Figure|3.3b] where
the distances from the test specimen front face to the furthest and nearest microphones
are denoted as z1 (0.17m) and z2 (0.15m), respectively, and the distance between two

microphones is denoted as s = x1 — x2 (0.02m).

Acoustic characterisation by the impedance tube is based on the transfer function
method [46]. It uses the transfer function between the signals measured by two micro-
phones at different locations and the transfer function between these two locations for
incident and reflected waves to calculate the acoustic properties of the test specimen.
The transfer functions for the incident wave H; and for the reflected wave Hi can be

determined by

H[ _ pﬁ — e—jko(xl—Z‘Q) — e_jk'OS (31)
p1,
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Figure 3.3: Acoustic characterisation setup:(a) measurement setup in-situ;(b) Schematic
of impedance tube.

Hp = P2p _ e—jko(m—wz) _ ejk087 (3.2)
Pigr

where p;, and p;, are the incident and reflected sound pressure at the position of mi-
crophone %, s is the distance between the two microphones and kg is the wave number
ko = 2w f/co. Hr and Hg only vary when microphone distance s changes. The transfer

function between the signals measured from microphones 1 and 2 can be determined as

Do elkorz | Tpe—jk’om
Hig =— = o — (3.3)
D1 6]01+Tp6301

where 7, is the complex sound reflection coefficient, and p; and py are the sound pressure
measured by microphone 1 and 2. Manipulating Eq. , the complex sound reflection
coefficient r,, complex acoustic impedance Z and sound absorption coefficient c, can then
be obtained by

(3.4)
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1+7r
Z = L :
=, " (3.5)
ap=1—|ryl% (3.6)

3.2.3 Maa’s Model of Micro-Perforated Panel

Incident acoustic wave p'

b l_4g5%

OO0 (I

Micro-perforated
panel

Air gap h,
Rigid wall

(a) (b)
Figure 3.4: Schematics of (a) micro-perforated resonant absorber (micro-perforated panel
with an air gap) and (b) its equivalent circuit.

In MC Campaign 2, the analytical model of a micro-perforated panel proposed by
Maa [126] is used to predict the sound absorption of the top micro-perforated panel and
air gap, which corresponds to regions of thickness h; and h,, as shown in Figure [3.2¢
In order to attain broadband high acoustic absorption, a perforated panel should match
the characteristic acoustic resistance of air while retaining low acoustic mass. Since the
acoustic resistance is inversely proportional to the perforation diameter, an ordinary per-
forated panel with large-size perforations can not provide enough acoustic resistance to
achieve efficient acoustic absorption. However, when the perforations are reduced to sub-
millimeter size (dy < 1mm), sufficient acoustic resistance can be provided for efficient
sound absorption.

Figure [3.4] shows the structure of a micro-perforated panel absorber and its equivalent
circuit. In Maa’s model, the micro-perforated panel are treated as the parallel connection
of a large number of micro-tubes. According to the solutions obtained by Rayleigh [I58] for
the acoustic wave in small cylindrical tube and the simplified derivation by Crandall [51],
the acoustic impedance of a single micro-tube Z; can be approximated (error < 6%)

by [126, 127, 128]

32pphy b ( 1 )
7 = 1 22 4 juphy (14— (3.7)
d3 32 I+ k2/2
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where p is the air density, u is the kinetic viscosity, dyg is the perforation diameter, h; is the
perforation height (panel thickness), w = 27 f is the angular frequency and k, = do+/w/4p.
Considering the end effects induced by sound radiation from the micro-tube end and

friction loss of the flow through micro-tube, acoustic impedance Z; can be corrected to

1 d
+ jw,oht<1 +———+085 °> . (3.8)

O+ k2/2 he

Assuming the interference of the micro-tubes are negligible, the total impedance from the

. _ 321N Hlingﬂkp@
TR 32 8 Iy

micro-perforated panel Z, can be obtained by dividing porosity of the panel ¢, which is

given by

VA
Zy = e (3.9)
According to the equivalent circuit as shown in Figure the total acoustic impedance
of the micro-perforated resonant absorber (micro-perforated panel with an air gap) Zita

is given by

Liotal = Zp + Zy . (310)
The acoustic impedance of the air gap Zy is determined by

whpm,
—)

Zy = —jpecot( ) (3.11)

where c¢ is sound of speed and h,, is thickness of the air gap. The acoustic absorption of

the micro-perforated resonant absorber «;, can then be determined by

4R, pc
(Rp + pc)? + (wM, — pccot(whi,/c))?)

a, = (3.12)

where R, and M, are the acoustic resistance and acoustic mass of the micro-perforated

panel determined from Egs. (3.8) and (3.9), given by

32puht\/ k2 N2k, dy

R, = 1+ = — 3.13

P2 VTR T TR R (8.13)
Pht< 1 do)

My=L" 14— 4108522). (3.14)
¢ 9+ k2/2 hy



Chapter 3. Methodology 36

3.3 Anechoic Wind Tunnel Measurements

Two experimental campaigns were conducted in the UNSW Anechoic Wind Tunnel for
the purpose of 1) investigating airfoil low-noise TE treatments and 2) predicting wind
turbine noise using data obtained from a university-scale lab. A summary of experimental

measurements taken in the UAT is presented in Table

Table 3.3: Summary of UAT measurements

Campaign name Airfoil profile Measurements

Microphone array, hot-wire near-wake

UAT Campaign 1  NACA0012 velocity

Cambered wind  Microphone array, aerodynamic force,

AT i . o . .
UAT Campaign 2 turbine airfoil pitot tube near-wake velocity

3.3.1 Facility

The UNSW Anechoic Wind Tunnel (UAT) is an open-jet wind tunnel with a 0.455m X
0.455 m test-section that is surrounded by a 3m x 3.2m X 2.15m anechoic chamber. The
tunnel is driven by a centrifugal fan that draws air into the test chamber through a 1.07 m
x 1.07m honeycomb, five turbulence reduction screens and a 5.5:1 area ratio contraction
section. The air then flows into the anechoic chamber through the inlet as shown in
Figure The airfoil model is mounted immediately downstream of the inlet between
two end-plates. The maximum freestream velocity of this facility is approximately 60 m/s.
The acoustic absorbing walls in the test chamber are made from 250 mm thick, acoustic
grade Basotect ® foam, which leads to a quasi-anechoic environment inside the chamber
for frequencies above approximately 250 Hz. An acoustically lined U-bend diffuser-muffler
system, placed between the fan and the chamber, serves to expand the flow and shield the
test-section from the fan noise. The freestream, test-section velocity is monitored using
the difference between the settling chamber and test-section pressure. The uncertainty in
the velocity measurement is 0.02m/s at freestream velocity of 30 m/s.

The level of background noise is a critical characteristic for the quality of acoustic
measurements obtained in a wind tunnel. The background noise of the UAT at freestream

velocities of 10 to 50m/s (every 2m/s) was characterised by a GRAS® type 40 PH 1/4
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Figure 3.5: Schematic of the UNSW Anechoic Wind Tunnel

inch microphone placed 800 mm away from center line of the test section pointing to the
flow perpendicularly. Figure shows the measured power spectral density (PSD) and
overall sound pressure level (OASPL) of the background noise at freestream velocities
of 20, 30, 40 and 50m/s. All background noise spectra show a low noise level and a

approximately ‘linear’ (in logarithmic scale) frequency characteristics.
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Figure 3.6: Background noise measured in UAT at Uy, = 20, 30, 40 and 50 m/s: (a) power
spectral density (PSD); (b) overall sound pressure level (OASPL) over 250 to 10000 Hz.

The turbulence intensity and flow uniformity of the UAT were characterised using a
Dantec Dynamics ® miniature hot-wire probe and a 4-hole TFI® Cobra 382 type pressure
probe. All flow characterisations were conducted at freestream velocity Us, = 30m/s.
Figure presents the turbulence intensity measured by the hot-wire and Cobra probe

along the center-line of the jet core at streamwise location /Dy =0-1.4 (x/Dg = 0is at
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the contraction outlet plane, and positive z stands for downstream locations), where Dy is
the width of the test section (Dg = 0.455 m). The results obtained with the hot-wire and
Cobra probe show good consistency, and the turbulence intensity I, = \/ﬁ JU (v is the
fluctuating streamwise velocity and U is the local mean velocity) along the jet core center-
line varies from 0.22 % to 0.62 %. The test model is usually installed at a downstream

location x/Dp between 0 and 0.6, where I,,,, maintains steady and low (around 0.25 % at

Uso = 30m/s).
0.7 ‘
—&— Cobra probe
06L o HW probe o |
°
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Figure 3.7: Turbulence intensity measured by hot-wire and Cobra probe along the jet core
center-line.

Figure [3.8] shows the mean velocity profiles across the mid-plane of the contraction
outlet at downstream location /Dy = 0.25, 0.5, 1 and 1.5 in y and z directions. The flow
in the jet potential core is highly uniform between -0.4 Dy to 0.4 Dy on the cross-lines
in y and z directions at all cross-stream planes.

Figure [3.9| shows the turbulence intensity I, results obtained from the same dataset
acquired with the hot-wire probe. For cross-lines in y and z directions on the planes
at /Dy = 0.25 and 0.5, the distribution of I, in the jet core region (Jy| < 0.15Dpy
and |z| < 0.15Dp) is highly uniform and is maintained at a low level. The turbulence
intensity increases rapidly near the edges of the contraction outlet, indicating the presence
of the turbulent shear layer around the jet potential core. The size of the low turbulence
region keeps reducing on the planes further downstream (x/Dpg = 1 and 1.5) due to the

development of the shear layer. All flow measurements were conducted at the region where
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Figure 3.8: The hot-wire measurement results of the mean velocity profiles across the
mid-plane of the contraction outlet at various downstream locations in (a) the y-direction
and (b) the z-direction at Us, = 30m/s.
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Figure 3.9: The hot-wire measurement results of the turbulence intensity I, across the
mid-plane of the contraction outlet at various downstream locations in (a) the y-direction
and (b) the z-direction at 30 m/s.

the flow is highly uniform and has low turbulence level (x < 0.7Dpg, |y| < 0.15Dy and
|z| < 0.15Dp).

Figures [3.10] and present the mean velocity and turbulence intensity I, results
obtained using the Cobra probe on the cross-stream planes at /Dy = 0.25 and 0.5 in a
form of colormaps. This aims to evaluate the effects of the contraction geometries on the
flow uniformity. The results have shown that the mean velocity and turbulence intensity

are preserved uniformly over a large region (|y| < 0.3Dpy and |z| < 0.3Dg) on both planes,
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indicating the flow uniformity in the jet potential core is not significantly affected by the

octagonal geometry of the contraction outlet.
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Figure 3.10: Colormaps of the mean velocity (Usx, = 30m/s) measured by Cobra probe
on the cross-stream planes at (a) /Dy = 0.25 and (b) 0.5. Boundary of the test-section
inlet is marked by the dashed black line.
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Figure 3.11: Colormaps of the turbulence intensity (Us, = 30m/s) measured by Cobra
probe on the cross-stream planes at (a) /Dy = 0.25 and (b) 0.5. Boundary of the test-
section inlet is marked by the dashed black line.

3.3.2 Test Models and Setup

UAT Campaign 1

The airfoil model used in UAT Campaign 1 is composed of a main aluminium body and

an additively manufactured resin flat-plate extension (see Figure |3.12a)). The main body
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has a NACAO0012 profile with a span of 0.455 m, a theoretical chord of 0.2m and an actual
chord of 0.19m (due to truncated TE). The extension plate has a total length of 0.05m
(0.04 m for the flat-plate region which extends the chord) and a thickness of 1 mm. Unless
otherwise specified, the overall chord length of the airfoil model, 0.24 m, will be used as

the reference chord length for UAT Campaign 1.
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Figure 3.12: CAD drawings of the airfoil model. (a) Model before assembly; (b) Model
after assembly (dimensions included).

A total of 12 TE extension designs, including one baseline flat-plate extension, have
been investigated. The geometrical parameters for these extensions are summarised in
Table This experimental campaign focuses on characterising the acoustic performance
and near wake flow of porous, novel serrated, combined porous-serrated and serrated-
porous flat-plate TEs. The flat-plate extension on the baseline model serves as a reference
to keep the maximum chord, hence the maximum chord-based Reynolds number Re.,
identical for all cases. Xfoil predictions of the lift coefficients for the baseline model and a
bare NACAO0012 airfoil of 200 mm chord only show a difference of up to approximately 5%
at the same flow speed and angle of attack. This indicates the effects of the thin flat-plate
extension on aerodynamic lift generation is not significant. For extensions that have porous
structures, their porous regions consist of a series of uniformly-spaced cylindrical through-
holes with 0.8 mm diameter on the flat-plate and share the same porosity ¢ (defined as the
ratio of permeable area Ap to the area of porous region on the flat-plate extension Agp, i.e.,
¢ = Ap/App) of 0.13, which was optimally determined on the basis of acoustic absorption
measurements in Chapter [4] For extensions that have sawtooth-serrated structures, they

have different values for A and A/ (the definitions of A and h are summarised in Table[3.4)),
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and their geometries are based on two basic sawtooth-serrated cases (NS and WS). For
extensions NS, NSP, NPS, CS, CSP, SS and SSP, they share the same A and A/h values,
and the comparison between these cases can provide insight to evaluate the effects of novel

serrations and novel poro-serrated structures on TE noise reduction/generation.

Table 3.4: Geometries for TE extensions tested in this study. The direction of free stream

velocity U is also shown in the sketch (from top to bottom).

Sketches

Descriptions

Abbr.

lfo

}h

Baseline TE: unserrated, nonporous reference flat-
plate extension, amplitude 2h=40mm, thickness

b=1mm

BL

Porous TE: unserrated, porous flat-plate extension,
amplitude 2h=40 mm, porosity ¢=0.13, hole diame-

ter dp=0.8 mm, b=1 mm

—C

Wide-serrated TE: wide-sawtooth-serrated flat-
plate extension, 2h=40mm, wave length A=36 mm,

A/h=1.8, b=1mm

WS

Wide-serrated-porous TE: wide serrations (tips
pointing in the freestream velocity direction) com-
bined with porous serrations. 2h=40 mm, A=36 mm,

A/h=1.8, $=0.13, dy=0.8 mm, b=1mm

WSP

Wide-porous-serrated TE: porous serrations (tips
pointing in the freestream velocity direction) com-
bined with wide serrations. 2hA=40mm, A=36 mm,

A/h=1.8, $=0.13, dpy=0.8 mm, b=1mm

WPS

«—C

Narrow-serrated TE: narrow-sawtooth-serrated
flat-plate extension, 2h=40 mm, A=12mm, A/h=0.6,

b=1mm

NS




Chapter 3. Methodology

43

Narrow-serrated-porous TE: narrow serrations
(tips pointing in the freestream velocity direc-
tion) combined with porous serrations. 2h=40mm,

A=12mm, \/h=0.6, $=0.13, dy=0.8 mm, b=1 mm

NSP

Narrow-porous-serrated TE: porous serrations
(tips pointing in the freestream velocity direc-
tion) combined with narrow serrations. 2h=40mm,

A=12mm, \/h=0.6, $=0.13, dp=0.8 mm, b=1 mm

NPS

=

Curved-serrated TE: curved-sawtooth-serrated
flat-plate extension, 2h=40 mm, A=12 mm, A/h=0.6,

b=1mm

CS

Curved-serrated-porous TE: curved serrations
(tips pointing in the freestream velocity direc-
tion) combined with porous serrations. 2h=40mm,

A=12mm, \/h=0.6, $=0.13, dp=0.8 mm, b=1 mm

CSp

«—C

Slitted-serrated TE: slitted-sawtooth-serrated flat-
plate extension 2h=40mm, A=12mm, \/h=0.6,

b=1mm

SS

Slitted-serrated-porous TE: slitted serrations
(tips pointing in the freestream velocity direc-
tion) combined with porous serrations. 2h=40mm,

A=12mm, \/h=0.6, $=0.13, dp=0.8 mm, b=1 mm

SSP

Measurements of the airfoil model were taken under two boundary layer conditions:

1) natural boundary layer transition for the investigation of laminar-transitional bound-

ary layer trailing-edge (LBL-TE) noise (UAT Campaign la); 2) forced boundary layer

transition for the investigation of turbulent boundary layer trailing-edge (TBL-TE) noise

(UAT Campaign 1b). Note that the forced boundary layer transition was achieved by

installing a 0.4mm thick zig-zag Glasfliigel turbulator at 10% chord on both sides of the
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airfoil model. In UAT Campaign 1a, the acoustic and flow measurements of the 12 TE

extensions attached to the natural-transitioned airfoil were taken at freestream velocities

from 12m/s to 20m/s corresponding to Reynolds numbers of 1.9 x 10° to 3.2 x 10°. In

UAT Campaign 1b, the extensions BL, P,

NS, CS, NSP and CSP were tested on the

forced-transitioned airfoil at freestream velocities from 20m/s to 50 m/s corresponidng to

Reynolds numbers of 3.2 x 10° to 8 x 10°. For all measurements in UAT Campaign 1,

the airfoil model was set at a geometric angle of attack of 4°, which corresponds to an

effective angle of attack of 1.9° after the open-jet correction using Eq. (3.29)).

Figure [3.13] shows the acoustic measurement setup for UAT Campaign 1. The airfoil
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Figure 3.13: Schematics of the acoustic measurement setup for UAT Campaign 1: (a)
perspective view; top view for (b) UAT Campaign la and (¢) UAT Campaign 1b.
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with TE extension was mounted between two end-plates. A 64-microphone phased array
was installed on the pressure-side of the airfoil to measure the far-field sound. The mi-
crophones in the array were arranged in an optimised spiral fashion to have the smallest
beamwidth possible at the largest aperture possible [I55]. The location of the array centre

relative to the airfoil TE (set at zero geometric angle of attack) in UAT Campaign la and

1b are shown in Figures [3.13b| and |3.13c], respectively. The array utilised GRAS® type

40 PH 1/4 inch microphones which have a flat response (within £2dB) up to 20kHz. A
wind-screen was installed on each array microphone to shield them from extraneous noise
which might be present due to recirculation within the anechoic chamber. The acoustic
pressure from the microphones was acquired using a National Instrument ® PXI platform

with 24-bit resolution at a sampling rate of 2'% Hz for 32s.

Hot-wire anemometry was used to perform the near wake survey of streamwise velocity
of the novel TE extensions. In UAT Campaign 1la, three Dantec Dynamics miniature
hot-wire probes were used for measuring the mean and fluctuating velocity 1 mm (0.004c)
downstream of the TE of natural-transitioned airfoil model (see Figure . Probes were
held in a 3D printed aerodynamic probe holder which was mounted to a Dantec ® traverse
(positional uncertainty of 6.25 um) through an extruded aluminium aerodynamic traverse
arm. The three probes were oriented parallel to the free stream velocity and positioned at

1 mm downstream of the TE at multiple span-wise locations, where the z coordinates for

1
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Figure 3.14: Flow measurement setup of UAT Campaign la: (a) Schematic of the mea-
surement locations for hot-wire probes (y axis is positive out-of-plane); (b) Positions of
hot-wire probes in-situ.
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positions P1, P2 and P3 are 0, 1/4 X and 1/2 )\, respectively. Note that positions P1 and
P3 point towards streamlines along solid and porous geometries respectively, and position
P2 is at the midpoint of the line connecting P1 and P3. These three positions are 1/4 A
apart from each other. For serrated geometries, P1 and P3 correspond to the positions
downstream of the tip and gap of the serration. The flow measurements were taken at a
freestream velocity Usx, = 18 m/s, and the hot-wire probes were traversed along the y-axis
(positive out-of-plane in Figure from -50 to 50 mm. In addition, the boundary layer
profiles at 1 mm upstream of the TE extensions (locations UP1, UP2 and UP3 as shown in
Figure on the suction side were also measured along the y-axis from 0.6 to 50 mm.

Each velocity record was sampled at 51,200 Hz for 32s.

In UAT Campaign 1b, a Dantec Dynamics miniature hot-wire probe was used for
the measurement of mean and fluctuating velocity. The movement of this probe was
achieved using the same traversing system as UAT Campaign la. Flow measurements
were performed in a streamwise-normal plane 2mm (0.008¢) downstream of the TE of

forced-transitioned airfoil model (see Figure|3.15)). The velocity data were acquired at 325
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Figure 3.15: Location of the flow measurement points for UAT Campaign 1b: (a) per-
spective view; (b) view normal to x axis; (¢) view normal to y axis.
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points in a rectangular region with a spanwise width of 12mm (\) and vertical length of
24mm (see Figure [3.15bf). This measurement region covers the root and tip positions in
spanwise direction (see Figure, and the entire near-wake profile in vertical direction.
The spanwise location of positions P1’, P2’ and P3’ corresponds to that of positions P1,
P2 and P3 in UAT Campaign la (as shown in Figure . The measurement points
are 1 mm apart from each other, and each data record was sampled at 51,200 Hz for 16s.

The details of the hot-wire anemometry system and its characteristics will be described

in Sec. 3.3.41

UAT Campaign 2

For a typical large-scale industrial wind turbine, the tip region of the blades contributes
the most to its aerodynamic noise generation as the TE noise level is proportional to
U2 and the tip region has higher linear velocity. In order to accurately predict the
noise performance of a large-scale industrial wind turbine in a most cost-effective way,
5 aluminium wind turbine airfoils scaled from the tip sections of a real-life wind turbine
were produced according to the 3D CAD model provided by Goldwind ® (see Figure,
and tested in this campaign. The geometric parameters for these sections are presented
in Table All airfoil models were scaled to have a chord length of 200 mm, a span of
455 mm and an identical profile to the midspan profile of the corresponding wind turbine
section. Note that the boundary layer on each airfoil was tripped at 10% chord location

on both sides using a 0.4 mm thick zig-zag turbulator tape.
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Figure 3.16: Schematic of the wind turbine and the locations of test model profile.
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Table 3.5: Geometric parameters for cambered airfoil models

Wind Start End spanwise Test model Test model
turbine spanwise location spanwse designa-
section location (mm) (mm) location (mm) tion

1 40495 48370 44432 S1

2 48370 55000 51685 S2

3 55000 57100 56050 S3

4 57100 60700 58900 S4

5 60700 65200 62950 S5

Figure [3.17) shows the structure and assembly of the airfoil model. It consists of a
12mm circular spar which runs along the entire span and was bolted to the bottom turn-
tables using M8 size bolts as shown in Figure below. To provide further structural
support, another M8 size bolt and a M6 both were used to pin the airfoil section to the
bottom turn-table which was connected to the force balance. Top turn-table was also

attached to the airfoil model through bolt connection.

(a) (b) (c)

Figure 3.17: CAD drawings of wind turbine airfoil model (a) S1 (b) transparent S1 (c) S1
Assembly exploded view
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The acoustic and aerodynamic force measurement setup for UAT Campaign 2 is shown
in Figure The airfoil was mounted onto two turn-tables where the bottom table was
directly attached to a six component force balance. The balance was installed onto the
top of a rotary table which can be used to adjust the geometric angle of attack of the
airfoil. The entire balance assembly was bolted to a platform which was connected to a
rigid frame at the floor of the anechoic chamber, thereby ensuring the structural integrity
of the setup. Also shown in Figure are the end-plates with a 352 mm bore to install
the 350 mm diameter turn-tables. The end-plates were bolted to the contraction outlet as
well as the supporting beams to ensure the plates were flush with the turn-tables. The
1mm gap between the end-plates and the turn-tables isolates the force-balance from any
contact with the end-plates so that the aerodynamic moments and loads on the airfoil
were directly transmitted to the balance. Acoustic data were taken with the same 64-
microphone array as in UAT Campaign 1 with identical configuration except the relative

location of the array center to the airfoil TE has changed (as shown in Figure [3.18b))
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Figure 3.18: Schematics of the acoustic and aerodynamic force measurements setup for
UAT Campaign 2: (a) perspective view; (b) top view.

The near-wake profile of the wind turbine airfoil was measured using a pitot probe
with 0.3 mm internal diameter mounted on the same Dantec Dynamic ® traverse system
as UAT Campaign 1. The static pressure was measured near the test section using a
PVC tube mounted outside the flow region, and the total pressure was acquired from a

Scanivalve® DSA 2317 pressure scanner connected to the pitot probe through a PVC
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tube. The pressure scanner has a range of 2488.4 Pa and an uncertainty of + 1.24 Pa.
As shown in Figure the pitot probe was positioned 1 mm downstream of the TE

midspan and traverses along the vertical direction to obtain the near-wake profile.

Traverse arm

Moving direction
(cross-stream)  PVC tube

z

X

Airfoil trailing edge

Figure 3.19: Schematic of the boundary layer measurement setup for UAT Campaign 2.

3.3.3 Acoustic Beamforming

Beamforming Principle

Beamforming is a spatial filtering process technique that is capable of extracting the noise
source location and magnitude and is widely used in aeroacoustic applications. Conven-
tional beamforming relies on the far-field acoustic signals captured at discrete positions
from the microphone array, which can be post-processed to estimate the direction of the
incoming signal based on the time delay between the microphones, or phase difference in
the frequency domain. The phase differences between the microphone signals from the
array can be evaluated by the cross-spectral matrix. For a set of sound pressure signals
p(w) taken from an n-channel microphone array, the corresponding cross-spectral matrix

Cn is defined as

S(x1,x1) S(z1,22) -+ S(z1,7n)

S(xo,x S(xa,x s S(xo,Tp
Cm(w) = Elp(w), pw)"] = (2: 1) (2: ? . (2: ) : (3.15)

S(xp,z1) S(x1,22) -+ S(Tn,2H)
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p(w) = [p(z1,w), p(x2,w), ...,p(acn,l,w),p(xn,w)]T, (3.16)

where x,, represents the nth microphone position, w is the angular frequency (w = 27 f),
:]” denotes the matrix transpose operator, E[:] represents the expected value, H represents
Hermitian transpose and S(zy,,%n,) represents the cross-power spectral density of the
signals from microphones ny and ns. The cross-spectral densities are Fourier transformed
from the time-series far-field acoustic pressure using a Hann window function with 50%
overlap. The phase differences between microphones are taken into account as a steering
vector for a specific grid point on the scanning plane. As the noise source is assumed to
be monopolar in conventional beamforming, the steering vector is based on the free-field
Green’s function for a monopole. For grid point m, its steering vector can be determined
by

hm = [917927”' 7gn]T7 (317)
where g, represents steering vector component for microphone n, which is defined as:

gn = mn exp(jwTmn) , (3.18)
mo

where 7, is the distance between the mth grid point and the nth microphone, 7,9 repre-
sents the distance between the mth grid point and the reference microphone, and 7,,,, is the
propagation time from the mth steering location grid point to the nth microphone. The
reference microphone is chosen as the center microphone of the array. The conventional
beamforming output for the mth scanning grid point is then obtained by:

_ bZC,(w)hy,

¥ () = 2

(3.19)

The beamforming output can be further improved by removing the diagonal terms in the
cross-spectral matrix. This helps removing the microphone self-noise to obtain a higher
signal-to-noise ratio of the beamforming output, which can be determined by

h%; (Cm (W))diag:Ohm

Y(hm) - n2

(3.20)

—n
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Conventional beamforming has good frequency resolution when applied to stationary noise
sources such as TE noise from a stationary airfoil and has been further extended to ad-
vanced algorithms, such as deconvolution algorithms DAMAS [29] and CLEAN-SC [177].
For the purpose of this thesis, conventional beamforming [I41] has been proven to be
adequate and is used to process the microphone data taken from the microphone array
introduced in Sec. Moreover, due to the convection effect on the acoustic wave
propagation, the acoustic ray path from the noise source in the flow will be refracted to-
wards the upstream direction when encountering the shear layer. Consequently, the source
position obtained using the beamforming algorithm will be shifted into the downstream
direction. This convection effect is corrected using Mach number correction method [151].
The shifted distance of the noise source gz is obtained by solving the convected wave
equation using the velocity potential and a Prandtl-Glauert transformation [195], which
can be simply expressed as

Top = Mools (3.21)

where M, is the freestream Mach number and [ is the distance between the source and
shear layer in the vertical direction. This correction model has been proven to be valid
for low Mach number flows (M < 0.3), which is adequate for the measurements in this

thesis.

Source Region Integration

Airfoil TE noise is generated from distributed sources along the entire TE span. Therefore,
to obtain the sound pressure level spectra of the entire TE, the beamforming output has
to be be integrated over a specific region. The noise spectra were integrated using the
procedure introduced by [27]. First, the coordinates of grid points in the scanning plane
are defined as (z,y) = (zo + alAx,yo + bAy), where Az and Ay are grid spacing and a and
b are integers. The integration region is defined by x from xo + a1 Az to g + asAx and y
from yo + b1Ay to yo + baAy. In this section, let Y, , represent Y (hy,) in Eq. (3.20). The

integrated output Y for this region can then be determined by the following equations

az b

Yr=> Y [YasRayp| (3.22)

a=a1 b=by
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al, b
Ra,b = [ Z Z Qa’,b’] 5 (323)
a,b

a=a) b=b] ,
h?(G',,)diag—oh
Qa/,b/ = [ a27 49 5 (324)
nc —n o b
(g191)™" (gig2)7! (g7gn) "
(9392)" :
= | ' , (3.25)
(959n) "

L dap

where R, is a factor that accounts for the beampattern characteristics of the inte-
grated region, and @), accounts for the influence from the remaining grid points inside
the integration region when calculating the characteristic factor R, for grid point (a,b).
The synthesised cross-spectral matrix G;’b uses the inverses of steering vectors of location

(a,b) to account for the beamforming characteristics.

3.3.4 Hot-wire Anemometry

As mentioned in Secs. and hot-wire anemometry is used for the flow character-
isation of the UAT and the near wake survey of the NACA0012 airfoil with TE extension.
A hot-wire is a thin platinum (or platinum alloys) wire that is kept at a constant tem-
perature by placing it in one arm of a Wheatstone bridge. When air flows over the wire,
the temperature of the wire will tend to reduce and unbalance the bridge as the moving
air convects the heat. Using a constant-current power supply, the Wheatstone bridge can
re-balance itself faster than the changes caused by heat transfer from the smallest eddies
in the flow. This means that the temperature of the wire can virtually kept constant. As
the heat loss from the wire is proportional to the voltage of the bridge, the velocity at the
wire location can be related to this voltage. The hot-wire probe employed is the Dantec
Dynamics ® miniature hot-wire probe that has a 5 um wire made from platinum. The
probe was controlled by an IFA300 Constant Temperature Anemometer (CTA) system ,
which maintains the wire temperature at 275 °C. Each velocity data set was acquired at
a sampling rate of 51,200 Hz (for 32s and 16s in UAT Campaign la and 1b, respectively)

using a National Instrument ® PXI platform that was connected to the IFA300 CTA sys-
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tem. The velocity spectra were Fourier transformed from the time-series velocity data

using a Hann window function with 50% overlap.

3.3.5 Aerodynamic Force Measurement

The forces and moments on the airfoil blades were measured using a six component, JR-3®
force balance which has a measurement range of 400 N. The accuracy of the force balance
along the normal and axial directions is & 1 N, while along the pitching moment axis the
accuracy is = 0.125 N.m. As described previously in Sec. the entire airfoil /turn-
table assembly rotates with the balance, the longitudinal and lateral forces sensed by
the force balance yield a direct measure of the axial and normal forces on the airfoil,
respectively. These are then converted to lift and drag forces using the geometric angle
of attack. The rotational axis about which the balance measures the moments is located
at 40% chord location with respect to the airfoil. As the pitching moment at the quarter-
chord is required for the open-jet correction, the measured pitching moment is transferred
to the quarter-chord location using the measured lift and drag forces. The definition of

the lift coefficient Cj, drag coefficient C'; and pitching moment coefficient C,, is given in

Egs. (3.26)—(3.28)) as follows

C1l = ﬂ/(quref) (326)
C’d = Fd/(qooAref) (327)
Cm = M. /(qocArefc) (3.28)

,where Fj, Fy, and M, are the lift, the drag, and the pitching moment obtained from
the force balance measurements, ¢ is the dynamic pressure, c is the chord-length of the
airfoil model and A,y is the reference area which is taken to be the wing area of the airfoil

model: A,.r = span x chord = 0.455m x 0.2m.

3.3.6 Aerodynamic Corrections

The wake and the solid blockages in an open-jet type wind-tunnel are negligible since
the flow is free to expand [72]. However, the presence of an airfoil section in an open-jet

curves the flow streamlines so that a correction to the angle of attack, drag, and pitching
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moment is required in order to compare the results to the unbounded freestream case.
The corrections proposed by Barlow et al. [22] were used to correct the aerodynamic data

for the open-jet boundary interference. The corrected angle of attack (a.) is given by
ae = ag —[0.25(c/Dy)Cy + 7/24(c/Dy)*Cy](57.3) (3.29)

where, o4 is the geometric angle of attack, c is the airfoil chord, Dy is the height of the
open-jet which is equal to the airfoil span in the present work, and Cj is the measured
lift coefficient as defined in Eq. . The drag measurement in the present work
was corrected for open-jet boundary interference using the following formulation given by
Barlow et al. [22]

Cge= Cqy — V30 /nC} (3.30)

where, Cy . is the corrected drag coefficient, Cy,, is the uncorrected drag coefficient ob-
tained from the force balance measurement using Eq. , and () is the lift coefficient
from the balance measurement. The pitching moment was measured about the 40% chord
location and was then transferred to the quarter-chord location using the measured lift
and drag. The corrected quarter-chord pitching moment according to Barlow et al. [22] is
given by

C’77”01/4»0 = C’7711/4,11 - 772/96(C/DH)2CI (3.31)

where, C,, Jaoc 18 the corrected, quarter-chord pitching moment coefficient and Cp,, Jast
is the uncorrected moment coeflicient about the quarter-chord obtained from the force
balance measurement using Eq. (3.28). As before, ¢ and Dy are the airfoil chord length

and open-jet height, respectively.

3.4 Rotor Rig Measurements

The acoustic performance of rotor blades with porous and serrated TEs have been char-
acterised using the UNSW Rotor Rig and a 64-channel microphone array. Acoustic mea-
surements were taken at operating conditions of RPM = 800 and 900 and pitch angle =
0°, 5° and 10° for the blades with natural-transition and forced-transition boundary lay-

ers. Conventional and two phase-averaged beamforming methods were used to localise the
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noise sources and evaluate the TE noise levels. The following sections detail the facility,
test models, measurement setup and phased-averaged beamforming methods used in this

experimental campaign.

3.4.1 Facility

The UNSW Rotor Rig consists of a 3kW direct-drive motor, three rotor blades of 1.04 m
diameter, a semi-ellipsoidal nose cone (filled with Basotect ® acoustic foam) installed on
the rotor hub, and a supporting tower station. The rig is installed in a regular octagonal
wooden test-section with a width between the flat edges of 3.05m, an edge length of

2. The tunnel is an interchangeable section of

1.26m and a cross-sectional area of 7.7 m
the UNSW Large Wind Tunnel (LWT), which can be assembled into the LWT circuit

to extend the measurement capability for various inflow conditions. However, to permit

acoustic beamforming measurements of the blade rotational plane, the tunnel test-section

Octagonal wooden chamber

Rotor blade

Microphone array

Support tower

Figure 3.20: Schematic of the UNSW Rotor Rig.
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is disassembled from the LWT with a microphone array placed in front of the rotor (see
Figure [3.20). As a result, all measurements were performed at zero inflow speed. The
direct-drive motor has a rated power of 3 kW, which allows a maximum RPM of 900 for

the test models investigated in this thesis.

3.4.2 Rotor Blade Models and Test Setup

The rotor model has a hub height of 1.42m and a rotor diameter of 1.04 m as shown in
Figure The axial distance between the TE of rotor blades and the supporting tower
is 0.07m. The blades have a constant-chord along the span, and rotate clockwise when
looking towards the rotor from the microphone array. In order to evaluate the acoustic
performance of the porous TE treatment and compare its noise reduction performance
with that of traditional saw-tooth-serrated TE treatments [45] [149] for rotor applications,
four sets of rotor blades were designed and manufactured; reference (Ref), porous (P), cut-
serrated (CutS) and extended-serrated (ExtS) blades have been tested in this experimental
campaign (see Figure . Blade models were produced by 3D printing using a white
resin material C-UV 9400, and the reference blade model has a NACAO0012 profile and a
chord of 0.07m. Table summarises the detailed geometrical parameters of the other

three test models. The geometries of the porous region in blade P were determined by the

™~—— Support tower

Figure 3.21: Schematic of rotor geometries (view from the microphone array).
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acoustic characterisation procedure described in Sec. and designed according to the
geometrical parameters of impedance tube specimen P4 (see Figure . The serrated
regions of blades ExtS and CutS have the same amplitude as the porous region in blade
P, and identical wavelength-to-amplitude ratio A\/h to that of the TE extension NS tested

in UAT Campaign 1 (details in Sec. and Table [3.4).

WP

(c) (d)

Figure 3.22: Schematic of rotor blade models: (a) Reference NACA0012 blade (Ref);
blades with (b) porous TE (P), (c¢) cut-serrated TE (CutS) and (d) extended-serrated TE
(ExtS).
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Figure 3.23: Transparent drawing of the porous region in rotor blade P.
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Table 3.6: Geometries of rotor blades with porous, cut-serrated and extended-serrated
TEs.

Sketches Descriptions Abbr.

LE

|

TE

Porous TE: streamwise length of porous re-
gion 2h=14mm, porosity ¢=0.13, hole diameter P
r=0.8 mm

Cut-serrated TE: sawtooth serrations are geomet-
rically cut into the airfoil TE, amplitude 2h=14 mm, CutS
wavelength A=4.2mm, \/h=0.6

Extended-serrated TE: sawtooth serrations are
geometrically extended out of the airfoil TE as a

o serrated flat-plate extension, amplitude 2h=14 mm, ExtS
wavelength A=4.2mm, A/h=0.6, extension thickness

b =1mm

A— <

Note:  indicates the TE location of the reference blade.

Microphone array

. |

e
q

|

Figure 3.24: Aeroacoustic measurement setup for the rotor blades in-situ.

The acoustic measurement setup for the rotor blades is shown in Figures and
Far-field acoustic data were taken using a 64-channel microphone array located
1.665 m away from the rotor rotational plane. The microphones were arranged in a spiral
pattern on a 1.5 x 1.5 m perforated aluminium frame, in which the center microphone was

aligned with the rotor rotational axis. The array utilizes GRAS® type 40 PH 1/4 inch
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microphones which have a flat response (within +2dB) up to 20kHz. The microphone
data were acquired using a National Instrument ® PXI platform with 24-bit resolution at a
sampling rate of 216 Hz. For each set of blades, the following two scenarios are considered:
1) allowing natural transition of the boundary layer to evaluate the effects of TE treatments
on the LBL-TE noise; 2) forcing the boundary layer to turbulence to evaluate the TBL-
TE noise. In scenario 2, the forced boundary layer transition was achieved by installing
a zig-zag turbulator at 10% chord on both sides of the blade. The data for each scenario
were acquired at RPM of 800 and 900, and pitch angles of 0°, 5° and 10° for a sampling

time of 32s.

3.4.3 Phase-Averaged Beamforming

For rotational noise sources, conventional beamforming (as introduced in Sec. can
only localise and quantify the noise sources averaged over the entire revolution. The
noise level in the acoustic map is not representative of the instantaneous source strength.
Therefore, phase-averaged beamforming (PABF) methods are adopted to evaluate the
strength and location of the noise sources at a particular phase angle of interest. The
following sections detail the two phase-averaged beamforming methods [156] [198] used in

this study.

PABF Method 1

The conventional beamforming algorithm calculates the cross-spectral matrix over the
entire time record, while phase-averaged beamforming averages small segments of data
around the desired phase angle #; to de-rotate the results. Data taken between phase
angles [6; — A6, 0; + Af] were used to calculate the sound contributions from the rotation
plane (as illustrated in Figure [3.25).

When the rotor blade passes through the phase angles of interest [0; — A#,0; + Af)],
the propagation time of the acoustic pressure wave emitted from each scanning grid point
differs for each array microphone due to the variance in propagation distance. PABF
Method 1 [I56] calculates the delayed and summed pressure record in the time domain at

each scanning grid point according to the propagation delay between each grid point m
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0,-A0 0, 0+A0

™~—— Support Tower

Figure 3.25: Schematic of the data segment used to perform the phase-averaged beam-
forming for the rotor at desired phase angle.

and microphone n using

1 N
Pm(ti) = n(ti = tmn) (3.32)
! \/N 27]2[:1(r’m,l/r’rn,'n,)2 nzz:lp
t = L(6(t) = 6;) + [~ A, A8) Jeor | (3.33)
tmn = Tm,n/c s (334)

where P, (t;) is the delayed and summed pressure at grid point m corresponding to the
i-th time record when 0(t) € [0; — A6, 0; + A0, py(t) is the pressure record of microphone
N, Tmn is the distance between microphone n and the scan grid point m, c is the speed of
sound, t,,, is the sound propagation time from grid point m to microphone n, N is the
number of microphones on the array, and w, is the rotational angular velocity. The terms
in the front of the pressure record summation in Eq. correspond to the amplitude
corrections in conventional beamforming, which is equivalent to the amplitude corrections

of the ”formulation 4” steering vectors described in [171].

The output power spectrum of the delayed and summed pressure at each grid point
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m is then estimated using Welch’s method by

2 P .
Yin(f) = WZ;V{W Pm(ti)}?, (3.35)

where Fy is the sampling frequency, I is the number of data segments (around the angle of
interest 6;) over the entire pressure record, w is the tapering function (a Hann window in
this study), w is the tapering function component, L; is the length of tapering function,

% stands for one-sided fast Fourier transform, and o denotes the Hadamard product.

PABF Method 2

As the cross-spectral matrix is not utilised in PABF Method 1, the coherence between
the acoustic signals from different array microphones is not taken into account properly.
PABF Method 2 is an improvement on PABF Method 1 and calculates the cross-spectral
matrix for each scanning grid point using the delayed acoustic pressure record over the
desired angle range [0; — A6, 0; + Af], and then performs conventional beamforming for
each cross-spectral matrix to obtain the acoustic map output for each scanning grid point.

For the scanning grid point m, the cross-spectral matrix C,, is calculated using the
delayed acoustic pressure record py, (t; —t,,) as defined in Egs. f. The matrix

element Cy, ny ny (11,12 € [1,2,3, ..., N]) for microphones n; and ny is determined by

I

2
_— FA{wopn, (ti —tmmn, H Ziwo o (ti —tmmns)}), (3.36
IFZH’UJ()X;( {wopn,( I (F{w opn,( )}, (3.36)

m,ny,n2 —

where H denotes Hermitian transpose, and the definitions of I, Fy, w, w, L, t;, tmn,
¢, o and # remain the same as described previously for PABF Method 1 Equations
f. Conventional frequency-domain beamforming is then performed using the
cross-spectral matrix calculated from Eq. for each scanning grid point.

In this study, the delay of pressure record for grid point m and microphone n is realised
by shifting an integer number of samples, K, ,, determined by the sound propagation
delay tp, n:

Kpn = [Fstmnl , (3.37)

)

where |:] denotes the operation of rounding to the nearest integer. The rounding of K, ,,
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will inevitably create a residual time t,cs . that can be defined as

tres,m,n = tm,n - Km,n/Fs . (338)

The residual time can be corrected by adjusting the forward propagation function, applying
a frequency-domain phase shifting in steering vectors. The modified forward propagation

function can be written as

G (f) = 220 g2l trenmn (3.39)

Tmmn

The “formulation 4” steering vector described in [I71] is then determined by

hm(f) = [hm,l(f)a hm,Z(f)a hm,3(f)’ X hm,n(f)]T ) (3-40)
. L am,n(f)

) = TR o (DI (341

am(f) = [am,l(f)7 am,2(f)> a'm,3(f)v ) am,n(f)]T 3 (3'42)

where [:]7 denotes the matrix transpose operator and N is the number of microphones
in the array. The output of power spectral density at scanning grid point m is then

determined by

Ym(f) = hm(f)Hthm(f) : (343)

In this study, phase-averaged beamforming was performed on data blocks where each block
corresponds to an angular movement of 5 © (A = 2.5°). For the sampling rate of 2! Hz,
the numbers of samples per block were rounded to be 68 and 61 for the RPM of 800 and
900, respectively. When performing the fast Fourier transform, the samples in each block
were zero-padded to a length of 256 after applying a Hann window, providing a frequency

resolution of 256 Hz.

3.5 Numerical Simulation Methodology

Compressible Large-Eddy Simulation (LES) was performed to investigate the flow char-

acteristics and aeroacoustic performance of a NACA 0012 airfoil with a porous TE. This
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section describes the numerical techniques of flow simulation and acoustic prediction ap-
plied in this study. The governing equations, subgrid-scale turbulence model, boundary

conditions and computational grid, in addition to the FWH acoustic analogy are detailed.

3.5.1 Governing Equations

The governing equations employed in the LES simulation are obtained by filtering the
time-dependent Navier-Stokes equations. The eddies with scales smaller than the filter
width or computational grid spacing are effectively filtered out by applying a spatial filter.
As a result, the filtered equations govern the dynamics of the large eddies. A spatially

filtered variable (denoted by overbar) is defined by

o(x) = /ng(x')G(w,x')dx', (3.44)

where D represents the fluid domain and G(x, 2’) is the filter function. The spatial filtering
function and spatially filtered variable are defined as

1/V,2' ew
G(z,2') = (3.45)

0, 2’ otherwise ,

o(x) = é/qb(w')dx',x’ cv, (3.46)

where V' is the volume of a computational cell and v is the fluid domain within the cell. In
LES for compressible flows, the Favre (density-weighted) filtering is introduced to avoid

modeling the subgrid scales of the continuity equation, which is defined as

RSl
IR

(3.47)

where the Favre-filterd variable is denoted by tilde. Applying the spatial and Favre filtering

operations, the continuity and momentum equations yield:

ap | O(pi;)
8t+ 89@

=0 (3.48)

o(pi;) | O(puiiy) _ O(a3;) op 0T (3.49)
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where TS-GS is the subgrid-scale stress, and o055 is the stress tensor due to molecular viscosity
defined by
ou; &LJ)} 2 ouy
i = — =i — . 3.50
ij ['u<8.1‘j + 8:62 3,& " 8xk ( )

In Eq.(3.50), p is the dynamic viscosity (also called coefficient of molecular viscosity)

determined by three coefficient Sutherland’s law:

T)(g/z)To + Co
= uo| — 3.51
=) (3.51)
where g = 1.767° kg/m~1s~!, Ty = 271.11 K and Cy = 110.56 K.
The filtered energy equation can be expressed as:
d(phs) | O(pishy) Op . 9p 0 ( af) 0 { o~ =
— i — —— | Fe— | = — ihs — Tihs 3.52
o om ot Yow o \"on;) T o, | Qluhs ZWh) | (352)

subgrid enthalpy flux

where k. and hg are the thermal conductivity and sensible enthalpy, respectively. The

subgrid enthalpy flux term in Eq. (3.52)) will be detailed in the next section.

3.5.2 Subgrid-Scale Models

To close the filtered LES equations, a subgrid-scale (SGS) model proposed by Smagorin-
sky [178] is employed to simulate the effects of the unresolved flow on resolved flow. The

compressible form of the SGS stress tensor is defined as:

65 = puiu; — pu (3.53)

The SGS stress tensor term can be split into its isotropic and deviatoric parts

1 1

SGS SGS

Ty =Ty~ gThkdij T 3 TkROij (3.54)
deviatoric isotropic

where the deviatoric part is modeled using Boussinesq hypothesis [89]:

1 —_  1—
700 — 3 Thkdij = —2psas(Si — 3 kkdij) - (3.55)
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In Eq (3.55)), nsas is the SGS turbulent viscosity, S;; is the strain-rate tensor for the

resolved scale defined by

. 1 8u2 Ou]>
SU N 2(8xj + 8.1‘Z ' (3'56)

The compressible subgrid enthalpy flux term in Eq.(3.52)) is approximated using the gra-

dient hypothesis:

 hsasCp 377:

/;71/8 - ~’L };:9 = ’
plu U he) Prsgs Ox;

(3.57)

where Prggs is a subgrid Prandtl number set to 0.85 for simulations in this thesis. The

SGS turbulence viscosity is modeled by
nses = pL3|S| (3.58)
where |§ | =/ 2%5’;, and Ly is the SGS mixing length determined by
Ly = min(kdy, CsA) (3.59)

where x is the von Kdrmaén constant, d,, is the distance to the closest wall, A is the local
grid scale computed according to the computational cell volumn V using A = V1/3, and
C is the Smagorinsky constant which is computed using a dynamic procedure [120] based

on the Germano identity [67].

The governing equations of the compressible LES simulation were solved using an
ANSYS FLUENT 19.2 finite-volume solver. The iterative process of pressure—velocity
coupling was computed using the SIMPLEC method [I85]. The temporal discretisation
scheme is advanced using a second-order implicit method and the convection term is
discretised using a second-order central-differencing scheme. The size of time step was
set to 2 x 107 s, which corresponds to a Nyquist frequency of 25kHz. The convergence
criteria were set to a scaled residual of 5 x 10™% at each time step for each directional
component of the velocity and governing equations of continuity and energy. Convergence
was typically achieved in less than 50 iterations for each time step. The simulation for
each case ran for a total of 5000 time steps (0.1s in physical time) after simulation has
become quasi-static. Computations were performed on the Gadi cluster of the Australian

National Computational Infrastructure (NCI) on four computation nodes, which consists
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of 192 Intel Xeon Platinum 8274 3.2 GHz processor cores with 700 GB physical memory.

3.5.3 Computational Grid and Boundary Conditions

Two scenarios were simulated: a turbulent boundary layer convecting over 1) a NACA
0012 reference airfoil (LES Case 1) and 2) a NACA 0012 airfoil with a porous TE (LES
Case 2) at an angle of attack of 5° and freestream velocity of 50 m/s. The airfoil profile,
chord length and TE geometries in LES Case 1 and Case 2 are identical with those of blades
Ref and P (as described in Sec, respectively. See Figures and Table for
details of the geometries. The spanwise width in these simulations Ly = 0.13¢, and periodic
boundary conditions were applied in the spanwise direction. A no-slip wall condition was
applied to the surface of the airfoil models. To generate the turbulent boundary layer,
a uniform flow suction over the region —0.86 < z/c¢ < —0.815 and flow blowing over the
region —0.815 < z/c < —0.77 were implemented over 0.1 < z/¢ < 0.9. Note that z/c =0
and z/c = 0.5 denote the airfoil TE and mid-span, respectively. The velocity magnitude
of these jets were constant, identical and set to Upowing = Usuction = 0.03Us. This
boundary layer tripping method has been successfully implemented in the compressible
LES simulation by Wolf and Lele [193]. Moreover, a surface (as shown in Figure

was chosen to perform FWH acoustic analogy for far-field sound pressure predictions.
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Figure 3.26: Computational grids looked from spanwise direction: (a) full view; (b) near-
field detailed view and FWH porous surface.

Computational grids were created using the O-grid blocking scheme. The total number
of cells for LES Case 1 and Case 2 are 6.1 x 107 and 6.7 x 107, respectively. Both cases

share an identical grid topology and structure except the grids inside the pores near the
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airfoil TE (as shown in Figure [3.27). The size of the streamwise elements is reduced
in the region near airfoil TE to capture the contributions of smaller eddies to TE noise
generation. In the TE region (—0.2 < z/c¢ < 0), the maximum grid spacing in terms
of wall units Azt ~ 11 (streamwise direction), AzT =~ 12 (spanwise direction), which
complies with the requirements for a high resolution LES simulation according to the

criteria in [I88]. The y™ value on the surface of the airfoil wall is less than 1.6.

Y
z )\x
Figure 3.27: Detailed view of computational grids for the TE porous region in LES Case
2.

3.5.4 Grid Convergence Study

A grid convergence study was undertaken to estimate the discretisation errors and deter-
mine the grid spacing convergence using the method proposed by Roache [160].According
to Richardson extrapolation [159], the discrete solution f of a parameter or a function can
be expressed as [160]

f = fewact + ard + azd® + azd® + ... (3.60)

where a; are the coefficients of the Taylor series expansion that are independent to any
discretisation, d is the grid spacing and fe,qc¢ is the exact solution when the grid spacing
approaches zero. For the second-order discretisation method used in this study, a; = 0.
Dropping the high-order term, the exact solution can be estimated by

fi—fo

r2 —1

fexact = fl + (361)
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where fi and fo are the discrete solutions for fine and coarse meshes, and r is the refinement
ratio r = dy /dg > 1.

The discretisation error for each grid refinement can be reported using a standardised
parameter Grid Convergence Index (GCI), which is defined as [160]

Ji— [

GCL; = Fy| 7

(3.62)

where GCI; ; is the GCI for the fine mesh, f; and f; are the discrete solutions for the fine
and coarse meshes, p is the order of algorithm accuracy (p = 2 in this study) and F is
a safety factor which is recommended to be set to 3 [I60]. The grid spacing convergence
for LES Case 2 (the airfoil with porous TE) was examined using three meshes My, My
and M3, corresponding to the coarse, medium and fine meshes, respectively. The grid
refinement was performed globally with the aforementioned y+ value maintained in all
three meshes. The refinement ratio was estimated as r = (N;y1/N;)'/3, where N is the
number of cells for mesh M;. The number of cells for the three meshes was adjusted to
have a constant refinement ratio of 2.

Four parameters Cj, Cifj > Uprs and prms prs were used to assess the grid conver-
gence and the discretisation errors in mean and unsteady flow statistics. The parameter C)
is the time-averaged lift coefficient that can represent the overall aerodynamic performance
of the airfoil with porous TE. The parameter Cfff  is the time-averaged skin friction co-
efficient spatially averaged over the surface of the TE porous region (z/c¢ = -0.2-0), which
can be used to evaluate the capability of the LES in resolving near-wall turbulence [188].
The spatial discretisation errors in the dynamics of flow through the pores were demon-
strated using Upr3 and pry,s pr3, Where Upgs is time-averaged velocity at the jet core
within the pore PR3 (as defined in Figure and prms, pr3 is the maximum value of
the root-mean-square of surface pressure fluctuations at the wall of pore PR3. Table
summarises the results of the grid convergence study for LES Case 2, where GCIy; and
GClI32 are the grid convergence indices for coarse-to-medium and medium-to-fine refine-
ments, respectively, and € is the discretisation error of the discrete solution for the fine
mesh M3 relative to the exact solution estimated using Eq. . A reduction in GCI for
successive grid refinements is observed for all parameters including the flow statistics for

the highly unsteady flow through the pores, and the discretisation errors for the fine mesh
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are small (< 4.1%). The fine mesh was considered to be adequate to capture the major
flow features in the TE porous region to investigate the noise reduction mechanism, and

therefore was used to obtain the LES results.

Table 3.7: The results of the grid convergence study for LES Case 2.

GCIQJ GCIS,Q €
C 6.77 % 2.24 % 0.74 %
Crrp 46.37 % 10.48 % 3.38%
Urrs 35.4 % 12.61 % 4.03%
Prms,PR3 36.12% 484% 164%

3.5.5 FWH Analogy

The far-field acoustic pressures for the numerical simulations were predicted using Ffowcs
Williams and Hawkings (FWH) acoustic analogy formulation [63]. It is an inhomogeneous
wave equation derived by manipulating the continuity equation and the Navier-Stokes
equations. The FWH equations were applied to a static FWH surface for acoustic predic-

tions. The wave equation for this scenario can be written as:

1 9%/ 2.0 _ 0

d o
2 2 = wuz; {T;H(f)} - a—%{[ﬂjm + pusunld(f)} + = {pund(f)}  (3.63)

where u; are the components of local fluid velocity, u, is the component normal to the
FWH surface (denoted by f = 0), n; are the components of the unit normal vector to the
exterior of the FWH surface (denoted by f > 0), ag is the far-field speed of sound, 6(f)
is the Dirac delta function, H(f) is the Heaviside function and p’ is the sound pressure in

the far field. The Lighthill stress tensor T;; is defined as:
T%j = puiju; + Pij — ag(p — ,00)51'3‘ (3.64)

where P;; is the compressive stress tensor for stokes flow, defined as

8ui au]' 2 Buk
8xj + 8$Z B 38.’Bk52j) . (3'65)

Pij = pdij — i
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Note that the subscript 0 denotes free-stream quantities. Under the assumptions of the
free-space flow and the absence of obstacles between the sound sources and the receivers,
the wave equation can be integrated analytically to obtain the far-field acoustic pres-
sure prediction. The complete solution consists of surface integrals and volume integrals.
Both monopole, dipole and quadrupole sources contribute to the surface integrals, while
the volume integrals only represent quadrupole sources in the region exterior to FWH sur-
face. For simulations in this thesis, the flow Mach number is low (Ms = 0.147) and the
FWH surface encloses the source region (as shown in Figure . The contribution of
volume integrals becomes negligible hence is dropped from the calculation. The predicted

acoustic pressure at a far-field observer can be calculated using Egs.(3.66)—(3.69).

p,(X, t) = pll (Xa t) + p/2 (Xv t) ) (366)
/ _1/ {PoUn(TMT‘V‘C(Mr _Mz))}
pl(X7 t) 4m f=0 Tz(l - MT)3 retdS
1 Ot 00 (3.67)
L poUp +Up }
* 4m f=0 |: T(l - MT)Z retdS?

, 1 / [ L, }
P2 1) “dmag Jp—g Lr(1— M,)? d5

ret
1 / [ L, — Ly
+— 5| dS 3.68
47'(' f=0 7“2(1 — MT‘)2 ret ( )
1 / [LT(TMT + ag(M, — M?))
drag J =g r2(1 — M,)3

| as,

ret

where
Up = Ung, Uy = Uiy, Up = Uiny

M, = My, M, = M;r; ,
Ly = LiM;, Ly = Liri, Ly = Liri (3.69)
Ui = pui/p,
L; = Pyjnj + pujuy, .
In Eqs.f, the dot over a variable stands for the variable source—time differ-
entiation, M; is the component of the local Mach number vector of the source, r; is the

component of the unit vector in the radiation direction, r is the distance between the source

and observer, and [:]; denotes the quantity evaluated at retarded time 7 =t —r/ag .
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3.6 Uncertainty of Statistical Quantities

The stochastic data sets obtained from experimental (microphone, hot-wire) measure-
ments and numerical (LES) simulations are analysed using several statistical quantities,
including mean, root-mean-square (RMS), cross-correlation coefficient (XCOR), power
spectral density (PSD) and cross-spectral density (CSD) estimations. As each data set
is sampled over a certain time interval t; and could contain self-correlated data, these
statistical quantities can only be estimated within a certain level of confidence interval.
An averaging procedure, which can lead to statistical errors, is used in the estimation of
these quantities. The following will present the equations used to calculate the statistical
uncertainty with a confidence level of 95%, and summarise the typical uncertainty level
for the statistical quantities presented in Chapters

According to Glegg and Devenport [72], assuming errors are normally distributed, the
uncertainty interval (at 95% confidence level) for mean, RMS and XCOR estimators can

be calculated by (nonlinear and/or correlation terms neglected)

1. Mean estimator a

1 Ntot
a= an , 3.70
Ntot nzz:l ( )
2 NiOt n - 2
5la) = VZ"]@(C: i (3.71)

where J[:] denotes the uncertainty estimation, a, is the discrete data sample and

Nyt is the total number of samples for data set a.

2. Root-mean-square (RMS) estimator Va2

— 1 Niot
a? = — ap, —a)? 3.72
DRI .72

4] 12 3.73
[Va] N (3.73)
3. Cross-correlation coefficient (XCOR) estimator pgy,
a't/
a (3.74)

Pab = /—ﬁ\/b?z )
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d=a,—a, V =b,—b, ne€[1,2,..., Ny , (3.75)

0lpap] = (1—=pip) 3.76
[ a } /7Ntot ab ( )
where a and b are two independent data sets.

For spectral quantities PSD and CSD, their statistical uncertainties are estimated
based on the effective number of independently performed spectral averages N,.., which

can be determined by
Niot/No — 1

Nrec:int{ 1A,

} +1, (3.77)

where Ny is the number of samples in each data record for fast Fourier transform, A, is
the overlap ratio and int[:| denotes the integer part of the result. The uncertainty interval

(at 95% confidence level) for PSD and CSD estimators can be calculated by [72]

1. Power spectral density (PSD) estimator Ggq

3[Glaa) = . (3.78)

2. Cross-spectral density (CSD) estimator G,

2 Vv Gaabe

6”GabH = \/m

(3.79)
Table summarises the parameters used to calculate the uncertainty of statistical

quantities in Chapters and typical statistical uncertainty results calculated using

Egs. [3.70
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Chapter 4

Acoustic Characterisation of Porous

Structures

4.1 Overview

This chapter experimentally characterises the sound absorption coefficient of porous struc-
tures to be applied in airfoil trailing-edge noise control. Inspired by the micro-perforated
panel theory proposed by Maa [126, 127, [128] (its principle and formulations have been
described in Sec. , a series of porous specimens with micro-tube pores have been fab-
ricated by additive manufacturing. The acoustic absorption of the micro-tube structures
with various geometric parameters has been measured using a two-microphone impedance
tube in MC Campaign 1 as described in Sec. The geometric design criteria for such
a structure to achieve maximum sound absorption over a certain frequency range will be
discussed. Moreover, in order to achieve broadband acoustic absorption, two novel com-
posite structures: 1) micro-perforated housing with an air gap and 2) micro-perforated
housing with acoustic foam infill have been additively manufactured and characterised in
MC Campaign 2 (details in Sec. . The advantages of such structures over traditional
porous acoustic absorbers and the method of tuning their peak sound absorption frequency

will be discussed in detail.

77
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4.2 Acoustic Absorption of Micro-Tube Porous
Structures

This section presents the acoustic characterisation results of MC Campaign 1. The acoustic
absorption of ten 3D printed micro-tube porous specimens and three porous aluminium
specimens (detailed geometric parameters are summarised in Table has been char-
acterised using a two-microphone impedance tube. The effects of important geometric
parameters of micro-tube porous structures on the acoustic absorption will be analysed

through a parametric study.

4.2.1 Effects of Porosity

Figure presents the sound absorption coefficient of micro-tube specimen P1, reference
specimen SR and porous aluminium specimens 40PPI, 20PPI and 10PPI. Compared with
the non-porous (¢ =0) 3D-printed Visijet M3 material (SR) and highly porous (¢ = 92—
94 %) aluminium foams (10PPI, 20PPI and 40PPI) that have been previously applied as
trailing-edge treatment [2], the proposed micro-tube structure P1 (¢ = 11.53 %) shows
significantly greater potential for sound absorption over high frequencies (3.2-6.4 kHz).
This indicates that the porosity can lead to effective sound absorption (cy, > 0.25) only
for materials with a specific porous structure. Figure compares the sound absorption
coefficient of specimens P1, P2, P3 and SR. The micro-tube specimens P1, P2 and P3
have a identical pore diameter dy but different porosity ¢ due to a different number of
pores. At frequencies lower than 3.2kHz, all specimens have similar sound absorption
coefficients which are relatively low (< 0.1) and could be considered inefficient for sound
absorption. For frequencies higher than 3.2 kHz, the sound absorption coefficient of the
micro-tube specimens is significantly greater than that of solid reference specimen SR,
indicating that the effective sound absorption over 3.2-6.4kHz is due to the micro-tube
porous structures. Furthermore, the acoustic absorption spectra of specimens P1-P3 show
a peak amplitude varying from 0.56-0.90 at frequencies ranging from 5-6 kHz. The peak
frequency and amplitude of the absorption coefficient shows a tendency to decrease with

decreasing porosity. Therefore, for noise control over a specific frequency range, a potential
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strategy of shifting the peak sound absorption coefficient is to optimally adjust the porosity

distribution.
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Figure 4.1: Sound absorption coefficient of (a) specimen P1 compared with solid reference
specimen SR and porous aluminium specimens 40PPI, 20PPI and 10PPI; (b) specimens
with identical thickness hg, pore diameter dy but different porosity ¢: P1 (¢=11.53 %),
P2 (¢=8.20 %) and P3 (¢=>5.35%) compared with specimen SR.

4.2.2 Effects of Aspect Ratio

Figure shows the acoustic absorption performance of specimens P1, P4, P5 and
reference specimen SR. The porous specimens have a comparable porosity ¢ (11.53, 11.11
and 11.51% for P1, P4 and P5, respectively) and identical thickness hg but different pore
diameters dy (1, 0.8 and 0.6 mm for specimens P1, P4 and P5, respectively). As shown in
Figure the frequency characteristics of their sound absorption coefficients are similar
and hence reasonably independent of pore diameter dg. It can be seen that their peak
sound absorption coeflicients are also similar, only varying within a small range from
0.85-0.9.

Figure compares the sound absorption coefficient of specimens with an identical
porosity ¢, pore diameter dy but different thickness hg. It is noticeable that the shape of
their acoustic absorption spectra is similar. However, their peak amplitudes vary signifi-
cantly from 0.11 to 0.90, indicating a strong dependency of sound absorption amplitude
on the geometry of the micro-tubes inside these porous specimens. For a certain cylinder-
shape micro-tube, its geometry can be described by the aspect ratio AR = dy/hg. Figure

[4:3] shows the variation of peak sound absorption coefficients with aspect ratio. First, the
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Figure 4.2: Sound absorption coefficients of micro-tube specimens with same porosity
(¢ = 11.5%): (a) specimens with same thickness hy but different pore diameter dy; (b)
specimens with same pore diameter dg but different thickness hqg.
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Figure 4.3: Relationship between pore aspect ratio and peak sound absorption coefficient
(all specimens have a similar porosity within 11.1-11.5%).

peak absorption coefficient increases with aspect ratio from AR = 0.06 to 0.1 and peaks
at around AR = 0.1 with the value of oy, = 0.90. As the aspect ratio keeps increasing
from 0.1 to 0.16, oy, quickly decreases to around 0.2. Finally, it gently approaches an
asymptotic value of 0.1 as the aspect ratio increases further. Since porosity is the most
sensitive parameter affecting acoustic absorption of the micro-tube structure, it can be
concluded that the maximum acoustic absorption performance of such acoustic absorber
with a certain porosity may be achieved by optimal design of the pore aspect ratio. Sum-
marising the results of Figures for the proposed 3D printed micro-tube structures
with a porosity of 11.53%, the pore aspect ratio should be less than 0.14 to be effective in
normal-incident sound absorption (o, > 0.25).

In general, it can be deduced that for porous structures with a certain porosity, an
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optimal aspect ratio to achieve maximum sound absorption and a maximum aspect ratio
for effective sound absorption (cy, > 0.25) exist. To optimally design the geometry of
micro-tube structures for sound absorption over a certain frequency range, porosity and

pore aspect ratio are the two crucial parameters that need to be determined.

4.3 Acoustic Absorption of Micro-Perforated Hous-

ings with Air Gap and Foam Infill

This section presents the acoustic characterisation results of MC Campaign 2. The acoustic
absorption of eight novel micro-perforated absorbers (geometries are described in Figure
and Table have been characterised using a two-microphone impedance tube. Ex-
perimental data will be compared with Maa’s analytical model [126] of a micro-perforated
absorber, and improvements in sound absorption with the proposed novel structure will
be demonstrated.

Figure shows the sound absorption coefficient of specimens PA1-PA4 and predic-
tions using Maa’s model. Note that predictions are only performed on the composite of
the top micro-perforated panel and the air gap (the bottom micro-perforated panel is ex-
cluded) due to the limitations in Maa’s model. As shown in Figures when the
bottom panel is relatively thin (h; < 3mm), the acoustic absorption of the novel absorber
is dominated by its top composite (top panel+ air gap), showing good agreement with
the model predictions over lower frequencies (< 4.2kHz). The discrepancies at higher
frequencies (> 4.2kHz) are likely due to the extra sound absorption from the bottom
micro-perforated panel. However, Maa’s model fails to predict the peak frequency of the
acoustic absorption spectrum for specimen PA4 as shown in Figure This may be due
to the the relatively large increase in acoustic resistance at lower frequencies [126] caused
by the sufficiently thick (h;, = 4mm) bottom panel, resulting in a shift in peak frequency
from 5.6 to 4.7 kHz.

Figure compares the sound absorption coefficient of the micro-perforated housings
with an acoustic foam infill (specimens RF1-RF4) and an air gap (specimens RA1-RA4).
The acoustic foam infill significantly increases the bandwidth of sound absorption, giving

rise to broadband sound absorption with a limited specimen thickness (10mm). The
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Figure 4.4: Sound absorption coefficient of specimens (a) PA1, (b) PA2, (¢) PA3 and
(d) PA4 compared with predictions using Maa’s model (bottom micro-perforated panel
excluded).

amplitude of the broadband increase in sound absorption coefficient increases with the
thickness of acoustic foam infill, while the spectral shape is not significantly altered by
the acoustic foam infill due to the broadband nature of the sound absorption coefficient.
In Figure the sound absorption coefficient of specimens PF1-PF4 is compared with
that of a 10 mm thick acoustic foam. The peak sound absorption coefficient of the acoustic
foam (specimen F10) is increased from 0.5 to 0.8-0.9 by the micro-perforated housings with
an acoustic foam infill (specimens PF1-PF4). The proposed novel structure provides an
approach of achieving efficient broadband sound absorption over a desired frequency range
with a limited specimen thickness. When the bottom panel thickness is small with respect
to the specimen total thickness, the geometric parameters of the micro-perforations can

be optimally designed using Maa’s model to achieve efficient broadband sound absorption
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Figure 4.5: Sound absorption coefficient of specimens (a) PF1, (b) PF2, (c) PF3 and (d)
PF4 compared with that of specimens PA1-PA4.
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Figure 4.6: Sound absorption coefficient of specimens PF1-PF4 compared with that of a
Basotect ® foam with 10 mm thickness (F10).

over a certain frequency range of interest.
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4.4 Summary

The feasibility of using additive manufacturing to fabricate micro-tube structures for
acoustic absorption has been investigated in this chapter. In MC Campaign 1, a series of
such 3D printed structures has been fabricated and their sound absorption performance
has been measured using an impedance tube. The results have shown that a peak sound
absorption coefficient of 0.90 can be achieved by the test specimens, and they are ex-
amined to have good sound absorption performance over higher frequencies ranging from
3.2-6.4kHz. Based on the experimental data obtained in this work, it can be concluded
that the frequency characteristics of the acoustic absorption spectra for micro-tube struc-
tures are related to their porosity. Furthermore, for such structures to achieve maximum
sound absorption over a desired frequency range, the following geometric design criteria
have been established: 1) the peak frequency of the sound absorption coefficient can be
shifted to lower frequencies by decreasing the porosity; 2) for micro-tube structures with
a certain porosity, the amplitude of their sound absorption coefficient is strongly related
to the pore aspect ratio, and a maximum sound absorption coefficient can be achieved
by selecting an optimal pore aspect ratio. The porous structure based on specimen P4

has been applied in airfoil trailing-edge noise control, which will be further discussed in
Chapters [f] [6] and

In addition, novel sound-absorbing structures consisting of a micro-perforated housing
with an air gap (PA structure) and a Basotect® foam infill (PF structure) have been
proposed and characterised in MC Campaign 2. The frequency characteristics of sound
absorption for the PA structures can be predicted by Maa’s analytical model when the
thickness of bottom the perforated panel is small (hy/ho < 0.3) relative to the total
specimen thickness. Moreover, extra sound absorption due to the bottom micro-perforated
panel of the PA structures has been observed over higher frequencies ranging from 4.2—
6.4kHz. For PF structures, their foam infill can increase the peak sound absorption
coefficient and sound absorption bandwidth without altering the frequency characteristics.
Comparison between the PF structures and a Basotect ® foam with identical thickness
suggests that PF structures can significantly increase the peak sound absorption and shift

the peak frequency to that of the corresponding PA structures. Therefore, PF structures
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can provide efficient broadband sound absorption with a limited specimen thickness, where
the peak sound absorption can be tuned to the desired frequency range by optimally

designing the micro-perforated geometries based on Maa’s model.



Chapter 5

Airfoil Trailing Edge Noise Reduc-
tion Using Porous and Serrated Edge

Treatments

5.1 Overview

This chapter experimentally investigates the trailing-edge (TE) noise performance of a
NACA 0012 airfoil with one reference and eleven novel serrated, porous, porous-serrated
and serrated-porous flat-plate TE extensions (as defined in Table . The porous ge-
ometries have been designed according to the acoustic characterisation results presented
in Chapter [l The two experimental campaigns UAT Campaign la and UAT Campaign
1b (as descirbed in Sec. have been conducted to evaluate the laminar-transitional
boundary layer trailing-edge (LBL-TE) noise and turbulent boundary layer trailing-edge
(TBL-TE) noise of the proposed TE extensions, respectively.

In UAT Campaign la, acoustic measurements have been performed on a natural-
transitioned NACA 0012 airfoil with treated TE extensions at a geometric angle of attack
oy = 4° and freestream velocities Uy, = 12-20m/s (Re. = 1.9-3.2x10°). In UAT Cam-
paign 1b, acoustic measurements have been performed on a forced-transitioned NACA
0012 airfoil with treated TE extensions at a geometric angle of attack ay, = 4° and
freestream velocity Us, = 20-50m/s (Re. = 3.2-8x10°). The acoustic results of UAT
Campaign la and UAT Campaign 1b will be presented in Secs. and respectively.
The noise reduction performance of the treated TE extensions will be analysed in different

frequency regions categorised by their dominant noise mechanism.

86
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5.2 Laminar-Transitional Boundary Layer Trailing-

Edge Noise

This section presents the acoustic results of UAT Campaign la as described in Sec-
tion[3.3.2] In this experimental campaign, the effects of 11 treated flat-plate TE extensions
on LBL-TE noise have been characterised. These extensions are attached to the TE of a
NACA 0012 airfoil model during the measurements (as shown in Figure , and their
geometries have been summarised in Table Acoustic measurements were performed at
freestream velocities from 12 to 20m/s (Re. = 1.9-3.2x10°), where the instability tonal

noise is expected to be the dominant noise source [10, 55 [123].

Conventional beamforming [141] is used to estimate the location and strength of the
noise sources. The formulations of this beamforming algorithm have been presented in
Section [3.3.3] Figure[5.1]shows sample beamforming sound maps at 2520 Hz for extensions
BL, NS, CS and CSP. All maps are shown using a 10dB dynamic range. The dominant
noise sources are located at the airfoil TE, and extensions NS, CS and CSP are shown to
significantly reduce the TE noise level by 10dB, 10dB and 4 dB compared to the baseline

(BL) case, respectively.

To obtain the spectral information for the noise radiated from the airfoil TE with high
signal-to-noise ratio, the sound pressure levels in the beamforming maps are integrated
over the TE region using the source integration method [27] as described in Section m
The positions of the array microphones, airfoil model and TE integration region are shown
in Figure in which the black circles represent the microphones, green rectangle is the
airfoil model and red rectangle is the integration region (flow direction is from left to
right).

In the Reynolds number range (1.9-3.2x10%) for UAT Campaign la, the genera-
tion mechanism for airfoil TE noise is rather complicated. Three major noise sources
are expected to be observed [3I]: the LBL-TE noise (so called instability tonal noise
in [7, 39, 106, [157]), the broadband noise due to the harmonics of Tollmien—Schlichting
(T-S) waves and the bluntness vortex-shedding noise. Figure presents the integrated

narrow-band noise spectrum for the baseline case at a freestream velocity Uy, = 18 m/s
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Figure 5.1: Beamforming sound maps for the natural-transitioned NACA 0012 airfoil with
extensions (a) BL, (b) NS, (c) CS and (d) CSP at freestream velocity Uy, = 18 m/s and
frequency f = 2520Hz (color bar scale in dB). Flow comes from left to right. Green
rectangle is the position of airfoil model, and green dash-line is the leading edge of flat-
plate extension (x and y correspond to horizontal (streamwise) and vertical coordinates).

(Re. = 2.9 x 10°), showing the appearance of the aforementioned noise sources. A broad-
band hump with multiple equally-spaced discrete tones is observed at frequencies ranging
from 0.4kHz to 0.9kHz, which is likely LBL-TE noise. At higher frequencies around
3kHz, a significant hump is observed possibly produced by trailing-edge bluntness vortex-
shedding. A comparison between measured acoustic data and predictions of the peak
frequency of LBL-TE noise and bluntness vortex-shedding noise from the classic BPM
empirical model [31I] further supports the observation (see Figure . Even though
BPM model over-predicts the noise levels for LBL-TE and bluntness vortex-shedding,

their peak frequencies frp; and f; are found to be in good agreement with peak fre-
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Figure 5.2: Schematic of the positions of array microphones (black circles), airfoil model
(green rectangle) and TE integration region (red rectangle) for UAT Campaign 1a.

quencies of the low- and high-frequency hump, respectively. A mnoise level correction of
[1010g1(0.232fpr)] dB [39] is applied in the LBL-TE noise prediction to allow direct
comparison with the experimental data. To be noticed, as the noise spectra (shown in
Figure of the baseline extension and background collapse together at higher frequen-
cies (3.5kHz to 10kHz), airfoil noise data in this frequency range are masked by tunnel
background noise. Since the level of masked high-frequency noise is much lower compared
with that of instability tonal noise (more than 30 dB lower than the peak tonal noise), their

contribution to overall sound pressure level (between 0.25 kHz and 10 kHz) is negligible.
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Figure 5.3: Acoustic data for baseline (BL) case at Us, = 18 m/s. (a) Integrated narrow-
band noise spectrum of baseline case (BL) compared to background noise (BG); (b) in-
tegrated 1/3 octave band noise spectrum of baseline case (Exp) compared to BPM pre-
dictions (BPM LBL-TE: level-corrected BPM prediction of LBL-TE noise; frpr: peak
frequency of LBL-TE noise; fp: peak frequency of bluntness vortex-shedding noise.)
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Figure 5.4: Colormap of narrow-band noise spectra for the natural-transitioned NACA
0012 airfoil with baseline flat-plate extension (Sts« - Strouhal number based on displace-
ment thickness §*; f - peak frequency of bluntness vortex-shedding noise).

Figure presents narrow-band (8 Hz bandwidth) noise spectra (integrated over the
TE region as shown in Figure for the airfoil model with extension BL, plotted as a
colormap of frequency versus freestream velocity. The discrete tones embeded within the
broadband humps below 1kHz are likely produced by the acoustic feedback loop and the
most amplified T-S waves in the boundary layer [42]. They are found to occur at Sts+ of
between 0.013 and 0.028, where Sts« is the Strouhal number based on the displacement
thickness 6* on the pressure side at the TE. As discussed in Sec. the boundary layer
displacement thickness §* has been estimated by XFoil for acoustic scaling. Table
summarises the peak frequency f; of the high-frequency humps and corresponding Strouhal

numbers St, based on TE thickness b for the baseline case at freestream velocity Uy, =

Table 5.1: Peak frequencies f; and Strouhal numbers St of bluntness vortex-shedding
noise for airfoil with baseline flat-plate extensions at freestream velocities ranging from
12m/s to 20m/s.

U Bluntness Noise Peak Bluntness Noise Bluntness Noise
(m?os) Frequency f, for BL Peak St;, for BL Peak St in
Extension (Hz) Extension Ref. [186]
12 1620 0.14
14 1949 0.14
16 2428 0.15 0.12 - 0.22
18 2814 0.16

20 3200 0.16
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12-20m/s. The peaks of bluntness vortex-shedding noise occur at Strouhal numbers St
of between 0.14 and 0.16. This agrees with the findings in Ref. [I86] which has reported
that the bluntness vortex-shedding noise for a NACA 0012 airfoil occurs at St of between
0.12 and 0.22.

Figure shows the noise attenuation achieved with serrated extensions (NS, CS,
WS and SS) at frequencies ranging from 0.25-10 kHz and freestream velocities of between
12 and 20m/s. The noise attenuation ASPL is plotted as a colormap as a function of

frequency f and freestream velocity Uy, in which ASPL is defined as:

ASPL = SPLgL, — SPL7reated » (5.1)

where SPLp;, and SPLpyeqteq are the sound pressure levels at the TE region of the
airfoil with baseline and treated TEs, respectively. Based on the noise spectra of baseline
extension BL, noise attenuation maps can be categorised into the following four frequency

regions by Stg« and Stp:

e Frequency region for instability tonal noise (R1): 0.013 < Sts+ < 0.028;

Frequency region for broadband noise (R2): Sts« > 0.028 N St < 0.115;

Frequency region for bluntness vortex shedding noise (R3): 0.115 < St;, < 0.175;

High-frequency region (R4): St;, > 0.175N f < 10kHz.

All serrated extensions are efficient in reducing bluntness vortex-shedding noise that
occurs over region R3. For classic straight-saw-tooth extensions NS (A/h = 0.6) and WS
(A/h = 1.8), the noise levels in frequency regions R1 and R2 are significantly reduced
at lower freestream velocities Uy, = 12-16m/s (see Figures and [5.5b). At higher
flow speeds Uy, = 18-20m/s, NS and WS introduce more tones over regions R1 and R2,
however, the frequencies of the tones differ from those of the baseline extension. For
curved-saw-tooth extension CS (A/h = 0.6), the noise levels are consistently attenuated
over frequency regions R1, R2 and R3 throughout the entire freestream velocity range
(Figure [5.5d). On the contrary, the slitted-saw-tooth extension SS (A/h = 0.6) fails to
suppress the boundary-layer instability noise and produces more undesirable tonal noise

over frequency regions R1 and R2 (Figure [5.5d]). It is noted that the noise levels for
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Figure 5.5: Colormaps of narrow-band noise attenuation ASPL for (a) narrow-serrated
(NS), (b) wide-serrated (WS), (c) curved-serrated (CS) and (d) slitted-serrated (SS) exten-
sions (Sts« - Strouhal number based on displacement thickness 6*; St;, - Strouhal number
based on TE thickness b; fj, - peak frequency of bluntness vortex-shedding noise).

serrated and baseline extensions are equivalent in high-frequency region R4, where the
measured noise signal is masked by wind tunnel background noise.

Figure [5.6] shows the noise attenuation maps for extensions with porous structures
(P, CSP, NSP, NPS, WSP and WPS). As all these extensions have the same straight
blunt TE across the span, they are not as efficient as serrated extensions in reducing
bluntness vortex-shedding noise over frequency region R3. For all-porous extension P,
the porosity facilitates a reduction in the broadband TE noise in region R2 but fails to
achieve noise attenuation in high-frequency region R4. In addition, multiple tonal noise
increases are observed for the all-porous extension but not for serrated-porous extensions

(Figures[5.6b| [5.6d| and [5.6f). This indicated that the uniformly-spaced pores (P) may en-

hance the acoustic feedback loop or change frequency characteristics of the instability tonal

noise, while the serrated-porous extensions (CSP, NSP and WSP) may have destructive
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Figure 5.6: Colormaps of narrow-band noise attenuation ASPL for (a) porous (P), (b)
curved-serrated-porous (CSP), (c¢) narrow-porous-serrated (NPS), (d) narrow-serrated-
porous (NSP), (e) wide-porous-serrated (WPS) and (f) wide-serrated-porous (WSP) exten-
sions (Sts« - Strouhal number based on displacement thickness 6*; St;, - Strouhal number
based on TE thickness b; f, - peak frequency of bluntness vortex-shedding noise).

effects on the separation bubbles hence suppressing the aocustic feedback loop. For porous-
serrated extensions NPS and WPS (Figures and |5.6€]), their acoustic performance is

similar to that of extension P in all frequency regions R1-R4. This indicates that the
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porous structures play a decisive role in aerodynamic noise production for porous-serrated

TEs. In contrast, the aerodynamic noise production of serrated-porous extensions CSP,

NSP and WSP (Figures|5.6b} [5.6d|and [5.6{)) is more likely to be dominated by the serrated

geometries. Noticeable noise reduction is achieved with all serrated-porous extensions over
regions R1, R2 and R3. Interestingly, although the serrated geometries of NSP (\/h = 0.6)
and WSP (A/h = 1.8) are identical with those of NS (A\/h = 0.6) and WS (A/h = 1.8),
the tonal noise induced by NS and WS at higher flow speeds is not observed for NSP and
WSP. This suggests that the porous geometries in the voids between the serrations have
the potential to suppress the tonal noise induced by serrated TEs. However, compared
to extension CS, the addition porous geometries of CSP fails to further reduce the noise
levels in regions R1 and R2. This indicates the curved TE geometries may have more
destructive effects on the laminar separation bubbles and the subsequent acoustic feed-
back loop than the serrated-porous geometries. Furthermore, for all extensions that have
porous structures, a significant broadband noise increase is observed in high-frequency
region R4. Table lists the porosity ¢ (defined as the ratio of permeable area Ap to the
total area of flat-plate App, i.e., ¢ = Ap/App) for porous and serrated-porous extensions.
The high-frequency broadband noise levels for extensions CSP, NSP and WSP increase
with an increase in porosity ¢, suggesting that the broadband noise increase may arise
from the discontinuities in the porous geometries, i.e. pore edges and permeability. For
porous-serrated extensions (NPS and WPS), their high-frequency broadband noise lev-
els are higher than those for serrated-porous extensions (NSP and WSP). Although they
have identical overall porosity, the local porosity of the former ones decreases along the
streamwise direction, while that of the latter ones gradually increases. This indicates the
excessive high-frequency broadband noise is more likely to be attributed to the upstream
porous geometries as the porous-serrated extensions have the highest porosity upstream
and higher noise levels. This point can be further supported by the observation that the
noise performances of extensions with similar upstream porosity (NPS, WPS and P) are

comparable in R4.

Figure compares the overall noise attenuation AOASPL over 0.25 to 10kHz of

extensions CS, NS, WS, CSP, NSP, WSP and P at Reynolds numbers ranging from 1.9 to
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Table 5.2: Geometric parameters of porous and serrated-porous extensions

Pore Pore Permeable Flat-plate orosity ¢
Extension diameter = number surface area  surface area E A /Z
r (mm) nyp Ap (mm?) App (mm?) ~— TPIOFEF
CSP 0.8 585 1164 18200 0.03
NSP 0.8 1060 2109 18200 0.06
WSP 0.8 1138 2264 18200 0.06
P 0.8 2433 4840 18200 0.13
20 ' ' ' ' ' ' ' --CS
15F 4 |=-NS
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Figure 5.7: The noise attenuation in overall sound pressure level AOASPL (log scale on
x axis) over frequencies ranging from 0.25kHz to 10 kHz for extensions CS, NS, WS, CSP,
NSP, WSP and P at Reynolds number ranging from 1.9 x 10° to 3.2 x 10°

3.2 x 10°. The overall noise attenuation AOASPL is defined as:

AOASPL = OASPLgr — OASP LT eated , (5.2)

where OASPLpy, and OASP Lyyeqieq are the overall sound pressure levels of the baseline
and treated TE extensions, respectively. For most cases discussed here, AOASPL shows
the trend of decreasing with increasing Reynolds number. All-porous extension P fails to
achieve overall noise reduction. In contrast, its presence leads to increases in OASPL of
up to 17.3dB at low-to-moderate Reynolds numbers (1.9-3.2x10°%). Traditional straight-
sawtooth extensions NS and WS can achieve an attenuation in OASPL of up to 15dB at

lower Reynolds numbers (1.9-2.7x10°), while causing significant noise increases of up to
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15.9dB at higher Reynolds numbers (2.7-3.2x10°) due to the extra instability tonal noise
produced by straight-sawtooth serrations. Curved-serrated extension CS can effectively
attenuate TE noise over the entire Reynolds number range (1.9-3.2x10°) with a maximum
reduction in OASPL of 16.4dB. For serrated-porous extensions, their porous structures
help to suppress instability tonal noise and therefore consistently achieve a reduction in

OASPL of up to 14.2dB over the entire Reynolds number range (1.9-3.2x10°).

5.3 Turbulent Boundary Layer Trailing-Edge Noise

This section presents the acoustic results of UAT Campaign 1b as described in Sec-
tion [3.3.2] Trailing-edge extensions BL, P, NS, CS, NSP and CSP have been tested on a
forced-transition airfoil model in this experimental campaign. These extensions have been
selected because of their ability to attenuate LBL-TE noise (as presented in Sec. . In
UAT Campaign 1b, the effects of these extensions on the TBL-TE noise has been char-
acterised by a 64-channel microphone array. Acoustic measurements are performed at
freestream velocities from 20 to 50m/s (Re. = 3.2-8x10°), and a 0.4 mm thick zig-zag
turbulator tape is installed on both side of the airfoil model at 10% chord to generate a
turbulent boundary layer at the model TE. Details of the measurement setup have been
described in Section B.3.2]

In this campaign, the beamforming sound maps are processed using the same method
as in UAT Campaign la (see Section for details). Figure shows sample beam-
forming sound maps at 2520 Hz for extensions BL, P, NS, CS, NSP and CSP. All maps
are shown using a 6 dB dynamic range. The most dominant noise source is located at the
airfoil TE, and extensions P, NS, CS, NSP and CSP are shown to reduce the TE noise
level at 2520 Hz by 0.8, 2.1, 3.2, 2.7 and 2.1dB, respectively. Note that the discrepancies
in leading-edge (LE) junction noise level are due to the change in dynamic range.

To obtain the TE noise spectra with high signal-to-noise ratio, the sound pressure levels
in the beamforming maps are integrated using the same source integration method as in
UAT Campaign la (see Section for the details of this method). The TE integration
region is marked as a red rectangle in Figure Figure presents the narrow-band

noise spectra integrated over the TE region of the airfoil model with baseline extension
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Figure 5.8: Beamforming sound maps for the forced-transitioned airfoil with extensions
(a) BL, (b) P, (¢) NS, (d) CS, (e) NSP and (f) CSP at freestream velocity Uy, = 36 m/s
and frequency f = 2520 Hz (color bar scale in dB). Flow comes from left to right. Green
rectangle is the position of airfoil model, and green dash-line is the leading edge of flat-
plate extension (x and y correspond to horizontal (streamwise) and vertical coordinates).
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and background noise (without airfoil model) at U,, = 36 m/s. The signal-to-noise ratio
is consistently larger than 5dB over 5kHz to 8 kHz. However, for frequencies higher than
8kHz, the TE noise is masked by the background noise of the UAT. The narrow-band
peak observed at around 5 kHz is most likely due to the TE bluntness, since this peak has
a Strouhal number based on TE thickness St,=0.139, which is in accordance to the St

range for bluntness vortex-shedding noise as shown in Table

Figure presents a comparison of the integrated spectra for LE and TE regions (as
shown in Figure at Us, = 36m/s. Note that the area of the LE and TE integration
regions are identical. Here, frg is the critical frequency for TE noise dominance, which is
defined as the frequency above which the noise level of the TE region is higher (ASPL >
1.5dB) than that of the LE region. Limited by the size of the microphone array, the
location of dominant noise sources at low frequencies (f < frg) is difficult to identify due
to the large beamwidth in sound map results. As a result, the LE and TE regions show
a comparable noise level over this frequency range. At higher frequencies (f > frg), the
TE region shows a significantly higher noise level (up to ~20dB) compared to that of the
LE region, indicating the TE noise is dominant over this frequency range. Therefore, the
frequency range f > frp is selected for TE noise comparison in UAT Campaign 1b. As
discussed previously, the noise spectra above 8 kHz are masked by the UAT background

noise.

Figure presents narrow-band (8 Hz) noise spectra integrated over the TE region

U—
0.5
E ofl | L
> |
-0.5 - :
0.5 0 0.5
z [m]

Figure 5.9: Schematic of the positions of array microphones (black circles), airfoil model
(green rectangle) and the integration regions of leading edge (blue rectangle) and TE (red
rectangle) for UAT Campaign 1b.
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Figure 5.10: Noise spectra integrated over the TE region for airfoil with baseline extension
(BL-TE) and background noise without airfoil model (BG) at freestream velocity of 36 m/s.
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Figure 5.11: Noise spectra integrated over the leading-edge (BL-LE) and trailing-edge
(BL-TE) regions for the airfoil model with baseline extension at freestream velocity of
36m/s (frg - critical frequency for TE noise dominance).

(as shown in Figure for the airfoil model with extension BL at freestream velocities
from 20 to 50 m/s. The sound pressure levels are plotted as a colormap of frequency ver-
sus freestream velocity. No tonal noise is observed for the baseline case, and the fitted
curve of discrete frequencies frg at various freestream velocities (from 20 to 50m/s with
an increment of 2m/s) is presented as a grey dotted curve. The noise spectral data over
frequencies above frg are of interest for TE noise comparison. Similar to the naturally-

transition airfoil model tested in UAT Campaign la, high-frequency humps arising from
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the TE bluntness vortex-shedding are also observed. The peaks of TE bluntness noise
(marked as grey dots) occur at Strouhal numbers St, (based on TE thickness b) of be-
tween 0.12 and 0.151, which are in accordance with the Strouhal number range reported in
Ref. [186]. Figure shows the BPM TBL-TE noise predictions based on the bound-
ary layer displacement thickness estimated using XFoil. Note that the predicted noise
spectra have been adjusted to the narrow-band level with a bandwidth of 8 Hz. The mea-
sured TBL-TE noise levels are found to be comparable to the BPM predictions, and the

discrepancies in peak frequency may be due to errors in the XFoil estimation.
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Figure 5.12: Colormaps of narrow-band noise spectra for (a) the forced-transitioned NACA
0012 airfoil with baseline flat-plate extension (frg - critical frequency for TE noise domi-
nance; f - peak frequency of bluntness vortex-shedding noise) and (b) the BPM predictions
of TBL-TE noise.

In Figure the noise attenuation performance of extensions NS, CS, NSP, CSP
and P at frequencies from 0.5-10kHz and freestream velocities of between 20 and 50 m/s
(Re. = 3.2-8x10°), is presented. Noise attenuation levels ASPL (defined in Eq.
are plotted as colormaps of frequency versus freestream velocity. Based on the frequency
characteristics of the noise spectra, the noise attenuation maps can be categorised into the

following three frequency regions (as illustrated in Figure |5.13a)):
e Frequency region for TBL-TE noise (R1'): f > frg N St, < 0.11;
e Frequency region for TE bluntness vortex-shedding noise (R2'): 0.11 < St < 0.16;
e High-frequency region (R3'): St; > 0.16 N f < 10kHz.

The serrated extensions NS and CS are equally effective in reducing bluntness vortex-

shedding noise that occurs over frequency region R2' (see Figures [5.13a) and |5.13b)). The
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Figure 5.13: Colormaps of narrow-band noise attenuation ASPL for extensions (a) NS,
(b) CS, (c) NSP, (d) CSP and (e) P (frg - critical frequency for TE noise dominance;
Sty - Strouhal number based on TE thickness b; f; - peak frequency of bluntness vortex-
shedding noise).
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curved-serrated extension CS shows greater capability in the attenuation of broadband
TBL-TE noise over frequency region R1’, compared to the classic saw-tooth-serrated ex-
tension NS with identical \/h value. At frequencies above 8 kHz, the sound pressure levels
emitted from the TE region of cases NS and CS are relatively low, and therefore, are
masked by the background noise of the UAT. As a result, the noise attenuation maps for

extensions NS and CS are incoherent above 8 kHz.

The extensions with porous structures P, NSP and CSP can also achieve noticeable
reductions in TBL-TE noise, especially over lower frequencies in region R1’ (see Fig-
ures . The broadband reduction observed over R1’ is consistent with the
analytical study [99] on a semi-infinite poroelastic edge, where numerical simulations in-
dicate that the rigid, porous TE is efficient in reducing broadband noise at low frequency
but inefficient at high frequency. However, extensions P, NSP and CSP are not as efficient
as the serrated extensions in reducing bluntness vortex-shedding noise over region R2'.
This is likely due to their straight blunt TE across the span (as shown in Figure ,
giving rise to more correlated vortex-shedding structures behind the blunt TE. It was re-
ported that porous TEs can significantly suppress bluntness vortex-shedding noise [2] [3].
The inconsistent observations may be due to the use of metal foams in Refs. [2, [3]. The
irregular channels within metal foams may inhibit the generation of spanwise-coherent
vortex shedding. In high frequency region R3', a significant broadband noise increase
is observed for all porous extensions P, NSP and CSP. This broadband noise increase
compromises the noise attenuation over higher frequencies in region R1’ and frequency
region R2’ to some extent. Similar to the observations in UAT Campaign la, the level
of excessive high-frequency broadband noise produced by the porous extensions increases
with an increase in porosity ¢ (see Table for geometric parameters), further indicating
that the high-frequency broadband noise is directly related to the porous geometries. It
is worth noting that this high-frequency broadband noise (so-called ‘roughness’ noise) has
also been reported in previous studies [68] R6l [165] [172] on porous TEs. Suppression of
this high-frequency broadband noise is important for the application of porous structures

in low-noise TE designs.

Figure compares the overall noise attenuation AOASPL (defined in Eq. over

different frequency regions for forced-transitioned airfoil model with TE extensions P, NS,
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Figure 5.14: The noise attenuation in overall sound pressure level AOASPL (log scale
on x axis) for extensions P, NS, CS, NSP and CSP at Reynolds numbers from 3.2 x 105
to 8 x 10° over (a) frequencies from 0.5 kHz to 10kHz and frequency regions (b) R1’ (TE
turbulence noise), (c¢) R2' (TE bluntness noise) and (d) R3" (high-frequency broadband
noise increase).

CS, NSP and CSP at Reynolds numbers from 3.2 x 10° to 8 x 10°. Over the frequency
range of 0.5-10kHz (Figure , extensions CS, NS and CSP consistently achieve an
overall noise reduction (of up to 3.8, 2.2 and 1.5 dB, respectively) over the entire Reynolds
number range (3.2-8x10°), and AOASPL decreases with an increase in Reynolds number.
Extensions NSP and P fail to reduce the overall sound pressure level due to the excessive
high-frequency broadband noise originating from their porous geometries of large porosity
¢. For frequency region R1’ (Figure , all extensions reduce the TE broadband
turbulence noise consistently over the entire Reynolds number range (3.2-8x10%), among
which extension CS achieves a maximum overall noise reduction of 4.0 dB. Similar to the
results over the entire frequency range of interest (0.5-10kHz), the overall noise reduction
in R1’ shows a trend of decreasing as the Reynolds number increases, especially over

higher Reynolds numbers (5-8x10%). This suggests that these TE extension designs are



Chapter 5. Airfoil Trailing Edge Noise Reduction Using Porous and
Serrated Edge Treatments 104

less effective in TE noise reduction for high-Reynolds-number applications. For frequency
region R2" (Figure , the serrated extensions NS and CS both significantly reduce the
TE bluntness noise, achieving a maximum overall noise reduction of 22.3dB and 19.9 dB,
respectively. The overall reduction in bluntness noise for NS and CS is maintained at a high
level (> 14.5dB) over the entire Reynolds number range (3.2-8x10°), increasing gradually
as the Reynolds number increases. For the extensions with porous structure, CSP is the
only one that can effectively reduce the overall bluntness noise (of up to 3.5 dB), while
extensions P and NSP show a minor increase of overall noise level at Reynolds numbers
above 4 x 10°. Contrary to the serrated extensions, the overall bluntness noise reduction of
porous extensions P, NSP and CSP decreases gradually with increasing Reynolds number.
For high-frequency region R3'(Figure , the porous extensions P, NSP and CSP show
a significant increase in overall noise level due to the excessive high-frequency broadband
noise originating from their porous structures. A higher increase of OASPL over region

R3’ has been observed for porous extensions with a higher porosity.

5.4 Summary

This chapter has presented the acoustic results of UAT Campaign 1la and UAT Cam-
paign 1b. The performance of eleven novel TE designs in reducing LBL-TE noise at
low-to-moderate Reynolds numbers (1.9-3.2x10%) has been assessed in UAT Campaign
la. Based on the results of UAT Campaign la, the five most promising TE designs have
been tested in UAT Campaign 1b to evaluate their ability in TBL-TE noise attenuation at
moderate Reynolds numbers (3.2-8x10°). To better illustrate the acoustic performance,
the proposed TE designs have been categorised into two sets: 1) TE serrations and 2)
TE designs with porous geometries. The features of their performance with respect to

LBL-TE noise and TBL-TE noise production are summarised as follows:

e Laminar-transitional boundary layer trailing-edge noise

1. TE serrations: traditional straight-sawtooth narrow serrations (NS, A/h=0.6) and
wide serrations (WS, A/h=1.8) are effective in attenuating broadband noise, blunt-
ness vortex-shedding noise and instability tonal noise produced by T-S wave am-

plification at low Reynolds number, while introducing more high-level tonal noise
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at moderate Reynolds number (2.9-3.2x10°). The curved serrations (CS, A\/h=0.6)
dampen instability noise and achieve significant attenuation in broadband noise
and bluntness vortex-shedding noise over the low-to-moderate Reynolds number
range (1.9-3.2x10%) examined in this study. The slitted-serrations (SS, A\/h=0.6)
performed similarly in attenuating broadband noise and bluntness vortex-shedding
noise but introduced multiple tones with extremely high levels over the low-to-

moderate Reynolds number range (1.9-3.2x10°).

2. TE designs with porous geometries: all TE extensions with porous geometries are
designed to maintain a straight TE along the spanwise direction and therefore pro-
vide poor reduction of bluntness vortex-shedding noise. The all-porous extension
(P) fails to reduce the overall noise levels due to numerous excessive tones and sig-
nificant broadband noise increase at higher frequencies. High-frequency broadband
noise has been found to increase with an increase in porosity. However, broadband
noise at frequency region R2 is observed to be reduced with porous geometries,
which agrees with findings in an analytical study [99]. The acoustic performance
of porous-serrated extensions NPS (A/h=0.6) and WPS (A/h=1.8) is dominated by
their porous geometries, therefore showing similar results to those of all-porous ex-
tension P. On the contrary, serrated-porous designs of narrow-serrated-porous (NSP,
A/h=0.6), wide-serrated-porous (WSP, \/h=1.8) and curved-serrated-porous (CSP,
A/h=0.6) are found to reduce the overall sound pressure levels consistently over
low-to-moderate Reynolds numbers (1.9-3.2x10°), in-spite of the high-frequency
noise increase produced by their porous geometries. Slitted-serrated-porous exten-
sion (SSP, A/h=0.6) possessed the drawbacks of both slitted-serrated geometries and
porous geometries, causing large noise increases over the low-to-moderate Reynolds

number range (1.9-3.2x10°).

e Turbulent boundary layer trailing-edge noise

1. TE serrations: traditional straight-sawtooth narrow serrations NS and curved ser-
rations CS are both effective in reducing the TBL-TE noise and bluntness vortex-
shedding noise over moderate Reynolds numbers (3.2-8x10°). Both serrations can

significantly reduce the TE bluntness noise by a comparable level. However, CS
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shows a greater capability in TBL-TE noise reduction.

2. TE designs with porous geometries: all porous TE extensions P, NSP and CSP
are efficient in reducing the TBL-TE noise over moderate Reynolds numbers (3.2
8x10%), especially at lower frequencies dominated by TBL-TE noise (R1’). Similar
to the case of laminar-transitional boundary layer noise, the porous extensions have
poor capabilities in TE bluntness noise reduction. Only CSP can achieve an overall
noise reduction over the frequency region dominated by bluntness noise (R2’), while
P and NSP fail to reduce the overall noise level in R2" at Reynolds numbers above
4 x 10°. A high-frequency broadband noise increase has also been observed for
extensions with porous geometries, compromising their noise attenuation at high
frequency (R2" and R3’). Extensions with a higher porosity yield a higher level
of high-frequency broadband noise, further demonstrating that the high-frequency

noise increase originates from the porous geometries.

Finally, the overall noise attenuation performance AOASPL of the TE extensions, in
terms of LBL-TE noise and TBL-TE noise, is summarised in Tables and respec-

tively.
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Table 5.3: Summary of the overall sound pressure level reduction AOASPL in LBL-TE
noise for proposed novel TE treatments over low-to-moderate Reynolds numbers (1.9-
3.2x10%).

TE treatments Description AOASPL over
(Abbr.) 0.25-10kHz (dB)
CSP Curved-serrated-porous 20~17.4
NSP Narrow-serrated-porous 0~ 142
WSP Wide-serrated-porous 1.6 ~ 13.9
CS Curved-serrated 04~ 16.4
NS Narrow-serrated -15.9 ~ 14.8
WS Wide-serrated -9.2 ~ 15.0
SS Slitted-serrated -23.9 ~ -9
P Porous -17.3 ~ -7.0
NPS Narrow-porous-serrated -20.3 ~ -4.8
WPS Wide-porous-serrated -19.1 ~ -6.5
SSP Slitted-serrated-porous -25.2 ~ -13.8

Table 5.4: Summary of the overall sound pressure level reduction AOASPL in TBL-TE
noise for proposed novel TE treatments over moderate Reynolds numbers (3.2-8x10°).

TE AOASPL over AOASPL over frequency region*
treatments 0.5-10kHz (dB) R1’ (dB) R2' (dB) R3' (dB)
CS 1.1 ~ 38 24~ 40 15.0 ~ 19.9 -
NS 0.8 ~ 22 1.0 ~ 2.6 14.5 ~ 22.3 -
CSP 0.5~ 15 1.4 ~24 1.9 ~ 3.1 ST~ -4.2
NSP -0.6 ~ 0.5 1.6 ~ 3 -1.2 ~ 3.1 -13.0 ~ -9.6
P -1.5~-04 0.1 ~138 20~-06 -149 ~-11.5

* frequency regions R1’, R2" and R3’ are dominated by TBL-TE noise, TE bluntness noise and e:

respectively.
Note: frequency region R3’ is only applicable for TE treatments with porous structures.



Chapter 6

Flow Characteristics Around Porous

and Serrated Trailing Edges

6.1 Overview

Having presented the trailing-edge (TE) noise reduction of novel porous and serrated TE
treatments in Chapter 5] attention now turns to the flow characteristics around the porous
and serrated TEs. This chapter aims to relate the flow characteristics of the different edges

to their noise generation to aid understanding of the noise reduction mechanisms.

In this chapter, results and discussions of the flow measurements obtained in UAT
Campaign la and UAT Campaign 1b are first presented in Secs. and respectively.
Details of the test models and measurement setup for these two experimental campaigns
have been described in Sec. In UAT Campaign la, the mean and fluctuating ve-
locity has been measured in the near wake of the 11 treated TE extensions attached to
a naturally-transitioned NACA 0012 airfoil at a geometric angle of attack a, = 4° and
freestream velocity U, = 18m/s (Re. = 2.9 x 10°). Both the mean and fluctuating
velocity are shown to be significantly altered by the treated TE extensions. The noise
reduction by these extensions likely be attributed to their effects on the hydrodynamic
field near TE, as the fluctuating velocity data have a strong correlation with the far-field
acoustic data.The velocity fluctuations in the near wake of these extensions are related
to their noise reduction or increase. In UAT Campaign 1b, the mean and fluctuating
velocity have been measured in a near-wake plane of four treated TE extensions attached
to a forced-transitioned NACA 0012 airfoil at a geometric angle of attack oy, = 4° and

freestream velocity Us, = 36m/s (Re. = 5.8 x 10°). The turbulence intensity and tur-
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bulence integral length scale in the near-wake plane are characterised and related to the
intensity of turbulent boundary layer trailing-edge (TBL-TE) noise.

Furthermore, Sec. will present the results and discussions of LES simulations on a
forced-transitioned NACA 0012 reference airfoil (LES Case 1) and a forced-transitioned
NACA 0012 airfoil with a porous TE (LES Case 2) at an angle of attack oy = 5° and
freestream velocity Us, = 50m/s. FWH acoustic analogy predictions are shown to accu-
rately capture the frequency characteristics of the noise spectra measured in experiments.
Finally, mechanisms of the TBL-TE noise reduction and the high-frequency broadband

noise increase of the porous TE are discussed in detail.
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6.2 Flow Measurements in a Laminar-transitional

Flow Regime

In this section, the flow measurement results for UAT Campaign la are presented and
analysed. Mean and fluctuating velocities are measured using three single hot-wire probes
at 1 mm upstream of the TE extensions (z/c = —0.171) and 1mm downstream the TE
of these extensions in the near wake (z/c = 0.004). First, the upstream (x/c = —0.171)
boundary layer profiles on the suction surface are presented to verify the influence of
novel TE extensions on the upstream boundary layer. Next, the near-wake (x/c = 0.004)
profiles of novel TE extensions are presented to demonstrate their effects on the mean
hydrodynamic field in the vicinity of their TEs. Assuming the near-wake velocity profiles
represent the TE boundary layer, the boundary layer displacement thickness at the TE
of baseline and novel extensions is then estimated using the mean velocity data measured
in the near wake (z/c = 0.004). Finally, in order to relate the flow characteristics to TE
noise generation, velocity fluctuations in the near wake (z/c = 0.004) of the TE extensions

are analysed.

6.2.1 Mean Velocity Results

0.06

- BL-UPI : ~ BL-UPI ~+-BL-UPI t
~ P-UP3 : NS-UPI ¢ —+SS-UPI !
0.04
=
0.02
0 /
0 0.5 1(0) 05 1(0) 05 1

v/,

Figure 6.1: Mean velocity boundary-layer profiles measured at 1 mm upstream (z/c =
—0.171) of baseline (BL-UP1), porous (P-UP3), narrow-serrated (NS-UP1) and slitted-
serrated (SS-UP1) extensions. Note that UP1, UP2 and UP3 refer to the measurement

positions as shown in Figure

Figure [6.1] compares the normalised mean velocity profiles measured at position UP1
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of the baseline (BL), narrow-serrated (NS) and slitted-serrated (SS) TE extensions and
position UP3 of porous (P) extension on the suction-side (probe is offset 0.6 mm above
suction surface). The upstream mean velocity profiles for treated extensions show close
agreement with that measured for the baseline extension, suggesting that the effects of TE
treatments on the upstream boundary layer at this location are insignificant. This is also

in agreement with previous experimental studies [12] 45, [112] on TE saw-tooth serrations.
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Figure 6.2: Near-wake (Ilmm downstream of TE, x/c = 0.004) mean velocity profile
for baseline extension (BL-P1) compared with that for (a) porous extension (P-P3); (b)
narrow-serrated (NS-P1), curved-serrated (CS-P1) and wide-serrated (WS-P1) extensions;
(c) slitted-serrated extension (SS-P1). Note that P1, P2 and P3 refer to the measurement

positions as shown in Figure
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Figure 6.3: Wake (z/c = 0.004) mean velocity profile for (a) curved-serrated (CS) and
narrow-serrated (NS) extensions at different spanwise positions P1, P2 and P3 as shown

in Figure @
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Figure [6.2] compares the normalised mean velocity profiles measured at position P1
of baseline (BL), narrow-serrated (NS), curved-serrated (CS), wide-serrated (WS) and
slitted-serrated (SS) extensions and position P3 of porous (P) extension. Note that the
positive y axis corresponds to the suction-side of the extensions. Despite the fact that
the geometries of extensions BL, NS, WS, CS and SS between positions UP1 and P1
are identical, their near-wake velocity profiles vary significantly. This indicates that the
flow over the TE is altered by the spanwise-variant geometries of the treated extensions.
For the serrated extensions NS, CS and WS, lower velocity deficits are observed in the
vicinity of the TE (—0.005 < y/c < 0.005) and outer region of the pressure-side near wake
(y/c < —0.005). The recovery of a velocity deficit may be induced by the edge geometries
at adjacent spanwise locations. The near-wake profiles on the suction surface of extensions
P and SS show a significantly higher velocity deficit in the outer region (y/c > 0.005). This
may be caused by the flow perturbations travelling through permeable geometries from the
pressure-side to suction-side. Figure[6.3|compares the wake profiles for serrated extensions
CS and NS measured along serration tip (P1, z/A = 0), midpoint (P2, z/A = 1/4) and
root (P3, z/A =1/2) at z/c = 0.004. For both extensions, the velocity deficit dip position
gradually shifts to the suction-side as the spanwise measurement position changing from
the serration tip to the root. Compared to CS, lower velocity deficits are observed at P2
and P3 of NS. This may be due to the presence of stronger jet flow through the serration

gap [121] as the gap at the serration root of NS is wider than that of CS.
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B Suction-side B Pressure-side
BL-P1 0.87 0.77
BL-Xfoil 0.80 0.57
P-P3 1.05 0.65
NS-P1 0.93 0.45
WS-P1 1.09 0.69
CS-P1 1.10 0.68
SS-P1 0.83 0.67
NSP-P3 1.05 0.58
NSP-P2 0.97 0.55
NSP-P3 0.93 0.67
WSP-P3 0.99 0.56
WSP-P2 0.88 0.57
WSP-P1 0.82 0.59
NPS-P3 0.82 0.56
NPS-P2 0.90 0.65
NPS-P1 0.94 0.6
WPS-P3 0.91 0.58
WPS-P2 0.91 0.61
WPS-P1 0.91 0.59
SSP-P3 0.72 0.43
SSP-P2 1.06 0.7
SSP-P1 1.04 0.78
. . . . . . . .
1.0 0.7 04 0.1 0.2 0.5 0.8 1.1

Figure 6.4: Trailing-edge boundary layer displacement thickness 6* obtained from the

6" [mm]

near-wake measurements (at 1 mm downstream of TE, x/c = 0.004).
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It is assumed that the near-wake velocity profile is a true representation of the bound-
ary layer apart from a small inner region corresponding to the nascent shear layer. Fig-
ure [6.4] summarises the TE boundary layer displacement thickness §* of baseline and
treated extensions, along with the XFoil [59] estimations for the baseline case with nat-
ural boundary layer transition. As shown in Figure the geometries upstream of
measurement position P1 are solid, and they are identical for different TE extensions. If
the effects of spanwise flow perturbations are assumed to be negligible, the boundary layer
parameters measured at P1 should be very similar for different TE extensions. However,
the displacement thickness measured at P1 for different cases deviates significantly (simi-
lar deviation has also been observed for position P3), further indicating that the presence
of spanwise flow perturbations caused by different geometries can significantly affect the
boundary layer parameters at the TE. Furthermore, XFoil results show a good approxima-
tion to the experimental results for the baseline (BL). As the boundary layer parameters
for the natural-transitioned cases are only measured at a freestream velocity of Uy, =
18 m/s while acoustic data are measured at Uy, = 12 to 20m/s, the XFoil predictions of
displacement thickness are used in describing dimensionless quantities, such as Strouhal

number, for the analysis of acoustic data at different freestream velocities in Sec[5.2]

6.2.2 Fluctuating Velocity Results

Figures present spectral maps of fluctuating velocity (u/2/Hz) measured in the
vertical (y) direction in the near wake of baseline and treated TEs at Uy, =18 m/s. Spectral
maps are measured at 1 mm downstream (x/c = 0.004) of the TEs and presented with y
axis in chord length normalised coordinates y/c ranging from -0.06 to 0.06. The center of
the TE corresponds to y/c = 0, and the negative y axis corresponds to the near wake on
the pressure-side of the TE.

Figure [6.5] shows fluctuating velocity spectral maps for extensions BL, NS, CS and
SS at position P1 between 0.4 and 0.9 kHz (region R1), where LBL-TE noise is the
dominant noise source. Baseline extension BL shows multiple high-energy peaks of velocity
fluctuations at equally-spaced frequencies on the pressure-side (see Figure . As the
peaks are only shown in the near wake on the pressure-side, it is evident that the tonal noise

measured in the far-field is likely due to the amplification of T-S waves over the pressure



Chapter 6. Flow Characteristics Around Porous and Serrated Trailing
Edges 115

103

J10¢ =
i ~
- E
o
107 @~
N
. : 10-8
0.4 0.5 0.6 0.7 0.8 09 0.4 0.5 0.6 0.7 0.8
Frequency [kHz] Frequency [kHz]
(a)
107
100 @
(o]
g
N
s
107 @~
N
: 10
0.4 0.5 0.6 07 08 09 0.4 0.5 0.6 0.7 08 09
Frequency [kHz] Frequency [kHz]
(c) (d)

Figure 6.5: Velocity spectra maps (from 0.4 to 0.9 kHz, region R1) measured along vertical
(y) direction in the near wake (at position P1, z/c = 0.004) of (a) baseline (BL), (b)
curved-serrated (CS), (c) narrow-serrated (NS) and (d) slitted-serrated (SS) extensions
(positive y axis corresponds to airfoil suction-side). Frequencies of the discrete tones of
LBL-TE noise are marked by dashed white lines.

surface. Compared with the baseline case, extension CS shows lower fluctuating energy
peaks, corresponding to a reduction in the levels of tonal noise measured in the far-field
(Figure . Extension NS is observed to enhance the equally-spaced fluctuating velocity
peaks at slightly different frequencies, leading to the tonal noise increases observed in the
acoustic measurement (Figure. For extension SS, a significant peak in the fluctuating
velocity is observed to occur at around 660 Hz in the near wake on the both pressure-side

and suction-side, which explains why a large increase in tonal noise is observed at this

frequency (Figure .

Figure presents fluctuating velocity spectral maps for extensions BL, NS, CS and
SS at position P1 between 0.9 and 3 kHz (regions R2 and R3). Multiple equi-spaced energy
peaks of velocity fluctuations are observed for extensions NS and SS, which correspond to

the tonal noise increase observed in far-field noise measurements (Figures and [5.5d)).
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Figure 6.6: Velocity spectra maps (from 0.9 to 3 kHz, regions R2 and R3) measured along
vertical (y) direction in the near wake (at position P1, z/c = 0.004) of (a) baseline (BL),
(b) curved-serrated (CS), (c) narrow-serrated (NS) and (d) slitted-serrated (SS) extensions
(positive y axis corresponds to airfoil suction-side).

However, no significant peaks are observed in the velocity spectral map for extension
CS. In addition, the broadband energy levels of velocity fluctuations in the outer region
(y/c < —0.01) of the pressure-side near wake of extension CS are significantly lower
compared to extension BL. This agrees with the far-field acoustic measurement, which
shows that curved serrations attenuate TE broadband noise and bluntness vortex-shedding

noise without producing tonal noise over regions R2 and R3 (Figures m

Figure[6.7] presents fluctuating velocity spectral maps for extensions BL and P between
3 kHz and 10 kHz (region R4). The energy of the velocity fluctuations is approximately
identical in the near wake on the pressure-side but deviates on the suction-side. For
extension P, higher levels of turbulent energy are measured in the near wake on suction-
side, which may contribute to the broadband noise increase observed over high-frequency

region R4. Note that the rise in the signal at high frequencies (8.5 to 10 kHz) is likely
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Figure 6.7: Velocity spectra maps (from 3 to 10 kHz, region R4) measured along vertical (y)
direction in the near wake (1lmm downstream) of (a) baseline (BL) extension at position
P1 and (b) porous (P) extension at position P3 (positive y axis corresponds to airfoil
suction-side).

due to the amplification effect of the electronic noise from constant-temperature hot-wire

anemometry as reported in [66] [166].

Figure shows the fluctuating velocity profiles for extensions BL, CS, NS, SS and P
measured at x/c = 0.004 with the same y-axis range as spectral maps shown in Figures
Fluctuating velocity \/uif2 /Uso results are obtained by integrating the velocity power
spectra over three frequency regions (as defined in Sec. from: 1) 0.4 to 0.9 kHz
(region R1, Figure [6.8a)), 2) 0.9 to 3 kHz (regions R2 and R3, Figure and 3) 3 to
10 kHz (region R4, Figure . For positions 1 mm downstream of TE (position P1 for
BL, CS, NS and SS; position P3 for P), the velocity fluctuation on the pressure-side of
serrated extensions NS and CS is consistently lower than that of baseline extension BL,
which could contribute to the reduction in far-field noise levels of the LBL-TE broadband
hump in R1 and its harmonics in R2. Slitted-serrated extension SS shows a significant
increase in the turbulence levels on the suction-side over regions R1-R4 (Figures |6.8a)
, and the velocity fluctuation slightly reduces on the pressure-side over regions R2-R4
(Figures and . In addition to the double-peak behaviour due to high velocity
gradients in the near-wake inner region (—0.05 < y/c¢ < 0.05), a third peak of the velocity
fluctuation is observed on the suction-side at y/c = 0.1-0.2 over all frequency regions. This
additional peak indicates the presence of intensive upward jet flow through the gap between
slits. The turbulence levels for extension P are equivalent to those for extension BL on

the pressure-side and consistently higher on the suction-side over regions R1-R4. The
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Figure 6.8: Fluctuating velocity \/uiT2 /Us integrated over (a) 0.4 to 0.9 kHz (region R1),
(b) 0.9 to 3 kHz (R2 and R3), (c) 3 to 10 kHz (R4) measured along vertical (y) direction in
the near wake (x/c = 0.004) of curved-serrated (CS-P1, -P2 and -P3), narrow-serrated (NS-
P1, -P2 and -P3), slitted-serrated (SS-P1, -P2 and -P3) and all-porous (P-P3) extensions
compared with that of baseline (BL-P1) extension (positive y axis corresponds to airfoil
suction-side). Note that P1, P2 and P3 refer to the measurement positions as shown in

Figure @
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increase in fluctuating velocity on the suction-side may result from additional turbulent
eddies passing through the permeable porous geometries driven by the pressure difference
between the pressure and suction surfaces. Although significant increases in broadband
noise are observed over region R4 for extension P, the turbulence levels for extension P are
not found to increase drastically, indicating that the velocity fluctuation in the near wake
is not the only reason for the high-frequency broadband noise observed. For positions in
the wake of serration midpoint (P2, z/X = 1/4) and root (P3, z/\ = 1/2), the location of
peak fluctuating velocity for both CS, NS and SS is shifted to suction-side. The shifted
distance increases as the spanwise position changing from the serration tip to the root.
Furthermore, the shifted distances for CS, NS and SS are found to be in ascending order,
indicating the jet flow through the voids between serrated geometries of NS and SS is
more intensive than that of CS. The significant changes in frequency and level of the LBL-
TE tonal noise for NS and SS (as shown Figures and are likely attributed to
the presence of stronger jet flow, altering the flow characteristics related to the T-S wave

amplification and acoustic feedback loop.

6.3 Flow Measurements in a Turbulent Flow Regime

In this section, the flow measurement results for UAT Campaign 1b are presented and
analysed. In the near-wake plane (x/c = 0.008), mean and fluctuating velocities in a
rectangular region of 325 (13 x 25) points are measured to examine the contributions of
spanwise-variant turbulent flow to TBL-TE noise production. The flow statistics related
to TBL-TE noise generation are characterised for a baseline TE extension BL and four

treated extensions P, NS, CS and CSP.

6.3.1 Mean Velocity Results

Figure shows comparisons of the normalised mean velocity profiles measured at span-
wise positions P1’, P2’ and P3’ (as shown in Figure in the near-wake plane (z/c =
0.008) of baseline (BL), porous (P), narrow-serrated (NS), curved-serrated (CS) and
curved-serrated-porous (CSP) extensions. Note that the positive y axis corresponds to

the suction-side of the extensions, and positions P1’, P2’ and P3’ correspond to the ser-



Chapter 6. Flow Characteristics Around Porous and Serrated Trailing

Edges 120
0.008¢—= |~ 0.008¢—~ |-
Root 'y Root "l
. o
Tp Pl T
Fl . —_—
0.05 o 0.05 Flow.
SS SS
20 20
=Y )
PS PS
-0.05 ! -0.05 !
0 02 04 06 08 1 0 02 04 06 08 1
U/Us U/Us
(a) (b)
0.008¢ i~
Root P3'
Tip
0.05 Flow —
—BL
— P
SS ||[—NS
—CS
—CSP
< ot
=N
PS
-0.05 I
0 02 04 06 08 1

U/Us
(c)

Figure 6.9: Normalised mean velocity U/Us measured in the near wake (z/c = 0.008)
at spanwise locations (a) P1’, (b) P2’ and (3) P3'. For extensions BL and P, only data
measured at one position (P1’ for BL, P3’ for P) are presented as their geometries are
uniformly distributed along the span.

ration tip (z/A = 0), middle (z/A = 1/4) and root (z/A = 1/2) positions, respectively.
Despite the fact that the geometries upstream of position P1” are identical for most exten-
sions (except extension P), the wake profiles of extensions NS and CS still show noticeable
differences with extension BL. For extensions P, NS and CS, the velocity in the outer
region (y/c > 0) of their wake profile on the suction surface is reduced. The flow decel-
eration is likely due to the turbulent flow passing through the pores for extension P, or
through the void adjacent to the serration tip for extensions NS and CS. The velocity
minimum in the near wake shifts towards suction-side for extensions P, NS and CS, fur-

ther illustrating the presence of cross flow towards the suction surface. However, the mean
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wake profiles of extension CSP at different spanwise locations are both similar to those
of extension BL, and only a slightly higher velocity deficit is observed at positions P1’,
P2" and P3'. This indicates that the gradually varying (porosity increases towards down-
stream direction) porous geometry of CSP has a minor effect on the mean flow around
TE. Moreover, extensions NS and CS show significantly lower velocity deficits in the inner
region (—0.015 < y/c < 0) of their near wake, and the velocity deficits gradually decrease
from the tip location (P1’) towards the root location (P3’). This is because the distance
from the model TE to the hot-wire probe increases as the probe moves from P1’ to P3/
and the flow past the TE has re-accelerated over a longer distance before reaching the
hot-wire probe.

Figure presents the contours of normalised mean velocity in the near-wake plane
(x/c = 0.008) of extensions BL, P, NS, CS and CSP. The variation in mean velocity
along the spanwise direction is unnoticeable for extensions BL, P and CSP. Similar to
the wake profile results shown in Figure the velocity in the near wake of CSP shows
a comparable spatial distribution to that of BL. The near wake of extension P shows a
larger region of low velocity (U/Us < 0.3), which appears at a vertical (y) location closer
to the suction surface. For serrated extensions, a more significant spanwise variation in
velocity is observed in the near wake of extension NS, while extension CS shows a higher

velocity deficit over a larger region in the vicinity of serration tip (P1).

6.3.2 Fluctuating Velocity Results

Figure compares the turbulence intensity \/172 /U measured at spanwise positions
P1’, P2’ and P3' in the near-wake plane (z/c = 0.008) of extensions BL, P, NS, CS and
CSP. Due to the instrumentation noise observed above 8.5 kHz (as shown in Figure[6.7),
the time-series velocity data have been low-pass filtered below 8.5 kHz for the analysis
in this section. As shown in Figure the highest turbulence intensity in the wake
of extension P appears at a similar vertical (y) location to that of extension BL, while
extension P increases the turbulence intensity in the suction-side wake but reduces it in the
pressure-side wake. This further demonstrates the existence of turbulent flow permeation
through the porous geometries of extension P from pressure to suction-side. In comparison,

the turbulence intensity in the near wake of extension CSP is not significantly affected by
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Figure 6.10: Contours of normalised mean velocity U/Us, measured in the near-wake plane
(x/c =0.008) for extensions (a) BL, (b) P, (¢) NS, (d) CS and (e) CSP.

the gradually changed porous geometries, showing a comparable level and distribution to
those of BL at spanwise locations P1’, P2’ and P3’. This may because: 1) there is much
less turbulent flow permeation due to the much lower porosity of CSP (see Table ; 2)
changes in turbulence intensity are too small to be captured by the coarse measurement
points. For serrated extensions NS and CS, the turbulence intensity in the inner region
of the wake (—0.015 < y/c < 0) is significantly increased at position P1’ and reduced at
positions P2 and P3’. Figure presents the contours of turbulence intensity in the

near-wake plane (z/c = 0.008). All extensions show a spatial distribution of turbulence
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Figure 6.11: Turbulence intensity Va2 /U measured in the near wake (z/c = 0.008) at
spanwise locations (a) P1’, (b) P2’ and (3) P3’. For extensions BL and P, only data
measured at one position (P1’ for BL, P3' for P) are presented as their geometries are
uniformly distributed along the span.

intensity similar to that of normalised mean velocity (as shown in Figure [6.10]), where the

low velocity region corresponds to the high turbulence intensity region.

Turbulence integral length scale §;ps can be used as an indicator of the scales of
turbulence in the near-wake plane (z/c = 0.008). Assuming frozen turbulence, d;1¢ can

be calculated from the temporal correlation function R, of the streamwise velocity data:
Ruu(y? Z7 T) - E[“(y: Z’ t)?“(y) Z7t+T)] b (6'1)

where u(y, z,t) stands for the instantaneous velocity measured by the hot-wire probe at
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location (y, z) in the wake plane (z/c = 0.008) and E donotes the expectation operator.

The turbulence integral length scale ;15 can then be determined by [76]:

5ILS(Z/; Z) = UCTI/Z ) (62)
where U, is the convection velocity and 7y is determined by:
J%uu(yazv71/2)
—— = =0.5. (6.3)
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Figure 6.12: Turbulence intensity V«/2/U measured in the near-wake plane (z/c = 0.008)
for extensions (a) BL, (b) P, (¢c) NS, (d) CS and (e) CSP.
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Figure 6.13: Turbulence integral length scale d;7,5 measured in the near wake (x/c = 0.008)
at spanwise locations (a) P1’, (b) P2’ and (3) P3'. For extensions BL and P, only data
measured at one position (P1’ for BL, P3’ for P) are presented as their geometries are
uniformly distributed along the span.

In this study, the convection velocity of turbulent eddies is approximated by U, = 0.7U
according to a previous study of a NACA 0012 airfoil with edge treatments [76} [79] and

Howe’s acoustic model of a serrated TE [92].

Figure [6.13] compares the turbulence integral length scale d;7,s measured at spanwise
positions P1’, P2’ and P3’ in the near-wake plane (/¢ = 0.008) of extensions BL, P,
NS, CS and CSP. In the velocity deficit region of the near wake, where the flow develops
from the upstream boundary layers, the scales of the turbulent eddies are significantly
smaller than in the outer regions of the wake profiles. Compared to extension BL, a

reduction of turbulence integral length scale of up to 32% in the vicinity of TE (—0.015 <
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Figure 6.14: Contours of turbulence integral length scale §;7,¢ measured in the near-wake
plane (z/c = 0.008) for extensions (a) BL, (b) P, (¢) NS, (d) CS and (e) CSP.

y/c < 0) is observed for all treated extensions at positions P1’, P2’ and P3'. Figure
presents contours of the turbulence integral length scale d;p¢ in the near-wake plane
(x/c = 0.008). The turbulence length scales in the wake of extension P exhibit a similar
spatial distribution to that of BL. However, the turbulence length scales are reduced by
extensions NS, CS and CSP in the inner region (—0.015 < y/c < 0) of the near wake.
Since the TE bluntness noise originates from vortex-shedding occurring behind the blunt
edge geometry, a reduction of turbulence length scale near the edge of extensions NS, CS

and CSP may contribute to their bluntness noise reduction (as shown in Figure |5.14c)).
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Figure 6.15: Velocity power spectra at the position of the highest velocity deficit. Fre-
quency region R2’ for bluntness vortex-shedding noise is marked in grey.

Figure presents the velocity power spectra measured in the near-wake (z/c = 0.008)
of BL, CS and CSP at the vertical location of the highest velocity deficit. For BL and
CSP, a small hump is observed in the frequency region for bluntness vortex-shedding noise
(R2’). The hump of CSP exhibits a slightly lower energy level compared to that of BL,
which indicates that the bluntness noise reduction by CSP can also be attributed to the
attenuation of vortex-shedding intensity. For CS, despite its significant bluntness noise
reduction, it shows a much higher level of velocity fluctuation, and no energy increase is
observed in R2’. The presence of bluntness vortex-shedding is not evidenced for serrated

extensions.

6.3.3 TBL-TE noise Intensity Factor

In UAT Campaign 1b, flow measurements have been performed at a freestream velocity
Uso = 36m/s (Re. = 5.8 x 10°). At this velocity, all treated extensions can effectively
reduce the TBL-TE noise generated by the interaction between the airfoil TE and the
turbulence past over it (see Figure . This section aims to develop an approach to
estimating the intensity of the TBL-TE noise source using the velocity data measured
in the near-wake plane (z/c = 0.008). This approach is based on an analytical model
proposed by Amiet [5] for the noise generated by the interaction of a turbulent stream
and an airfoil. In this model, a simple expression for the far-field 1/3 octave-band sound

pressure level SPLy 3 is derived using the Von Karman model for the turbulence spectrum,



Chapter 6. Flow Characteristics Around Porous and Serrated Trailing
Edges 128

which is given as

LS u’? 3
ILS pps @ v +181.3, (6.4)

S T LN S
T

where L is the airfoil span, y is the vertical location of the observer, M, is the freestream
Mach number and K, is the dimensionless chordwise turbulence wavenumber. According
to Eq. (6.4]), the relationship between the velocity statistics and the far-field sound pressure

level SPLy/3 at a fixed location for an airfoil with a certain span is

'LL/2

SPLy3 o< 0rLs - (T

)2 M, . (6.5)

In a later study by Amiet [6], the model introduced above was extended to specifically
apply to TBL-TE noise by taking the surface pressure spectrum upstream of the TE into
account. As surface pressure data are not available in the current study, Eq. is
adopted to relate the velocity statistics to the intensity of the TBL-TE noise source. This
is justified because: 1) TBL-TE noise and turbulence-interaction noise are both generated
from the unsteady loading on the airfoil (TE or LE) due to the turbulent flow past over it;
2) the surface pressure spectrum at the airfoil TE is essentially produced by the turbulent
flow past over the TE surface, and therefore its intensity can be related to the turbulence

statistics in the near wake. In this study, a dimensionless noise intensity factor Iry is

proposed based on Eq. (6.5):

(5[[,5)(@ U 5

) () )" (6.6)

Ity =

where c is the airfoil chord. It is proposed that this noise intensity factor Iy can provide
some indication of the intensity of the TBL-TE noise source, although not to the absolute

level, based on the properties of the near-wake flow.

Figure [6.16] presents contours of the noise intensity factor I7g in the near-wake plane
(x/c = 0.008). TBL-TE noise is found to be related only to the turbulence in the core
region of the wake (—0.035 < y/c < 0.025), which develops from the upstream boundary
layers at the TE. For extensions BL, P and CSP, contributions of the turbulence through

the inner region of the wake core (—0.015 < y/c < 0) to noise generation are negligible,
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Figure 6.16: Contours of noise intensity factor Iry measured in the near-wake plane
(x/c =0.008) for extensions (a) BL, (b) P, (¢) NS, (d) CS and (e) CSP.

which is likely due to the high level of local velocity deficit. Extensions NS and CS show a
higher noise intensity factor in the inner region of their wake core compared to that of other
extensions. Both serrated extensions show a lower noise intensity factor in the vicinity of
the serration tip. On the pressure-side of the serration tip, a high-noise-intensity region
is observed at the location with the highest velocity deficit. This region is likely related
to the vortex structures generated from the mixing layer at the serrated TE as reported
in [12, 13].

To obtain the overall level of the individual terms in Eq. over the measurement
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plane in the near wake (z/c = 0.008), each term is integrated over measurement points
where the turbulence intensity is larger than 1% and normalised by the number of inte-
grated measurement points. This is because the regions with turbulence intensity less than
1% are in a freestream flow regime, therefore, their contribution to TBL-TE noise gen-
eration is negligible. Table summarises these integrated parameters. Although some
terms on the right-hand side of Eq. are increased by extensions NS, CS and CSP,
the integrated noise intensity factor Iy of all treated extensions is still lower than that
of extension BL, which is consistent with the acoustic results as shown in Figure
When surface pressure fluctuation measurements are unavailable, the noise intensity factor
It provides an alternative approach to relate the near-wake flow characteristics to the
intensity of TBL-TE noise.

Table 6.1: Summary of the parameters that relate the near-wake flow characteristics to
the TBL-TE noise generation.

Test Model BL P NS CS CSP
Integrated\/ﬁ/Uoo 0.0515 0.0506 0.0563 0.0572 0.0503
Integrated d;.s/c 0.0102 0.0101 0.0098 0.0097 0.0103
Integrated U/Uy, 0.7651 0.7635 0.7941 0.7960 0.7506

Integrated Iry [x107*] 0.1075 0.1065 0.0946 0.1002 0.0951

Note: values lower than baseline extension BL are marked in green; higher are in red.

6.4 Numerical Simulation of an Airfoil with Porous
Trailing Edge

In this section, the results of Large Eddy Simulations (LES) and acoustic prediction using
the FWH acoustic analogy for a forced-transitioned NACA 0012 reference airfoil (LES
Case 1) and a forced-transitioned NACA 0012 airfoil with a porous TE (LES Case 2) are
presented. The airfoil models in LES Case 1 and Case 2 have an identical profile and
chord length. The porous TE geometries of LES Case 2 are identical to those of rotor
blades P (see Figures and Table for the details of porous geometries). In the
LES simulations, both airfoil models are set at a freestream velocity of 50m/s and angle

of attack of 5°. The numerical method has been detailed in Sec. 3.5
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This section is structured as follows: first, the far-field acoustic results predicted using
FWH acoustic analogy are verified by the comparison with experimental data, and used
to analyse the noise directivity for reference and porous airfoils. Then, the Reynolds
normal-stress and shear-stress are analysed in different frequency regions and related to
the acoustic source intensity. Finally, the mechanisms for the noise reduction and increase
by porous TE are investigated through a detailed analysis on the fluctuations of vertical

velocity and wall surface pressure.

6.4.1 FWH Acoustic Analogy Results

The far-field acoustic results obtained from the FWH acoustic analogy are compared
with the single-microphone measurement data of the forced-transitioned reference airfoil
(Ref) and porous airfoil (Porous) in the UAT. The airfoil models for the wind tunnel
measurements have the identical profile, chord length and TE geometries to those in LES
Case 1 and Case 2 but a larger span of 455mm. Forced boundary layer transition is
achieved by installing a 0.4 mm zig-zag turbulator at 10% chord on both sides of the
airfoil models. To maintain consistency with the simulations, wind tunnel measurements
are performed at a freestream velocity of 50m/s and a corrected angle of attack o, = 5°,
which corresponds to a geometric angle of attack oy, = 6.3° due to the open-jet effects.
The geometric angle of attack oy is determined by the airfoil chord and geometries of the

wind tunnel test section according to the open-jet correction method described in [31]:

Qg = O‘cc )
¢ =(1+20)2+V120, (6.7)

o = (n°/48)(c/Dn)*

where ¢ is the airfoil chord and Dy is the vertical dimension of the test section. The
microphone is positioned 1.05m (15¢) away from the airfoil TE in the vertical (y) direction.
To account for the difference in airfoil span in experimental measurements and numerical
simulations, the FWH acoustic results obtained from the simulated span Lg are corrected
to the measured span L,, according to the method described in [19, [I76]. The corrected

sound pressure level SPL, is calculated by:
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SPL, = SPLy+ SPL., (6.8)

where SPL; is the far-field sound pressure predicted by the FWH acoustic analogy using

LES simulation data, and SPL, is the span correction value which can be determined by

101og(IV) (L./Ls < 1/y/7)
SPL: = 10log(y/7N) + 101log(L./Ls) (1/\/7 < L./Ly < N/\/7) (6.9)
20log(NV) (L./Ls > N/y/x),

where N = L,,/Ls, and L/, is the acoustic spanwise coherence length. In this study, L.
is estimated from the spanwise coherence function of surface pressure v at the airfoil TE.
Assuming Gaussian distribution [19] of the spanwise coherence function ~, the acoustic

spanwise coherence length L/ can be obtained by data fitting from:

52
v(Az) = exp(—i/2 ), (6.10)

C

where Az is the distance between two separate points along the spanwise (z) direction at
the airfoil TE. For both LES Case 1 and Case 2, the acoustic spanwise coherence length L/,
is smaller than Ls/\/7 over the entire frequency range of interest (1-15kHz). Therefore,

the corrected sound pressure level SPL, is calculated by: SPL, = SPLs+10log(L,,/Ls).

Figure compares the 1/3 octave-band noise spectra of microphone measurement
data and the FWH acoustic analogy results. Numerical predictions for both airfoils are
in reasonably good agreement with experimental data, showing a prediction error of less
than 5dB over 2 to 8 kHz. The discrepancy below 2 kHz is likely due to the leading-
edge junction noise and the masking effects of the wind tunnel background noise. At
frequencies over 8 kHz, FWH predictions show significantly lower noise levels compared
to the experimental data. This is likely due to the background noise (poor signal-to-
noise ratio) at high frequencies in experiments and the limitation of the LES simulation.
In LES simulations, the eddies smaller than the computational grid are simulated by
the subgrid-scale (SGS) turbulence model. Since the SGS model is not capable of fully
capturing the energy above the LES cut-off frequency, the acoustic energy associated
with turbulent eddies smaller than the computational grid is not properly resolved in the

FWH prediction results. Figure presents the experimental and numerical results
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of the noise reduction performance ASPL (as defined in Eq. of the porous airfoil.
FWH predictions of ASPL show an excellent agreement with the experimental data in
terms of the spectral shape, accurately capturing the frequency regions of noise reduction
and increase. However, wind tunnel measurement data show approximately 2—-3 dB lower
noise reductions over 2 to 5 kHz, which may be due to the masking effects of the UAT

background noise.
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Figure 6.17: Comparison of the single-microphone measurement results (Exp.) and FWH
acoustic analogy results (FWH): (a) sound pressure level SPL in 1/3 octave-bands; (b)
noise reduction performance ASPL of the porous airfoil in 1/3 octave-bands.

Figure shows the directivity pattern of the predicted acoustic pressure in 1/3
octave bands at observer locations 15¢ away from the airfoil TE in the midspan plane,
where a position of 0° corresponds to the downstream of airfoil TE. At lower frequencies
of 1.6 and 2kHz, the airfoil noise source is emitted in a dipole form. At frequencies of
4kHz (¢/A = 0.82) and 5kHz (¢/A = 1.03) where highest noise levels are observed, the
noise directivities resembles the typical “forward-looking” [82] directivity pattern that
occurs when the wavelength is of the same order as the airfoil chord (¢/A ~ 1). The noise
directivity pattern is not visibly altered by the porous airfoil at 1.6, 2 and 4 kHz. While
at 5 kHz, the noise directivity pattern is significantly changed by the porous geometries,
showing several additional lobes and lower magnitudes of acoustic pressure in the upstream
positions of around 140° and 200°. At higher frequencies of 8 kHz and 10 kHz, the far-field
acoustic pressures of the porous airfoil show a lower amplitude in the streamwise direction
(positions of 180° and 0°) and a higher amplitude in other angular positions compared to

the reference airfoil. This may be due to additional noise sources caused by the porous
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Figure 6.18: Directivity plot of the far-field 1/3 octave-band acoustic pressure [Pa2/Hz| for
the reference airfoil (Ref) and airfoil with porous TE (Porous) at (a) 1.6kHz, (b) 2kHz,
(c) 4kHz, (d) 5kHz, (e) 8kHz and (f) 10 kHz.
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Figure 6.19: Narrow-band FWH acoustic analogy results. Frequency regions of interest
are marked in grey (R;: TE noise reduction region; Rj: high-frequency noise increase
region).

geometries. For ease of analysing the flow characteristics related to the noise reduction
and increase of the porous airfoil, two frequency regions R; and Rj have been defined as
shown in Figure R; is the frequency region where the TE noise level is reduced; Ry,

is the frequency region where a high-frequency noise increase is observed.

6.4.2 Flow Simulation Results

Figure @ presents the distribution of the time-averaged pressure coefficient C), along the
midspan of the reference airfoil. Simulation results of the reference airfoil (LES Case 1)
are compared with the Xfoil prediction for the experimental setup in the UAT. Excellent
agreement is achieved except at locations near the artificial suction and blowing regions
(numerical boundary layer tripping). The pressure coefficient results, along with the FWH
acoustic analogy results, suggest that the wind tunnel measurement has been effectively
modelled by the LES simulation.

Figure shows the TE geometries of the porous airfoil. The cylindrical pores in the
TE region have a diameter d, of 0.8 mm. The spanwise spacing S, and streamwise spacing
L, between the pores are 1.5mm and 2.5 mm, respectively. As the pore pattern varies
along the spanwise (z) direction, two representative spanwise locations PL1 (midspan:
z/c=10) and PL2 (z/¢ = —0.011) are chosen for analysing the spanwise variation of flow
characteristics.

In Figure [6.22] the instantaneous flow structures over the reference and porous airfoil
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Figure 6.20: Distribution of pressure coefficient C, over the reference airfoil compared
with XFOIL prediction.
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Figure 6.21: Sketch of the TE geometries of the porous airfoil (top view).

are presented. The boundary layer for both airfoils is well-developed and turbulent at the
TE, showing a wide range of flow scales that could potentially contribute to aerodynamic
noise generation. For the porous airfoil, high-vorticity turbulent flow is observed to travel
through the porous geometries from the pressure surface to the suction surface. As a
result, the vorticity near the airfoil TE is reduced on the pressure-side and increased on
the suction-side.

The normalised streamwise Reynolds normal-stress u/u//UZ% of the porous airfoil in
spanwise planes at PL1 (z/c¢ = 0) and PL2 (2/c¢ = —0.011) are compared with that of

reference airfoil in the midspan plane in Figures [6.23] [6.24] and [6.25] which correspond

to the unfiltered, low-frequency (R;) and high-frequency (Rj) bandpass-filtered results,
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Figure 6.22: Instantaneous flow structures around the reference and porous airfoil TEs:
(a) vorticity in spanwise plane; (b) iso-surfaces of Ay criteria colored by vorticity.

Figure 6.23: Contours of the normalised Reynolds normal-stress u/v//U2 in spanwise
planes at (a) PL1 and (b) PL2 of porous airfoil and (c¢) midspan plane of reference airfoil.
Locations of U = 0.99U, are marked by white dashed lines.

respectively. For the unfiltered and low-frequency (R;) results (Figures and, the
magnitude of v/4/ /U2 in the TE boundary layer and wake is reduced by the porous TE on
the pressure-side and increased on the suction-side compared to that of the reference airfoil.
Immediately downstream of the pore wall on the suction-side, regions of high-amplitude
streamwise velocity fluctuations are observed. For the high-frequency (Rj) bandpass-
filtered results ( Figure , the high-amplitude regions near the suction-side pore wall

show a significantly higher magnitude of u/u’/UZ2, relative to that in the outer boundary
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Figure 6.24: Contours of the normalised Reynolds normal-stress v/ /U2 bandpass-filtered
within R; in spanwise planes at (a) PL1 and (b) PL2 of porous airfoil and (¢) midspan
plane of reference airfoil. Locations of U = 0.99U, are marked by white dashed lines.
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Figure 6.25: Contours of the normalised Reynolds normal-stress u/u/ /U, go bandpass-filtered
within R}, in spanwise planes at (a) PL1 and (b) PL2 of porous airfoil and (¢) midspan
plane of reference airfoil. Locations of U = 0.99U, are marked by white dashed lines.

layer and the vicinity of airfoil TE. This indicates that the eddies passing through the
pores may have become the more prominent turbulent structures over frequency region

Ry,

Figures|6.26] 6.27|and |6.28| present the unfiltered, low-frequency (R;) and high-frequency

(Ry) bandpass-filtered results of the normalised vertical Reynolds normal-stress v'v/ /U2

of the porous airfoil in spanwise planes at PL1 (z/c¢ = 0) and PL2 (z/c = —0.011) com-
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Figure 6.26: Contours of the normalised Reynolds normal-stress v'v//U2 in spanwise
planes at (a) PL1 and (b) PL2 of porous airfoil and (c¢) midspan plane of reference airfoil.
Locations of U = 0.99U, are marked by white dashed lines.
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Figure 6.27: Contours of the normalised Reynolds normal-stress v/v/ /U2 bandpass-filtered
within R; in spanwise planes at (a) PL1 and (b) PL2 of porous airfoil and (c) midspan
plane of reference airfoil. Locations of U = 0.99U, are marked by white dashed lines.

pared with that of the reference airfoil in the midspan plane. For the unfiltered results
(Figure , regions of a high magnitude of v/v/ /U2, are observed near the downstream
pore walls. Compared with the reference airfoil, the regions downstream of the pores in
the suction-side bounday layer and near wake show a higher magnitude of v/v//UZ2,. The
increase in the vertical velocity fluctuations for the porous airfoil indicates the presence

of large swirling turbulent structures and highly anisotropic flow at these regions [2]. The
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Figure 6.28: Contours of the normalised Reynolds normal-stress v/v/ /U2 bandpass-filtered
within Ry, in spanwise planes at (a) PL1 and (b) PL2 of porous airfoil and (¢) midspan
plane of reference airfoil. Locations of U = 0.99U, are marked by white dashed lines.

low-frequency (R;) results (Figure show a spatial distribution similar to the unfil-
tered results (Figure except in the wake and outer boundary layer near the TE, where
the magnitude of v/v//UZ2, relative to regions near the downstream pore wall is increased.
However, for the high-frequency (Rj) results (Figure , high magnitudes of v'v/ /U2
are only present in small regions near the junction of the downstream pore wall and airfoil
suction surface (pore suction-side open end), indicating the existence of high-energy eddies

of frequencies within Ry,

Figure illustrates the definition of the cylindrical-polar velocity components u,
and up in the acoustic source term related to Reynolds shear-stress | —2u,ug| (as described
in Ref. [I89]), where caret denotes the temporal Fourier transform. This source term can
be used to indicate the intensity of noise sources generated by turbulence. Figures [6.30]

and present the magnitude of the normalised acoustic source term | — 2wu,ug|/UZ2,

U,—— Trailing edge

Figure 6.29: Schematic of the polar velocity components about the airfoil TE.
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Figure 6.30: Contours of the magnitude of acoustic source term | — 2w, tp|/U2 in 1/3

octave band at 5kHz in spanwise planes at (a) PL1 and (b) PL2 of porous airfoil and (c)
midspan plane of reference airfoil. Locations of U = 0.99U, are marked by white dashed

lines.

-4
0.1 x10
IG“’S
0.05 2
< 43
> =]
I
-0.05 .
Figure 6.31: Contours of the magnitude of acoustic source term | — 2u,tp|/UZ in 1/3

octave band at 8 kHz in spanwise planes at (a) PL1 and (b) PL2 of porous airfoil and (c)
midspan plane of reference airfoil. Locations of U = 0.99U, are marked by white dashed

lines.

in the 5 and 8kHz 1/3 octave bands where the peak noise reduction and increase are
observed, respectively. At both frequencies, the source term of the reference airfoil shows
a spatial distribution of four high-magnitude regions near the TE (Figures and

6.31c|). For the porous airfoil, the magnitude of the quadruple-distributed source regions



Chapter 6. Flow Characteristics Around Porous and Serrated Trailing
Edges 142

is significantly reduced in plane PL1 (Figure at 5kHz where the peak noise level
of FWH predictions is observed. In plane PL2 (Figure , the magnitude of the
source term is reduced near the pressure surface at the TE but increased in the suction-
side TE boundary layer and wake compared with those of the reference airfoil. The
increase of acoustic source intensity is likely due to the highly swirled (high intensity of
vertical velocity fluctuations) turbulence that permeates through the pore nearest to the
TE (Figure . Moreover, in both planes PL1 and PL2, the acoustic source term is
of high magnitude near the pore suction-side open end where high level vertical velocity
fluctuations are present (Figure . At 8kHz , the peak frequency of the broadband
noise increase produced by the porous TE, the intensity of the quadruple-distributed
source regions near the TE of reference airfoil (Figure is only slightly reduced by

the porous geometries, while a higher magnitude of | — 21, 1y| /U2, appears near the pore

suction-side open end and in the suction-side wake (Figures|6.31ajand |6.31b]). This, along

with the vertical velocity fluctuation results (Figure , suggest that the high-frequency
broadband noise increase observed in experiments and FWH predictions may arise from
the interactions between the pore suction-side open end and turbulence permeated through
the TE pores from the pressure surface to the suction surface.

Vertical velocity fluctuations are commonly linked to wall pressure fluctuations and
therefore, are widely used in the source term of analytical models [5, 37, 162] 179] for TE
noise. In a recent experimental study of PIV measurements on an airfoil with porous
TE [165], the vertical velocity fluctuations were found to be correlated between the
pressure- and suction-sides of the porous metal-foam TE over the frequency range of
noise reduction. It was suggested that the vertical flow passing through the porous media
contributes to the noise reduction achieved with the porous TE. The vertical flow con-
nects the upstream pressure and suction surfaces, hence reduces the acoustic impedance
jump at the edge. To investigate the applicability of these findings for the porous TE in
this study, the spatial correlation of the vertical velocity fluctuations R,,r—o has been

calculated using a cross-correlation function given by:

Rypr—0(x,&) = B[V (x,t),v'(x + &, 1)], (6.11)

where x stands for the reference point, £ is a separation vector of the distance relative to
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reference point and E[ ] denotes the expected value. Figures and present the
spatial correlation maps of vertical velocity fluctuations bandpass-filtered within frequency
regions R; and Ry, respectively. These spatial correlation maps are calculated based on the
reference points at the near-wall boundary layer (6, = 0.19) and different streamwise loca-
tions, where J, is the distance from the reference point to wall and 4 is the local boundary
layer thickness. The regions of low correlation (R, =0 < 0.2) have been masked for clar-
ity. For the results filtered over the frequency region of TE noise reduction (R;) as shown
in Figure [6.32] a region of low spatial correlations appears in the suction-side boundary
layer when the corresponding reference points are near the pressure-side open end of the
pores. As the reference point moves downstream, higher correlations are observed in the
suction-side boundary layer. In the spatial correlation maps filtered over the frequency
region of broadband noise increase (Ry), the suction-side low-correlation region is not
observed, indicating that the vertical velocity fluctuations over this frequency range fail
to propagate from the lower surface to the upper surface through the pores. Despite the
differences in TE porous geometries, the spatial correlation maps of the simulated porous
TE show similar characteristics to those of the metal-foam TE as reported in [165]. This
suggests that the vertical velocity fluctuations that propagate from the pressure surface

to the suction surface may be a crucial feature for the noise reduction by porous TEs.
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Figure 6.32: Contours of the spatial correlation of the vertical velocity fluctuations
bandpass-filtered within frequency region R; in spanwise planes at PL1 (middle column)
and PL2 (left column) of porous airfoil and midspan plane of reference airfoil (right
column) with reference points at 6, = 0.16 and different streamwise location:(a)—(c)
x/c=—0.178; (d)—(f) z/c = —0.142; (g)-(i) z/c = —0.105; (j)—(1) z/c = —0.070; (m)—(o)
x/c = —0.034; (p)—(r) z/c = —0.02. Locations of the reference point are marked by blue
crosses, and the boundary layer edges (U = 0.99U,) are marked by black dashed lines.
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Figure 6.33: Contours of the spatial correlation of the vertical velocity fluctuations
bandpass-filtered within frequency region R; in spanwise planes at PL1 (middle col-
umn) and PL2 (left column) of porous airfoil and midspan plane of reference airfoil
(right column) with reference points at §,, = 0.16 and different streamwise location:(a)—(c)
x/c=—0.178; (d)—(f) z/c = —0.142; (g)—(i) z/c = —0.105; (j)—(1) z/c = —0.070; (m)—(o)
x/c = —0.034; (p)—(r) z/c = —0.02. Locations of the reference point are marked by blue
crosses, and the boundary layer edges (U = 0.99U,) are marked by black dashed lines.
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Figure 6.34: Contours of the spatial correlation of the pressure fluctuations bandpass-
filtered within frequency region R; at the suction surface of the porous (top) and reference
(bottom) TEs with reference points at different streamwise location:(a) x/c = —0.199; (b)
x/c = —0.176; (c) z/c = —0.159 (d) x/c = —0.14; (e) z/c = —0.12; (f) x/c = —0.105 (g)
x/c = —0.087; (h) x/c = —0.069; (i) /c = —0.051; (j) z/c = —0.034; (k) z/c = —0.016;
(1) /¢ = —0.001. Locations of the reference point are marked by blue crosses, and the
pores are marked by black circles.

To further investigate the effects of the permeated flow on wall pressure fluctuations,
analysis of the spatial correlation and space-time correlation of the wall pressure fluctua-
tions has been carried out. Both the spatial correlation R, ;—o and space-time correlation

R, are calculated using the cross-correlation function:

Rpp(x7£77-) = E[p’(x,t),p’(x+§,t+7-)] ) (612)
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Figure 6.35: Contours of the spatial correlation of the pressure fluctuations bandpass-
filtered within frequency region R}, at the suction surface of the porous (top) and reference
(bottom) TEs with reference points at different streamwise location:(a) x/c = —0.199; (b)
x/c = —0.176; (c¢) v/c = —0.159 (d) x/c = —0.14; (e) z/c = —0.12; (f) x/c = —0.105 (g)
x/c = —0.087; (h) x/c = —0.069; (i) x/c = —0.051; (j) z/c = —0.034; (k) z/c = —0.016;
(1) /¢ = —0.001. Locations of the reference point are marked by blue crosses, and the
pores are marked by black circles.

where 7 is the temporal lag between signals at the location x + £ and reference point x.
The spatial correlation Ry, r—q is a special form of Eq. when the temporal lag equals
to zero: Ry r—0(x,&) = Rpp(x,&,0). Figures and present the spatial correlation
maps of the pressure fluctuations at the suction surface near the TE, in which the pressure

fluctuation signals are bandpass-filtered over frequency regions R; and Rj, respectively.
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These spatial correlation maps have been calculated based on reference points at various
streamwise locations along the midspan (PL1). For locations at the voids (regions within
the black circles), the correlation is calculated using air pressure fluctuations instead of
wall pressure fluctuations. For the results filtered within the frequency region of TE noise
reduction (R;) as shown in Figure the spanwise correlation of wall pressure fluc-
tuations is significantly reduced by the porous geometries, especially when the reference
point is at the void location or its nearby regions. This indicates the reduction of span-
wise correlation may be attributed to the geometry discontinuity of porous TE and the
flow perturbations propagating from the pressure-side through the pores, which may have
destructive effects on the spanwise-coherent turbulent structures. For the results filtered
over the frequency region of broadband noise increase (Ry) as shown in Figure the
spanwise correlation of wall pressure fluctuations is not significantly affected by the porous
geometries. Only a minor reduction of spanwise correlation is observed at the void loca-
tions. Due to the bandpass filtering over Ry, high spatial correlation is observed at several
locations along the streamwise direction for the reference airfoil. The spatial correlation
at these locations is significantly reduced by the porous TE, which may also be caused by
the flow perturbations induced by porous geometries.

In Figure the space-time correlation maps at six upstream reference locations
Pst1—Pg (as illustrated in Figure on the suction surface of the porous and reference
TEs are presented. The temporal lag 7 and streamwise separation distance relative to the

reference point Ax are nondimensionalised by the freestream velocity Uy, and streamwise

Flow —
0.02 A
) Pgt] Pgt2 Pg3 O Pg7
0 (A :
D S O
-0.02 Pst4/ff\ ‘P\st5 Py ) Pst?
) \_/ \_/ Q
L
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-0.14 -0.12 -0.1 -0.08 -0.06 -0.04 -0.02 0

z/c

Figure 6.36: Locations of the reference point for analysing the space-time correlation and
mean convection velocity.
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Figure 6.37: Contours of the space-time correlation of the pressure fluctuations on the
suction surface of the porous (top) and reference (bottom) TEs with respect to reference
points: (a) Psi1; (b) Psia; (¢) Pss; (d) Paa; (e) Pas and (f) Pgg. Locations of the pore
wall are marked by black dashed lines.

spacing between the pores L,. For the reference point Py at the center of the pore open
end, regions of high correlation are confined within the pore. For other reference points,
significant decorrelation of the pressure fluctuations is observed at the pore locations
where a discontinuity due to the solid wall is present. In order to relate the wall pressure
fluctuations to the TBL-TE noise generation, the local mean convection velocity U, is

estimated using the space-time correlation results by [95]:

Uc(Az) = Az /Timas(Az) (6.13)

where Tie is the temporal lag of the maximum correlation for a fixed streamwise

separation distance Ax. Figure [6.38] presents the normalised mean convection velocity
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Figure 6.38: Normalised mean convection velocity U./Us, on the suction surface of the
porous and reference TEs with respect to reference points: (a) Psi1; (b) Psi2; (¢) Pas; (d)
Pya; (€) Pss; (f) Pas; (g) Par and (h) Pyg. Locations of the pore are marked in grey.

U./Us calculated at six upstream reference points and two reference points near the
TE. At upstream reference points Ps;1—Pge (Figures , the mean convection
velocities of the turbulence convected from upstream and to downstream locations are
both significantly reduced. When the turbulence is convected from upstream locations
(Az < 0) to the reference point, a sudden recovery of convection velocity occurs at the
suction surface downstream of the pore. When the turbulence is convected from the
reference point to downstream locations (Az > 0), a sudden decrease of convection velocity

occurs within the pore region near the downstream pore wall. Similar characteristics are

observed at reference points Py7 and Pyg near the TE (Figures [6.38g and |6.38h)) where

the mean convection velocity reduces in the pore regions and suddenly recovers at the
suction surface downstream of the pore. Overall, the mean convection velocity over the

TE region (—0.2 < z/c < 0) is significantly reduced by the porous geometries.
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Spanwise correlation length and convection velocity, as components of the source terms
in many analytical models for TBL-TE noise [4, 6, 162, 179], play an important role in
noise generation and scattering. The convection velocity results, along with the spatial
correlation maps of wall pressure fluctuations, suggest that the noise reduction by a porous
TE is mainly due to reductions in spanwise correlation [23] and convection velocity [35],
which may arise from the flow perturbations that propagate through the pores [34] and

the flow induced by the discontinuity of porous geometries.

Figure 6.39: Locations of the selected pores for flow characterisation (marked in grey).
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Figure 6.40: Characteristics of the mass flow rate through pores PR1-PR5: (a) mean mass
flow rate gp,; (b) power spectral density of mass flow rate Py,.

In order to investigate the generation mechanism of the broadband noise increase
over frequency region Ry, the mass flow rate of the flow permeation through five pores
PR1-PR5 at different streamwise locations (as illustrated in Figure and the surface
pressure fluctuation on the interior wall of these pores are analysed. Figure presents

the mean mass flow rate g,, and the power spectral density of the mass flow rate Py, of
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pores PR1-PR5. The maximum mean mass flow rate is observed at the second pore PR2.
In the region downstream of PR2, the mass flow rate decreases gradually, indicating flow
permeation reduces as the flow develops towards the TE. However, the fluctuations of
mass flow rate gradually intensify in the downstream pores, showing broadband increases
of power spectral density over a wide range of frequencies (2-14kHz). At the frequency
region of the broadband noise increase (Ry), the power spectral density of the mass flow
rate does not noticeably increase. Therefore, a direct relationship between mass flow rate
and broadband noise increase is not evident.

As discussed in Sec. additional dipole noise sources are observed over frequency

region Ry in the noise directivity results predicted by the FWH acoustic analogy (Fig-

1073
0.5 *
15 0.025
P 0.02 =2
S 10 3
= = 0.015=
g g
= 0.01 =
5
0.005
-0.5 .5
2180 -90 0 90 180 2180 -90 0 90 180
6, [°]
(a)
0.5 0.04
. 0.0373
™8
s D
=0 =
> ’ 0.02
£
. =
0.01
-0.5 p—— ° 5
2180 90 0 90 180 2180 -90 0 90 180
6, ] by [°]
(c) (d)

y/hp

-0.5
-180  -90 0 90 180

Figure 6.41: Contours of the normalised RMS of wall pressure fluctuations bandpass-
filtered within frequency region R; in pores (a) PR1, (b) PR2, (¢) PR3, (d) PR4 and (e)
PR5.
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Figure 6.42: Contours of the normalised RMS of wall pressure fluctuations bandpass-
filtered within frequency region Ry, in pores (a) PR1, (b) PR2, (c) PR3, (d) PR4 and (e)
PRS5.

ure . Since the dipole sources of aerodynamic noise are directly related to the un-
steady surface pressure [196], the distribution of surface pressure fluctuations can indicate
the locations where the flow structures contribute the most to the dipole noise sources.
Figures and present the spatial distributions of root mean square (RMS) of the
bandpass-filtered (within R; and Ry,) pressure fluctuations pl.,,,/pUZ at the wall of pores
PR1-PR5. The spatial distribution results are presented in a cylindrical coordinate sys-
tem, where the radial location 7, = dp,/2 (pore wall location), 6, is the azimuth angle and
y/hy is the vertical location normalised by the local pore height h,, (distance from pressure
surface to suction surface). For the results presented in Figures and locations

0, = 0 and 6, = 180° correspond to the downstream and upstream locations of the pore
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wall, and locations y/h, = —0.5 and y/h, = 0.5 correspond to the locations of the pressure
surface and suction surface, respectively. For the results filtered within frequency region
R; (Figure , the highest magnitude of pl,,, appears at a region near the junction
of the downstream pore wall and the pressure surface (6, = 0, y/h, = —0.5) between
azimuth angle 6,=-45-45°. On the wall of pores PR2-PR5, a second region of high p/, .
magnitude appears near the suction-side downstream wall junction (6, = 0, y/h, = 0.5).
For the results filtered within the frequency region of broadband noise increase Ry, (Fig-
ure [6.41)), the region near the suction-side downstream wall junction (6, =0, y/h, = 0.5)
between azimuth angle 6,=-90-90° becomes the dominant dipole source region, showing a
significantly higher magnitude of p/,,, compared to regions near the pressure surface. The
high-level pressure fluctuations in these regions could arise from the impingement of up-
stream turbulence and edge-induced flow separation [196]. Moreover, in pores PR2-PR5,
the high-magnitude region near the suction surface develops into two sub-regions symmet-
rical to each other, which indicates that the edge-induced flow separation is intensified as

the flow develops further downstream.

Figures and present the normalised RMS of the bandpass-filtered (within R;
and Ry,) wall pressure fluctuations p..,,./pUZ% on the suction surface of the porous and
reference TEs. Note that p/,.. in the voids (regions within the black circles) is calculated
using air pressure fluctuations instead of wall pressure fluctuations. For both frequency
regions, the results of porous TE show a significantly higher level of wall pressure fluctua-

tions compared to the reference TE. Starting from the downstream of the first column of
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Figure 6.43: Contours of the normalised RMS of wall pressure fluctuations bandpass-
filtered within frequency region Ry on the suction surface of the (a) porous and (b) refer-
ence TEs. Locations of the pore are marked by black circles.
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Figure 6.44: Contours of the normalised RMS of wall pressure fluctuations bandpass-
filtered within frequency region R}, on the suction surface of the (a) porous and (b) refer-
ence TEs. Locations of the pore are marked by black circles.
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Figure 6.45: Contours of the power spectral density of wall pressure at different streamwise
locations on the suction surface of the porous TE at spanwise locations (a) PL1 and (b)
PL2; and (c) the reference TE at PL1. The Locations of pores PR1-PR5 are marked by
black dashed lines, and locations of PL1 and PL2 are illustrated in Figure

pores, high levels of p/, .. appear at the vicinity of the pore suction-side TE and the suction
surface downstream of the pores. For frequency region Ry, locations of the highest p!, .
are shifted from the suction surface to the void near the pore suction-side TE, which illus-
trates the contribution of flow permeation to the broadband noise increase. The results of

Pl on the pore walls and suction surface suggest that the broadband noise increase of
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the porous TE originates from the interactions between the pore suction-side TE and tur-
bulence from the upstream boundary layer and pore flow permeation. Figure [6.45] shows
the results of wall pressure power spectral density on the suction surface of the porous and
reference TEs at different streamwise locations. An increase in the level of wall pressure
fluctuation is observed at locations immediately downstream of the pores over the entire
frequency range from 2-12kHz. The highest level of the increase occurs at the frequency
region Ry, (7.8-11kHz), further indicating that the excessive high-frequency noise is likely

attributed to the unsteady flow permeation and pore TE geometry.

6.5 Summary

This chapter has summarised results of the flow characteristics around the porous and
serrated TEs investigated in this study, which includes: experimental results of flow mea-
surements in UAT Campaign 1a and UAT Campaign 1b, and numerical simulation results
of LES Case 1 and LES Case 2.

In UAT Campaign la, both mean and fluctuating velocity measured in the near wake
of different novel TE extensions (attached to a naturally-transitioned NACA 0012 airfoil)
vary significantly, illustrating that the spanwise-variant edge geometries have altered the
flow structure at the TE. Moreover, both the frequency and intensity of the peaks in
the velocity spectra are highly correlated with the LBL-TE noise measured in the far-
field. This indicates that a reduction of LBL-TE noise by novel TE extensions is achieved
by altering the flow structures related to the amplification of T-S waves. In addition, the
boundary layer profile measured at 1 mm upstream of the TE extensions is almost identical
to that of the baseline extension. This suggests that the effects of the TE extension on
the development of the upstream boundary layer are insignificant.

In UAT Campaign 1b, where TE extensions are attached to a forced-transitioned
NACA 0012 airfoil, flow characteristics in a near-wake plane are characterised in terms
of mean velocity, turbulence intensity and turbulence integral length scale. Near-wake
mean velocity profiles and velocity distributions in the near-wake plane have revealed the
existence of turbulent flow traveling from the pressure surface to suction surface, which is

likely induced by the permeable porous geometries for the extension P and the serrated
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geometries adjacent to the tip of a serration for serrated extensions NS and CS. However,
the gradually varying porous geometries of serrated-porous extension CSP only has a minor
effect on mean velocity and turbulence intensity, showing a spatial distribution comparable
to that of the straight baseline extension. The integral length scale in the inner region
of the near wake (vicinity of edges) is reduced by all treated extensions, which may arise
from their complex porous geometries or serrated sharp edges, breaking up large turbulent
eddies into smaller scales. Moreover, a noise intensity factor is proposed to account for the
effects of turbulence intensity, integral length scale and mean velocity on TBL-TE noise
generation. This noise intensity factor can be used to identify the contribution of local flow
characteristics to the TBL-TE noise generation. Moreover, the integral of noise intensity
factor over the near-wake plane has shown a good consistency with TBL-TE noise results
for different TE extensions presented in Sec. This integration approach can account
for the spanwise-variations induced by treated edge geometries, and relate the effects of

treated TE extensions on near-wake velocity statistics to their TBL-TE noise reduction.

In the LES simulations, flow around the straight (LES Case 1) and porous (LES
Case 2) TEs of a forced-transitioned NACA 0012 airfoil at o = 5° and Uy = 50m/s
have been simulated. The far-field noise levels predicted by FWH acoustic analogy are
in a reasonably good agreement with experimental data, showing a prediction error of
less than 5 dB over 2 to 8 kHz. The frequency regions of noise reduction and increase
by the porous TE have been accurately captured by FWH predictions. The predicted
noise directivity pattern reveals that the porous TE reduces the strength of TBL-TE
noise without significantly changing its radiation pattern at 1.6, 2 and 4 kHz. At higher
frequencies (f > 5kHz), the noise directivity has been significantly changed by porous TE,
likely due to the effects of additional noise sources associated porous geometries. Moreover,
high-vorticity turbulent flow is observed to travel through the porous geometries from the
pressure surface to suction surface. As a result, the magnitude of Reynolds normal-stress
is increased near the junction of the pore wall and suction surface. However, the strength
of the acoustic source term related to Reynolds shear-stress in the vicinity of the TE is
significantly reduced. Furthermore, the wall pressure fluctuation results illustrate that the
spanwise correlation length and convection velocity, as components of the source terms

in many analytical models for TBL-TE noise [4, [6], 162} [179], have also been significantly
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reduced in the TE region due to the flow perturbations propagating through the pores.
This is considered to be the main reason for the TBL-TE noise reduction by the porous
TE. Finally, the RMS of wall pressure fluctuations on the pore walls and suction surface
suggest that the high-frequency broadband noise originates from the interactions between
the pore suction-side TE geometries and the turbulence from upstream boundary layer

and pore flow permeation.



Chapter 7

Rotor Noise Reduction using Porous
and Serrated Trailing-Edge Treat-

ments

7.1 Overview

The main purpose of this chapter is to evaluate the aeroacoustic performance of the pro-
posed porous trailing edge (TE) as a rotor application. The geometry of the porous TE
is determined by the acoustic characterisation experiments as described in Chapter 4] A
rotor with a NACA 0012 profile, 0.07 m constant chord and 1.04 m diameter has been char-
acterised as the reference case for turbulent boundary layer trailing-edge (TBL-TE) noise
and laminar-transitional boundary layer trailing-edge (LBL-TE) noise comparisons. The
noise attenuation capability of the porous TE is compared with that of a recently proposed
cut-serrated TE [45] and the well-known extended-serrated TE, which has been applied
in the wind turbine industry for TBL-TE noise reduction [149]. Details of the facility,

measurement setup and signal processing methods have been described in Sec.

This chapter is structured as follows. First, the sound map results obtained from
conventional beamforming (details in Sec. , phase-averaged beamforming (details in
Sec. algorithms PABF 1 and PABF 2 are presented in Sec. The most domi-
nant noise sources at various frequencies were localised using PABF 2. This information,
together with the BPM predictions presented in Sec. [7.3] are used to determine the fre-
quency range for TBL-TE noise comparisons. In Sec. the noise spectra obtained

by integrating the sound pressure over the dominant source region in the beamforming
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sound maps, have also been presented. The noise attenuation capability of the tested TE
treatments are then quantified from these noise spectra. After that, Sec. discusses
the potential effects of the porous structures’ sound absorption on TE noise attenuation.
Finally, the aeroacoustic performance of the treated blades and their effect on TBL-TE

noise and LBL-TE noise are summarised in Sec. [T.5
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7.2 Beamforming Sound Maps

Three beamforming methods: Conventional Beamforming (CBF), Phase-Averaged Beam-
forming Method 1 (PABF 1) and Method 2 (PABF 2) have been adopted to analyse the
data acquired in the rotor rig experimental campaign. The formulation of these beam-
forming algorithms have been presented in Secs. and In this section, the case of
forced-transitioned blades operating at a pitch angle of 5° and RPM of 900 has been cho-
sen to demonstrate the performance of the beamforming algorithms and the noise source
localisation of the rotor trailing-edge (TE) treatments tested in this thesis. The details of
the measurement setup have been described in Secs. and

Figure presents a comparison of the beamforming maps for the reference blades
processed using CBF, PABF 1 and PABF 2 at two selected frequencies of 4kHz and 8kHz.
All beamforming maps are shown with a dynamic range of 8 dB for ease of comparison.
As the rotor test rig and surrounding room were not acoustically treated for this measure-
ment campaign, the acoustic data were acquired using the 64-channel microphone array
in a reverberant environment. Consequently, the sound maps processed using CBF are
extremely noisy with numerous side lobes at certain frequencies, such as 4 and 8kHz as
shown in Figures[7.1a]and [7.1Ib] However, beamforming methods PABF 1 and PABF 2 use
phase-averaging to de-rotate the sound map results to a specific range of angles around
the angle of rotation of interest (6; +[—5°, 5°]) and perform considerably better than CBF.
The reverberation background noise sources have been effectively removed, and the dom-
inant noise sources have been quantified and localised at the blade tip region, especially
for PABF 2, as shown in Figures The difference in noise levels for PABF 1 and
PABF 2 is due to the discrepancy in their background-noise-removal capability. When
the rotor is operating in the octagonal test-section, the rotor blades are the dominant
noise source, generating and emitting aerodynamic noise according to a certain directivity
pattern. In comparison, the directivity of the background noise in a reverberant environ-
ment is arbitrary. The phase-averaged beamforming methods manipulate the entire data
record into several small data segments corresponding to the rotational angles of interest
(0; + [—5°,5°]) for phase averaging. The variation in directivity of the aerodynamic noise

sources between data segments is negligible, while the background noise sources are uncor-



Chapter 7. Rotor Noise Reduction using Porous and Serrated

Trailing-Edge Treatments 162
f = 4000 Hz
! 29.9 25.7
27.9 23.7
25.9 21.7
23.9 19.7
21.9 17.7
z (m)
(b)
f = 8000 Hz
42.9 37.9
40.9 35.9
38.9 33.9
36.9 31.9
34.9 29.9
-0.5 0 0.5
z (m)
(d)
f = 8000 Hz
43.4 — E 36.1
05) gt 4
41.4 B R s S H B R o 34.1
39.4 ; 32.1
37.4 30.1
35.4 A - 28.1
-0.5 0 0.5 -0.5 0 0.5
z (m) z (m)
(e) (f)

Figure 7.1: One-third-octave band beamforming maps at 4kHz and 8kHz for reference
blades at RPM of 900 and pitch angle of 5°. Each row corresponds to the results processed
by (a, b) CBF, (c, d) PABF 1 and (e, f) PABF 2.
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related between data segments. The phase-averaging process helps filter the uncorrelated
signals, producing improved sound maps. Moreover, PABF 2 can better distinguish the
major aerodynamic noise sources from the background noise, compared to PABF 1 (see
Figures 7.11). This is because PABF 2 builds the cross-spectral matrix to account
for the coherence between the data records taken from different microphones in the ar-
ray, contributing to the filtering of uncorrelated acoustic signals and consequently, further
dereverberation of the beamforming maps. In this chapter, acoustic data are processed
using PABF 2.

Figure shows the one-third-octave band sound maps at frequencies of 4, 5.04, 6.35
and 8 kHz for reference blades operating at 900 RPM and 5° pitch angle. In general, the lo-
cation of maximum noise level moves from blade leading edge (LE) to TE as the frequency
increases. The dominant noise source is clearly identified at either LE or TE at frequencies
higher than 5.04 kHz. However, it is still difficult to determine the dominant noise source
location at 4 kHz due to the large beamwidth of the sound map. Table summarises the
frequencies when the sound map shows higher noise levels at the TE of forced-transitioned
reference blade, which correspond to f > 6.35kHz for the scenario shown in Figure [7.2]
These results can provide useful information to determine the frequency range for TBL-TE

noise comparisons.

Table 7.1: TE-noise-dominant frequency range frg for the forced-transitioned reference
blade.

RPM 800 900
Pitch angle [°] 0 5 10 0 5 10
fre [Hz] >5040 >5040 >5040 >5040 >6350 > 5040

In Figure[7.3] the phase-averaged beamforming maps at 6.35 kHz for the reference blade
(Ref) and blades with porous (P), cut-serrated (CutS) and extended-serrated (ExtS) TEs,
are presented as a typical example of TBL-TE noise comparison. The geometries of these
blades have been described in Sec. The dynamic range of the beamforming maps
for the blades with TE treatments have been adjusted to match that of the blade Ref for
comparison. The major noise sources for all blades are located in the blade tip region.
The highest noise levels are produced along the blade TE for blades Ref and P. Blade P

shows a similar noise source distribution pattern to that of blade Ref but yields a lower
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Figure 7.2: One-third-octave band beamforming maps at f; /3 = (a) 4kHz, (b) 5.04kHz, (c)
6.35kHz and (d) 8 kHz processed by PABF 2 for forced-transitioned blades Ref operating
at RPM of 900 and pitch angle of 5°. The location of maximum noise level is marked by
a white circle-cross symbol.

noise level. For serrated blades CutS and ExtS, the highest noise levels are located at the
blade LE-tip corner. According to their noise source distribution, both blades reduce the
TE noise in-board of the blade tip. CutS also significantly reduces the noise at the TE-tip
corner, so that the LE noise component becomes dominant. Although ExtS is efficient in
TE noise reduction over the blade in-board region, its LE-tip corner displays the strongest
noise source among these sound maps. This may be due to the interaction between the
tip vortices and the extended-serrated geometries, which alters the flow characteristics
(turbulence intensity, turbulence length scale, etc.) in the wake, giving rise to a higher

level of LE-turbulence-interaction noise. It is also possible that the additional lift due to
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the longer chord of ExtS alters the local flow conditions (local angle of attack, induced

velocity, inflow velocity, etc.), thereby affecting the LE noise generation. Furthermore,

the acoustic performance of blades P and CutS are generally consistent over the operating

conditions tested in this study. However, the increase in LE noise level for ExtS is only

observed at two operating conditions: RPM = 800, a;; = 10° ; RPM = 900, oy, = 5°. A

comprehensive spectral analysis for all tested operating conditions will be presented and

further discussed in the next Sec.
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Figure 7.3: One-third-octave beamforming maps at 6.35kHz processed by PABF 2 for
forced-transitioned blades (a) Ref, (b) P, (¢) CuS and (d) ExtS operating at RPM of 900

and pitch angle of 5°.
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Figure 7.4: Integration region (marked in green rectangle) of rotor beamforming maps.

7.3 Noise Spectra Results

As shown in the beamforming sound maps (Figures , the tip region of the rotor
blades generates the highest level of TBL-TE noise as it encounters higher incoming flow
velocity Uy, compared to the region much further in-board of the tip. The level of TBL-
TE noise theoretically scales with U2, [190], which means that the TBL-TE noise emitted
from the in-board region near to the hub has a much lower level compared to that in the
tip region. Therefore, the phase-averaged sound maps are integrated over the tip region
(as shown in Figure using the source integration method (as described in Sec.

to obtain the one-third-octave band noise spectra for rotor blades Ref, P, CutS and ExtS.

Due to the complexity of the flow environment around the rotor blades, multiple noise
sources are generated and dominate at various frequency ranges. For the forced-transition
rotor blades investigated in this study, the major noise sources are: (1) blade-tower inter-
action noise, steady and unsteady loading noise, and thickness noise over low frequencies
(up to 0.5kHz) as discussed in previous rotor noise studies [197, [199]; (2) LE-turbulence-
interaction noise over medium frequencies (0.5 to ~ 5kHz) and (3) TBL-TE noise over
high frequencies (~ 5 to 12kHz). In order to compare the TE noise attenuation capabil-

ity of TE treatments, it is necessary to identify the TE-noise-dominant frequency range
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Figure 7.5: Sketch of the rotor blade segmentation.

for the reference blades. As discussed in Sec. locations of the dominant noise source
at higher frequencies (above 5kHz) have been determined from the beamforming sound
maps. However, the sound maps at lower frequencies (below 5kHz) fail to accurately
localise the dominant noise source to blade edges due to its large beamwidth with respect
to blade chord. Therefore, the BPM model[31], which has been proven to be adequate for
TBL-TE noise prediction[57, 58, [19§], is adopted to predict the level and frequency char-
acteristics of TBL-TE noise for blade Ref. This prediction can provide further indication
for determining the frequency range for TE noise comparisons, especially for the data at

frequencies below 5 kHz.

The input parameters of the BPM model include local angle of attack, inflow velocity
and TE boundary layer displacement thickness. To calculate these values along the blade,
a Blade Element Momentum Theory (BEMT) approach [109] is used. The NACA0012
rotor blade is divided into 45 blade segments along the radial direction, and each segment
has a radial span of 0.01 m (as shown in Figure. The local aerodynamic conditions for
each segment are obtained by BEMT, in which the rotor model is treated as a hovering
rotor. For TBL-TE noise estimation, the BPM model is applied to the segments near
the blade tip, corresponding to the source integration region in Figure Considering
the velocities locally induced by the trailing tip vortices, Prandlt’s tip loss function is

incorporated into the BEMT solver to increase accuracy.

Figure illustrates the local aerodynamic environment of a blade segment, in which
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Figure 7.6: Schematic of the local aerodynamic environment of a blade segment.

ap; is the local pitch angle, ¢ is the induced inflow angle, U, is the induced velocity
normal to the rotation plane, U, is the rotational velocity at radius r, Uy, and « are the
effective inflow velocity and angle of attack. The tip loss effects are taken into account by

introducing a correction factor F', which can be determined by

F= (%) cos ™t (exp —f) , (7.1)
Ny (1-—T
r= ’I“/Rt y (73)

where IV, is the number of blades, r the local radius of the blade segment, R; is the rotor
radius and 7 is the non-dimensional radial position of the blade segment. The tip loss
function F' is then incorporated into BEMT as a reduction factor applied to the change

in fluid velocity. The induced inflow angle ¢ can be calculated by

oCla 32Fapi?
= V1i+t—7— -1 4
¢ 16F7’< + S8F ’ (74)

where Cj, stands for the local aerodynamic loading defined as the slope of local lift coef-

ficient to angle of attack (Cj, = 9C;/da), and o is the blade solidity defined by

_ N

o= R (7.5)

where c is the local blade chord length. Since F' is a function of ¢. the induced angle ¢
is calculated numerically through iterations over Eqgs. (7.1))—(7.5)). For the first interation,

Eq. (7.4)) is solved by the initial input of F' = 1, then ¢ from Eq. (7.4) is substituted into
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Figure 7.7: Lift coefficient estimations using Xfoil for a NACA0012 blade segment (tripped
at 10% chord) at Re. = 2.08 x 10° in comparison with thin airfoil approximation.

Egs. and to recalculate tip loss correction factor F' until the numerical solution
is converged. The convergence criteria of residual for F is set to 1073. The numerical
solution usually converges rapidly and within 10 iterations. Once F' is determined, the
induced angle ¢ can be calculated from Eq. accordingly. The local effective angle of

attack a and inflow velocity Uy, are then determined by
a=ay— ¢, (7.6)

Uso = U,/ cos ¢ . (7.7)

During the iterations, the aerodynamic loading Cj, is assumed to be 27, which is an
approximation for a thin airfoil. Figure shows results of the lift coefficient as a function
of angle of attack for a NACA0012 blade tip segment (Re. = 2.08 x 10°) estimated by Xfoil
[59] in comparison with the thin airfoil approximation (Cj, = 27). In the Xfoil estimation,
the boundary layer transition point is set at 10% chord on both sides of the airfoil, which
is consistent with the tripping location in the experiment. The slope of the lift coefficient
shows excellent agreement with the thin airfoil approximation for angles of attack of up
to 6° (the error of Cj is less than 1%). The BEMT results under this assumption for the
forced-transitioned reference blade at pitch angles of 5° and 10° are presented in Figure
[7.8] which shows that the effective angles of attack along the blade radius for both pitch
angles are lower than 6° (Figure . This have further demonstrated the applicability

of the 27 assumption for aerodynamic loading Cj,.
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Figure 7.8: BEMT results for the forced-transitioned reference blade at RPM of 900 and
pitch angles of 5° and 10°: (a) local angle of attack, (b) induced velocity and (c¢) inflow
velocity (data used for BPM predictions are marked in grey).

o

The BEMT results of local angle of attack a and inflow velocity U, at the blade tip
region (marked in grey in Figure are used for BPM prediction of TBL-TE noise. To
account for the turbulence development over the local blade segment, the TE displacement
boundary layer thickness §*, as another input parameter of BPM TBL-TE noise model, is
estimated using Xfoil and the local BEMT results. The total TBL-TE noise prediction is
then obtained by summing the local BPM prediction for each blade segment within this
region. The tip vortex formation noise is estimated using BPM flat-tip noise model. The
averaged angle of attack over the outermost 2% of the blade (0.98 <7 < 1) is used as the
input for tip noise predictions. Figure [7.9] shows the results of the BPM prediction and
integrated noise spectra for the tip region of blade Ref operating at an RPM of 900 and
pitch angles of 0°, 5° and 10°. The TE-noise-dominant frequency range frg determined by

the beamforming maps (as presented in Table are marked in grey. The results of the
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Figure 7.9: BPM noise prediction compared with the integrated one-third-octave noise
spectra for reference blade at RPM of 900 and pitch angles of (a) 0°, (b) 5° and (c) 10°
(The TE-noise-dominant frequency range determined from the beamforming sound map
is marked in grey).

integrated spectra and BPM predictions for pitch angles of 0° and 5° show good agreement
over frg, while a larger deviation is observed for the case of 10° pitch angle. The deviation
is likely due to the BPM tip noise prediction underestimating the tip noise level as reported
in [I35]. As the pitch angle increases, the passage of turbulence over the TE of the blade
tip will be intensified, generating higher levels of tip vortex formation noise. Therefore,
the deviation between the BPM predictions and integrated spectra increase as the blade
is set at a higher pitch angle. For frequencies below the peak frequency of the BPM
prediction fpeqk, the discrepancy between BPM prediction and measured noise spectra
becomes considerably large (over 10 dB at ay,; = 5°, 10°), indicating that TE noise is
completely masked here. This frequency range is likely dominated by the LE-turbulence-
interaction noise originating from the interaction between the blade LE and the impinging

turbulence (see Figures and [7.2b]). For frequencies between fyeqr and frg, the total
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sound pressure levels are contributed from both LE and TE noise sources. The attenuation
of TBL-TE noise over this frequency range will still give rise to noticeable changes in the
total noise levels. Therefore, to account for all potential TBL-TE noise attenuation, the
noise spectra at frequencies higher than f,c.; are chosen to compare the TBL-TE noise
performance of blades Ref, P, CutS and ExtS. Note that similar comparisons between BPM
prediction and measured noise spectra are observed for 800 RPM, and the corresponding
frequency range for TBL-TE noise comparison is determined using the same criteria.
Figure[7.10] presents the results of the noise attenuation performance for blades P, CutS
and ExtS with forced-transitioned boundary layer. The region marked in grey indicates
the frequency range that is dominated by the TBL-TE noise. The acoustic performance of
these treated blades is quantified by the change in sound pressure level ASPL compared

to that of blade Ref according to

ASPL = SPLpef — SPLrreated (7.8)

where SPLg.y and SP Lrycqteq refer to the integrated sound pressure levels of the reference
blade and the blade with TE treatments, respectively. Figure [7.10] shows the CutS blades
perform similarly for all operating conditions. They increase the noise levels by up to 10.9
dB at lower frequencies (up to 5kHz) and reduce the high-frequency component (above
5kHz) of TE noise by up to 8.4 dB. The significant noise increase observed is likely due to
bluntness vortex-shedding noise originating from the blunt root of the cut serrations (as
reported in [45] for a stationary cut-serrated airfoil). ExtS blades can achieve appreciable

noise reductions of up to 9.2 dB over frequencies dominated by TE noise (marked in

grey) for most operating conditions (as shown in Figures [7.10a) [7.10b} {7.10c| and |7.101).

However, they produce an excessive noise level increase of up to 6.2 dB at lower frequencies
(up to 6kHz) when operating at 900 RPM, 5° pitch (Figure and 800 RPM, 10°
pitch (Figure [7.10€)). This noise increase may result from a higher level of LE-turbulence-
interaction noise (see Figure caused by the extended-serrated geometries.

The beamforming map of ExtS at 900 RPM and 5° pitch angle has shown higher noise
levels at the blade LE compared to the reference blade (as shown in Figures and .
The porous blades show consistent noise reductions of up to 2.2 dB over lower frequencies

(up to 6 kHz for 800 RPM and 7 kHz for 900 RPM) but an increase in noise level of up to 6.2
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dB at higher frequencies. As reported in previous studies on porous TE treatments [35] 86],
high-frequency noise increases are likely due to the excessive ‘roughness’ noise originating
from the interaction between the TE boundary layer and the roughness elements produced
by the porous geometries. Moreover, the serrated blades CutS and ExtS are found to be
less effective in high-frequency TE noise reduction as the pitch angle increases, while the
porous blade P becomes more efficient in low-frequency TE noise reduction when a pitch

angle is present.
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Figure 7.10: One-third-octave band noise reduction ASPL for forced-transitioned blades
P, ExtS and CutS at 800 RPM: pitch angles of (a) 0°, (c) 5° and (e) 10°, and 900 RPM:
pitch angles of (b) 0°, (d) 5° and (f) 10°. (the frequency range for TBL-TE noise compar-

ison is marked in grey)
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The range of Reynolds numbers based on chord Re.(1.4-2.3 x10°) and effective angle
of attack (0—4.4°) for the blade tip region falls into the tonal envelope presented in [10,122],
where LBL-TE noise is likely to occur with natural boundary layer transition. Figure [7.1]]
shows the effects of boundary layer tripping on the TE noise generation for the reference
blade at RPM of 900 and pitch angles of 0°, 5° and 10°. The noise level for the reference
blade with natural-transition is significantly (up to 14.1 dB) higher than that of the
forced-transition case due to the production of high-amplitude tonal LBL-TE noise. Data
at frequencies where the naturally-transitioned blade yields higher noise levels (marked in
grey in Figure are adopted to evaluate the effects of blades P, CutS and ExtS on
LBL-TE noise.
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Figure 7.11: Integrated noise spectra in one-third-octave band for the reference blade with
naturally and forced transitioned boundary layers at RPM of 900 and pitch angles of (a)
0°, (b) 5° and (c) 10°.
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In Figure the results of the noise attenuation performance ASPL of blades P,
CutS and ExtS with naturally-transitioned boundary layer are presented. The grey region
marked in this figure indicates the frequency range dominated by the LBL-TE noise (as

determined from Figure [7.11]). Similar to the forced-transitioned cut-serrated blade, the
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Figure 7.12: One-third-octave band noise reduction ASPL for naturally transitioned (un-
tripped) blades P, ExtS and CutS at 800 RPM: pitch angles of (a) 0°, (c) 5° and (e) 10°,
and 900 RPM: pitch angles of (b) 0°, (d) 5° and (f) 10°. (The frequency range for LBL-TE
noise comparison is marked in grey).
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bluntness vortex-shedding noise gives rise to a significant noise increase of up to 10.4 dB

over lower frequencies (up to 5kHz) for the naturally-transitioned blade at pitch angle of

0° (Figures [7.12a] and [7.12b]). The level of the excessive bluntness noise reduces as pitch

angle increases. However, the LBL-TE noise can be significantly reduced by blade CutS
at higher frequencies (over 5kHz) by up to 13.3 dB. Blade ExtS achieves a prominent
noise reduction of up to 12.9 dB at all operating conditions over the entire frequency
range where LBL-TE noise is dominant. Blade P suppresses the LBL-TE noise efficiently
over lower frequencies (up to 8 kHz for 800 RPM and 9 kHz for 900 RPM), achieving an
even higher level of noise reduction at non-zero pitch angles compared to blades CutS and
ExtS (Figures . However, the noise attenuation at higher frequencies is still
limited by the excessive ‘roughness’ noise produced by the porous geometries as discussed
previously.

Figure [7.13| shows the overall acoustic performance in terms of TBL-TE noise for the
forced-transitioned blades P, CutS and ExtS, which is calculated as the change in overall
sound pressure levels AOASPL over the frequency range for TBL-TE noise comparison
(f > fpear):

AOASPL = OASPLRcyf — OASPLryeated (7.9)

where OASP LRy and OASP Lryeqteq are the overall sound pressure levels for the reference
blade and the blade with TE treatments, respectively. As shown in Figure[7.13] blade CutS
fails to achieve an overall noise reduction at all operating conditions. Instead, this blade
increases the overall noise level by up to 7.1 dB due to the introduction of high-level
bluntness vortex-shedding noise. Although porous blade P achieves a noise reduction over
lower frequencies, it can only lower the overall noise level by up to 0.7 dB at pitch angle of
10°, limited by excessive high-frequency 'roughness’ noise. Blade ExtS is found to be the
most effective in TBL-TE noise reduction, achieving significant overall noise reductions of
up to 3.2 dB at most operating conditions except the cases of 800 RPM, 10° pitch and
900 RPM, 5° pitch. For the operating conditions of increased overall noise level, the LE-
turbulence-interaction noise may be strengthened by the extended serration geometries as

discussed previously.
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Figure 7.13: Reduction in overall sound pressure level AOASPL over TE-turbulence-
noise-sensitive frequencies for forced-tranistioned blades with TE treatments at RPM of

(a) 800 and (b) 900.

Figure[7.14] presents the overall acoustic performance AOASPL of the natural-transitioned
blades P, CutS and ExtS over frequencies where LBL-TE noise is dominant. Similar to
the forced-transitioned scenario, an increase in overall noise level (up to 7.8 dB) has been
observed for CutS at most operating conditions except the case of 900 RPM and 10° pitch
angle. However, the additional noise produced by this blade decreases at higher pitch
angles as the effective bluntness becomes smaller with respect to the direction of the in-
flow velocity, weakening the bluntness vortex-shedding noise. Blades ExtS and P are both
effective in LBL-TE noise reduction, achieving an overall noise reduction of up to 5.6 dB

and 5.1 dB at all operating conditions, respectively. When a pitch angle is present, the
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Figure 7.14: Reduction in overall sound pressure level AOAS P L over TE-instability-noise-
dominant frequencies for natural-tranistioned blades with TE treatments at RPM of (a)

800 and (b) 900.
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overall noise reduction AOASPL of blade ExtS is found to decrease with increasing pitch

angle, while the AOASPL of blade P increases as the blade pitches at a higher angle.

7.4 The Relationship between Noise Reduction
and Sound Absorption Coefficient for the Porous

Blade

As described in Sec. the geometry of blade P’s porous TE has been designed ac-
cording to the geometrical parameters of impedance tube specimen P4 (see Sec. for
details). P4 was characterised to have good sound absorption (where the sound absorption
coefficient o, > 0.3) over a frequency range of 4 to 6.4 kHz. Figure presents the noise
reduction performance ASPL of blade P at all operating conditions tested in this exper-
imental campaign. For the forced- and natural-transition scenarios, a noise reduction of
up to 2.2 and 11.6 dB can be achieved over the high sound absorption frequency range
of 4 to 6.4kHz (the grey region in Figure , respectively. Except for the case of 800
RPM and 10° pitch angle, the noise reduction ASPL at all other operating conditions
peaks within this frequency range (4-6.4kHz), indicating that the high sound absorption
coefficient may contribute to the TE noise reduction by altering the acoustic scattering

efficiency of the blade TE.
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Figure 7.15: One-third-octave band noise reduction ASPL for (a) forced-transitioned and
(b) natural-transitioned blade P at RPM of 800 and 900 and pitch angles of 0°, 5° and
10° (high-sound-absorption region marked in grey).
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7.5 Summary

The TE noise generated from four sets of rotor blades with straight, porous, cut-serrated
and extended-serrated TE has been measured using a 64-channel microphone array and
processed by three beamforming algorithms: CBF, PABF 1 and PABF 2. This experi-
mental campaign investigated two scenarios; that of forced and natural boundary layer
transition corresponding to the generation of TBL-TE noise and LBL-TE noise, respec-
tively. Phase-averaged beamforming method 2 (PABF 2) has been found to remove the
background noise efficiently and distinctly localise the noise sources on the rotation plane.
The beamforming results processed by PABF 2 have shown that the highest noise levels
for all blade sets are present at TE in the blade tip regions. Therefore, the beamforming
maps of these blade sets are integrated over this region for comparison of their TE noise
generation.

The BPM model has been used to determine the frequency range dominated by TBL-
TE noise for the reference blade (Ref). As the inputs to the BPM model, the local
aerodynamic conditions along the blade span were calculated using blade element mo-
mentum theory (BEMT) and Xfoil. BPM prediction results and the integrated spectra
of blade Ref are in reasonably good agreement over frequencies higher than the peak
frequency of BPM predictions. Hence, this frequency range is chosen to evaluate the ef-
fects of blades CutS, ExtS and P on the TBL-TE noise. The naturally-transitioned blade
Ref has shown significantly (up to 14.1 dB) higher noise level compared to the forced-
transitioned case due to the high-amplitude tonal LBL-TE noise. The frequency range
where naturally-transitioned Ref shows higher noise levels is therefore chosen for LBL-TE
noise comparisons.

The acoustic performance of blades CutS, ExtS and P for TBL-TE noise and LBL-TE

noise have been summarised as follows:

e Cut-Serrated TE (CutS): CutS is the most acoustically efficient TE treatment
over high frequencies (above 5kHz for 800 RPM and 6 kHz for 900 RPM) compared
to ExtS and P, achieving noise reductions in TBL-TE noise of up to 8.4 dB and
LBL-TE noise of up to 13.3 dB. However, this edge treatment can lead to noise

increases at low frequencies due to the presence of bluntness vortex-shedding noise,
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induced by the bluntness at the roots of the serration. As a result, CutS fails to
achieve an overall noise reduction for both TE noise sources, increasing the overall
sound pressure levels by up to 7.1 dB for TBL-TE noise and 7.8 dB for LBL-TE

noise.

e Extended-Serrated TE (ExtS): ExtS can achieve noise reduction ASPL over the
entire frequency range of interest for both TBL-TE noise and LBL-TE noise at the
majority of operating conditions. However, for the scenarios of forced-transitioned
blade at 800 RPM, 10° pitch and 900 RPM, 5° pitch, ExtS fails to reduce the overall
noise level, instead, slightly raise the OASPL of up to 1.1 dB. The noise increases
are likely due to an increase in the level of LE-turbulence-interaction noise attributed
to the extended serration geometries. Despite the minor overall noise increase at
the aforementioned two scenarios, ExtS still has the best overall noise attenuation
performance compared to other TE treatments, achieving an overall noise reduction

of up to 3.2 dB in TBL-TE noise and 5.6 dB in LBL-TE noise.

e Porous TE (P): P can consistently achieve TBL-TE noise reductions of up to
2.2 dB over lower frequencies (up to 6 kHz for 800 RPM and 7kHz for 900 RPM)
for all forced-transitioned scenarios. In terms of LBL-TE noise, P yields highest
noise reduction of up 11.6 dB over lower frequencies (up to 8 kHz for 800 RPM and
9kHz for 900 RPM) when a pitch angle is present. However, the noise attenuation
performance of P is limited by the presence of high-frequency ’'roughness’ noise
produced by its porous geometry. P can only achieve limited overall TE-turbulence
reductions of up to 0.7 dB when pitched at 10°. For the LBL-TE noise, despite
the high-frequency noise increase, P can still reduce the overall sound level by up
to 5.1 dB for all natural-transitioned scenarios due to its significant low-frequency
noise attenuation. The overall LBL-TE noise reduction for P has been found to
increase with the pitch angle, while ExtS yields less overall noise reduction as the
blade pitches at a higher angle. Moreover, P can effectively control the noise levels
for both TE noise sources over the frequency range (4-6.4kHz) corresponding to
that where its porous structures have good sound absorption (a;, > 0.3). In fact,
P achieves its peak noise reduction within this frequency range for most operating

conditions (except 800 RPM, 10° pitch). This indicates that the sound absorption of
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the TE geometries may play a role in TE noise attenuation by altering the acoustic

scattering efficiency of the blade TE.



Chapter 8

Prediction Model for Wind Turbine
Noise

8.1 Overview

In this chapter, a wind turbine noise prediction model, which integrates a noise scaling
approach with the BPM model, is developed and detailed. The proposed model estimates
the wind turbine noise by scaling wind tunnel acoustic and aerodynamic data to a full-
scale wind turbine based on non-dimensional constraints. This model serves the purpose
of improving the accuracy of the Class II prediction method (as described in Ref. [82]) that
only relies on the semi-empirical BPM model for the turbulent boundary layer trailing-edge
(TBL-TE) noise prediction.

This chapter is structured as follows. First, the aerodynamic results of the airfoils
tested in UAT Campaign 2 are presented in Sec. which includes the aerodynamic
force and near-wake velocity results. The acoustic results, as the major input for the noise
prediction model, are then presented and discussed in Sec. The following Sec.
details the method and procedure of the noise prediction model as well as the corrections
of sound propagation. After that, the prediction results for a full-scale wind turbine
are presented and compared with field-test data and the predictions from the classic BPM
model in Sec. Finally, the findings and potential further improvements of the proposed

prediction model are summarised in Sec.

183
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8.2 Aerodynamic Results

As described in Sec. the aerodynamic performance of 5 cambered airfoils (S1-S5)
with the profiles from 5 tip regions of a Goldwind ® wind turbine blade is obtained. All
measurements are conducted at a freestream velocity Uy, = 30m/s and geometric angles
of attack from 0 to 16°, incrementing by 2°.

The main purpose of the aerodynamic measurements is to correct for the open-jet

effects on the geometric angles of attack to ensure the acoustic data are scaled properly.
Table shows the results corrected from (Egs. (3.29)—(3.31) in Sec. |3.3.6)).

Table 8.1: Corrected angles of attack for wind turbine airfoils S1-S5.

Geometric angle Corrected angle of attack a, (°)

of attack a, (°) S1 52 S3 S4 S5
0 -0.1 -0.2 -0.3 -0.4 -0.7
2 1.4 0.9 0.9 0.8 0.5
4 2.5 2.1 2.1 1.9 1.7
6 3.7 3.3 3.2 3.0 2.9
8 4.9 4.6 4.5 4.3 4.1
10 6.1 5.7 5.7 5.6 5.4
12 7.4 7.1 6.9 6.8 6.6
14 8.8 8.4 8.2 8.1 7.9
16 10.3 9.7 9.6 94 9.1

Figures show the comparison of the aerodynamic performance of the 5 air-
foils, in which S1 corresponds to the region near the hub and S5 corresponds to the blade
tip region. Although the lift curve slope (Figure does not appear to change signif-
icantly, the amount of lift generated at a particular angle of attack is lowest for S1 and
highest for S5. Figure shows the results of drag coefficient as a function of a.. The
drag coefficients for the test models are comparable at low angles of attack (0 < a, < 6°);
however, at high lift angles of attack, the drag increases in the same proportion as the
lift. Figure compares the lift-to-drag ratio (L/D) of these airfoil models as a function
of angle of attack. The maximum L/D values increase only slightly between S1 and S5,

however, the L/D peak angle of attack (ay,/p mas) differs from one airfoil to another with
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the near-hub airfoil S1 showing the highest oy /p 4, and near-tip S5 showing the lowest.
The result indicates the optimum configuration for achieving maximum L/D is to set tip
region S1 and hub region S5 to lowest and highest angles of attack, and gradually increase
the angle of attack from tip to hub. This agrees with the typical characteristic for a wind
turbine blade as the tip region runs at higher linear velocity, hence the pitch angle of this
region is usually set to be lower to generate less loading. The drag polar results are shown
in Figure The curves of these airfoils show similar shapes and collapse together,
indicating that the overall lift-to-drag performance for these airfoils is similar, however,
the airfoils must be set at different angles of attack to achieve similar L/D. Table

summarises the maximum L/D values and the corresponding angles of attack.
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Figure 8.1: Aerodynamic performance for airfoils S1 to S5: (a) Lift curves, (b) drag curves,
(c) lift to drag ratio and (d) drag polar.
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Table 8.2: The maximum L/D and the corresponding angle of attack for airfoils S1 to S5

Airfoil model S1 S2 S3 S4 S5
Maximum L/D 15.74 16.27 16.46 17 17.27
Peak angle of attack ay/p mas 7.4 5.7 5.7 4.3 2.9

8.2.1 Boundary Layer Properties

The velocity profile in the very near wake (0.7% chord downstream of the trailing edge) was
measured for airfoil models S1 and S5 using a pitot probe as described in Sec. 3.3.2] The
boundary layer properties were calculated from the very near wake data which is considered
to be close enough for representing the boundary layer at the airfoil trailing edge (TE).
The measurements serve the purpose of evaluating the accuracy of Xfoil predictions which
were used for the noise scaling in the wind turbine noise prediction. For each case, two
geometric angles of attack equal to 0° and 10° were considered. The corrected angles of

attack corresponding to ay = 0 © and 10° for S1 and S5 are presented in Table

Figure 8.2 shows the boundary layer profiles for S1 and S5 on both sides of the airfoil
at angles of attack oy = 0° and 10°. In order to extract the boundary layer thickness (9),
the momentum thickness (@), the displacement thickness (6*) and the shape factor (Hj),
a shape-preserving spline with 5000 points was fitted to the measured data as shown in
Figure[8.2h. This spline was also extrapolated to y = 0 in order to numerically integrate the
velocity profile down to the surface. The boundary layer parameters extracted from these
profiles towards the suction and the pressure sides of the airfoil are shown in Tables
and respectively. The boundary layer displacement thickness predicted using Xfoil is
in reasonable agreement (typical error < 20%) with the measured data (especially for tip
region airfoil S5), indicating that the prediction from Xfoil is adequate to represent the

displacement thickness at the airfoil TE for the purpose of noise scaling.
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Figure 8.2: Boundary layer velocity profiles on both sides of the airfoil for S1 at (a) oy
0° and (b) 10°, and S5 at (c) oy = 0° and (d) 10°.

Table 8.3: Boundary layer parameters towards the suction-side for S1 and S5

0% (mm)
ay(°) Airfoil 6 (mm) ¢* (mm) from ¢ (mm) Hy
Xfoil
0 S1 10.7 3.6 2.9 1.8 2
10 S1 11.5 4.6 5.2 1.8 2.6
0 S5 8.3 2.4 2.9 1.4 1.8
10 S5 11.8 5.0 9.3 2.1 24
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Table 8.4: Boundary layer parameters towards the pressure-side for S1 and S5

0* (mm)
ay(°) Airfoil  § (mm) §* (mm) from 0 (mm) H,
Xfoil
0 S1 10.8 2.2 3.2 1.5 1.5
10 S1 6.6 1 1.1 0.7 1.4
0 SH 8.3 1.5 1.3 1.1 1.4
10 SH 6.7 0.8 0.6 0.6 1.4

8.3 Acoustic Results

8.3.1 Beamforming Maps

Microphone array measurements have been conducted on these 5 cases (S1-S5) and post-
processed using conventional beamforming methodology as discussed in Secs. and
B:3:3] The acoustic data were taken simultaneously with the aerodynamic data, which were
for the airfoils at Uy, = 30m/s and ay = 0-16° (with an increment of 2°) as mentioned
before. The beamforming maps at 1260 Hz for the acoustic data of the airfoils at ay = 0°
and Uy, = 30 m/s are presented in Figures in which the sound pressure levels
on the TE plane are mapped with a dynamic range of 10 dB. The dominant noise sources
for all cases have been clearly localised at the TE of the model (green rectangle) with the
flow direction from left to right. To prevent the undesired noise sources from the airfoil-
wall junctions and the gaps between the turn-table and end-plate from being taken into

account for the noise scaling, the beamforming maps were integrated using the method

described in Sec. [3.3.3]

8.3.2 Source Integration Results

Figure shows the 1/3 octave band noise spectra integrated over the TE region as shown
in Figure and the noise prediction results from BPM model [31] for S1 at oy = 0-16°
and Usx = 30m/s. XFoil [59] was utilised to estimate the boundary layer parameters
in the BPM model. As shown in the figure, the spectra of integrated sources and BPM

prediction share a similar spectral shape but the level is different (difference within 10
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Figure 8.3: Beamforming maps (color bar scale in dB) at 1260 Hz for airfoil models (a)
S1, (b) S2, (c) S3, (d) S4 and (e) S5 at ag = 0 and Uy, = 30m/s. Flow comes from left
to right. Green rectangle is the position of airfoil model, and the TE integration region
is marked by a blue-dashed rectangle (x and y correspond to horizontal (streamwise) and

vertical coordinates).
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dB). The other 4 airfoils (S2-S5) have also shown a similar comparison as S1 does (see
Figure . In fact, the disparity between experimental results and BPM prediction is
expected as the BPM model was developed for a NACAOQ0012 airfoil rather than for general
designs. This also indicates that directly using the acoustic data obtained from the BPM
model for wind turbine noise prediction can introduce errors, therefore the acoustic data
from wind tunnel measurements are necessary for an accurate prediction of wind turbine

noise.

() (h) (i)

Figure 8.4: Integrated 1/3 octave band spectra (green squares) and spectra from BPM
model (black dashed line, boundary layer parameters estimated by Xfoil) for S1 at the
geometric angle of attack ay = (a) 0°; (b) 2°; (c) 4°; (d) 6°; (e) 8°; (f) 10°%; (g) 12°; (h)
14° and (i)16° at Uss = 30m/s.
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(c) (d)

Figure 8.5: Integrated 1/3 octave band spectra (green square) and spectra from BPM
model (black dashed line, boundary layer parameters estimated by Xfoil) for (a) S2; (b)
S3; (c) S4 and (d) S5 at oy = 0° and Uy = 30m/s.

8.4 Wind Turbine Noise Prediction Method

The wind turbine noise prediction methodology is based on the one outlined in Ref [82].
However, instead of using the BPM model [31] for airfoil TBL-TE noise prediction, the
acoustic and aerodynamic results from UAT Campaign 2 (details described in Sec.
were used with a scaling procedure to improve the prediction accuracy. This section details

the principle and procedure for this prediction method.

8.4.1 Principle

The overall noise emitted from a wind turbine blade can be regarded as the sum of several
noise sources along the blade span. Based on this concept, the blade is first divided
into n segments (see Figure , then the angle of attack and incoming velocity for each
segment along the blade radius are predicted using Blade Element Momentum Theory

(BEMT) based on the operating conditions, geometries (provided by Goldwind ®) and
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aerodynamics estimated using Xfoil. Next, the angle of attack and incoming velocity, as
the inputs for Xfoil, are used to estimate the boundary layer properties at the TE of each
segment. After that, the inflow turbulence noise and airfoil TBL-TE noise, as the two most
dominant noise sources for a wind turbine, are determined using the information obtained
above. Finally, the predicted noise from each segment are summed to produce the total
noise emitted from the wind turbine. In addition, corrections of sound propagation are also
taken into account to improve the prediction results. The following sections will further

discuss the details of each component of this method.

Figure 8.6: Schematic of the discretisation of a wind turbine blade into n segments:
Slv S27 S3) o 7Sn‘

Blade Element Momentum Theory

U,

Figure 8.7: Schematic of the flow condition encountered by a wind turbine blade element

In order to estimate the noise generated from a blade segment, the incoming flow
condition is required. Blade element momentum theory [109] is a method that performs a

momentum balance across the rotor to determine the flow conditions encountered by each
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segment of the rotor. In Figure U; is the local wind velocity approaching the blade
element, v; is the the local induced velocity from the energy extracted from the wind and
U, is the linear velocity due the movement of the blade segment, which can be determined
by

U, = wpr, (8.1)

where w, is the rotational rate of the rotor and r is the radius from the local blade segment
to the rotor hub. The local pitch angle (blade pitch angle + local twist angle) for a blade

segment is defined as #, the angle of attack « of the blade segment can be determined by
a=0+¢, (8.2)

where ¢ is the local inflow angle which varies along the blade span.It can be expressed as

gZ)—tan_l (Ul —UZ‘> —tan_l <Ui—vi> -~ Ui — U _ (UZ —an><w7~Rt> _ 1—a
N U, N wer ) wer wr Ry wer ) FXrsg

(8.3)

Here, the small angle assumption is used and a is the local induction factor defined as
a =v;/U; and 7 = r /Ry, where r is the local radius of the local blade segment and R; is

the rotor radius. Xpgp is the tip-speed ratio defined as

wrR
Xrsr = U . (8.4)
The local induction factor a can be calculated as follows
XrsrC.  1\?  o0X7rsrCL (XrsrOT + 1 XrsrCh. 1
a(T,XTSR):\/<U o +2> — ZOTSE ZQ(STSR T+, L)

Here, o is the local solidity defined by o = Nyc, where Ny is the number of blades of the
rotor and c is the chord length of the local blade segment. The local aerodynamics are

taken into account using the derivative

_ o

Cla oo’

(8.6)

where (] is the lift coefficent.
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For better accuracy, the rotor-tip loss effects can be taken into account [109] by intro-

ducing a tip-loss factor F' defined as

2
F = — arccos (exp (—¢)), (8.7)
where
Ny (F — ?0)
= — X .
p=3\7-4 ) TR (8.8)

where 7, = 79/R is the non-dimensional root-cut-out distance, and ry is the distance
between the center of the rotor hub and the root of the rotor blade. The local induction
factor can then be determined by the equations modified from Eq. (8.5). When 0 < a <

0.5, it can be determined by

_ o X71srC) 1 ) > 0XrsrC (X7srdT +1) 0 XrsrC) 1
) X ) F)= (a a - = = a0
alr, Xrsg, F) \/ 6F 2 8F T

and when 0.5 < a < 1, the expression is modified to

_ o X71srC) 1>2 1 o0X7psrCy, (X7srOT + 1), 0X75rCl, 1
a7, Xrsg, F) \/ e 2) G 8F T
(8.10)

The local angle of attack « and incoming velocity U (as shown in Figure for each

blade segment can be determined by iterations over Eqs.(8.1)-(8.4) and (8.6)- (8.10), in

which the local aerodynamic characteristics are estimated using Xfoil.

Inflow Turbulence Noise Prediction

Inflow turbulence noise is the dominant low-frequency noise source for a large-scale wind
turbine. Based on an analytical model of a flat-plate first proposed by Amiet [5], the
inflow turbulence-interaction noise is estimated using the modified formulation of Amiet’s
model presented by Buck [33]. For a blade segment that has a large chord with respect to
an acoustic wavelength (high frequencies), the estimated 1/3 octave-band sound pressure

level generated by the inflow turbulence noise can be determined by

(k/ke)’
(1+ (k/ke)?)7/3

5
SPLy = 10log 10 pgcéTQ;gS M I,
e

D|+784, (8.11)
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where pg is the freestream density, cg is the speed of sound, r. is the distance from the
source to the observer, r is the blade segment radius, I, is the turbulence intensity, §rr.s
is the turbulence integral length scale and M is the local Mach number. The turbulence
intensity I, is defined as I,, = u’/U;, where v/ is fluctuating velocity of the incoming wind.
The directivity function D will be discussed in Sec. The turbulence wavenumber [89)

k and the energy-containing wavelength scale of turbulence k. are defined as follows

ke = YTLG/6) (8.12)

drpsT(1) 7

where I stands for the Gamma function. For the predictions in this thesis, the turbulence
integral length scale 0775 is assumed to be 2.45 h, [49] [139], where h, is the height of the
rotor hub. The full expression of inflow turbulence noise SPLjj, fiow, including the low-
frequency, noncompact airfoil correction factor and the minor correction factor for finite

angle of attack [140], is determined by the following equations (8.13))—(8.16)):

LEC )
SPLinflow = SPLy + 10log 10(14—LFC’ ; (8.13)
2 2 ke\? -2
LFC =108*(1+9a*)Mi( 5 ) 872, (8.14)
27kce ( ke \ 117!
| 2.4—) } 1
B=1-M}, (8.16)

where LFC is the low-frequency correction factor and S is an approximation of the com-
pressible Sears function [124]; o and ¢ are the angle of attack and local chord length as

mentioned before.

A correction based on the interpolation of the Guidati model for inflow turbulence-
interaction noise from airfoils of finite thickness [81] is then considered in the prediction,
which gives the final expression of the predicted inflow turbulence noise SPL;,fiow,c as

follows:

SPLinfiowe = SPLinfiow + ASPLg + 10dB (8.17)

ASPLg = —[1.123(Tyo, 4 Tig) + 5.317(Tyo + Tiow )] (ke + 5) (8.18)
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where To, and T}gy, are the airfoil non-dimensional thickness (normalised by chord length)

at chord locations 1% and 10%, respectively.

Turbulent Boundary Layer Trailing-Edge Noise Prediction

Airfoil TBL-TE noise is usually the dominant noise source for wind turbines [148] [174].
In this prediction method, two models are used to estimate the TBL-TE noise generated
from different radial positions of the turbine blades. For the hub region (7 < 0.6) of the
blades, it moves at a relatively lower velocity and therefore acts as a less dominant noise
source (TBL-TE noise level is scaled with the fifth power of velocity [190]). The TBL-TE
noise generated from this region is estimated using the Brooks, Pope and Marcolini (BPM)
model [31]. For the tip region (7 > 0.6), as a more dominant noise source, its contribution
to the total TBL-TE noise level is estimated using a more accurate noise scaling model
that scales the acoustic data measured in anechoic wind tunnel to the full-scale conditions.
Figure [8.8]illustrates the noise prediction models employed in different blade regions. The

principle and formulations of these two models will be introduced in the following sections.

BPM model

/

L
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Noise scaling model i
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Figure 8.8: TBL-TE noise prediction models employed in different radial positions along
the blade.

BPM Model Inthe BPM model, the sound pressure level of the TBL-TE noise SPL7g
is proportional to the boundary layer displacement thickness §* and the fifth power of the
local Mach number M 15 and inversely proportional to the square of the distance between
the airfoil segment TE and the observer 7“3. The total TBL-TE noise estimation SPLtg
consists of three parts: the estimations of the TBL-TE noise originating from the pressure-
side boundary layer SPL,, suction-side boundary layer SPL, and angle of attack SP L,
which can be determined by the following Egs. (8.19) to (8.22):

SPLrg = 10log 10(1057E#/10 1 109PLs/10 4 1SPLa/10y (8.19)



Chapter 8. Prediction Model for Wind Turbine Noise 197
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SPL, = 10log 10( ) + (K1 —3) + AKy, (8.20)

SPL, = 101og 10( > + (Kl — 3) , (821)

SPL, = 10log 10( ) + K5 . (822)

here, A, B, St1, Sto, K1, AK; and K5 are the empirical functions, where K1, AK; and K>
depend on the Mach and Reynolds numbers of the blade segment. More details of these
functions refer to the original report [31] for BPM model. The span of the local blade
segment is L, and D is the directivity function that will be discussed in Sec. The
Strouhal numbers based the displacement thickness of the boundary layers on pressure
side ¢, and suction side g at the airfoil TE are represented by St, and Sts, respectively.
They are defined as

5 *
St, = o , Sty = 555

(8.23)

where f is frequency and U, stands for the incoming velocity for the blade segment (as

illustrated in Figure .

Noise scaling model based on wind tunnel data The TBL-TE noise emitted
from the blade tip region (spanwise locations presented in Table , as the dominant
noise source, is estimated by the acoustic data from wind tunnel measurements (presented
in Sec. and the noise scaling functions established on the basis of the characteristics

of airfoil TBL-TE noise.

Based on the scaling law of TBL-TE noise described in Ref. [31], the noise scaling ap-
proach assumes that TBL-TE noise measured at a particular angle of attack and Reynolds
number, in each 1/3 octave band can be scaled as,

§*MPL

2
Te

SPLyj3 —10log 10( ) = F(St)+ K = NSF(St,a) (8.24)

Where F(St) is a spectral function depending on Strouhal number, K is an amplitude
function and the combination is the noise scaling function NSF. The empirical noise

scaling function (NSF) for airfoil segment is derived and calculated using the acoustic
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data measured in UAT (denoted by subscript UAT),

6*MZ5L]
7”3 UAT

NSF(a, Styar) = [SPLl/g]UAT —10log 19 [ — Keorr (8.25)

Where NSF is a function depending on airfoil angle of attack and strouhal number, M; is
the local Mach number, 07 is the suction-side TE boundary layer height, r. is the distance
from the TE of the airfoil segment to the observer and L is the airfoil span of the test
model which refers to the spanwise length of the beamforming integration region (as shown
in Figure in this prediction. The effect of Reynolds number (Re., based on chord
c) is estimated using a correction factor K, derived from the Reynolds-number-based

amplitude function K; in BPM model [31],

-4.31logy(Re.) +156.3  (Re. < 2.47 x 10°) (8.26)
K1 =< -9.0log;o(Re.) +181.6  (2.47 x 10° < Re. < 8.0 x 109) (8.27)
128.5 (Re. > 8 x 10%). (8.28)

In order to account for the noise level difference caused by the Reynolds number (Re.,
based on chord c) difference between the airfoil model in small-scale wind tunnels (Re. <

8.0 x 10°) and the full-scale wind turbine blade in fields (Re. > 8.0 x 10°), the correction

factor K o can be obtained by subtracting Eq. (8.28) from Egs. (8.26) and ({8.27)

27.7-4.31log 10([RecJuar)  ([RecJuaT < 2.47 x 109) (8.29)

Kcorr -
53.1-9.0log 10([RecJuaT)  (2.47 x 10° < [ReJuar < 8.0 x 10%),  (8.30)
where [Re.|uar is the Reynolds number based on chord in wind tunnel experiments. The

acoustic measurements performed in UAT Campaign 2 correspond to a Reynolds number

of 4x10°, therefore, the correction factor K. is calculated using Eq. (8.30)).

Assuming similarity, the frequency and level between wind tunnel measurements and

wind turbine predictions can be directly translated using

f5*} Jos
StuaT = 5 = Stwr = 5 (8.31)
Uso UAT Uso wT
§*MPLD
[SPL1/3]WT = NSF(Oz, Stwr) + 101og 10 [#} wr (8.32)
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where the subscript WT indicates wind turbine, D is the directivity function as before,
and [L]wr stands for the span of the local blade segment when scaling the wind tunnel
results using Eq.

Sound power is estimated by integrating the sound intensity projected onto a sphere
of radius r. about the turbine. Before converting the sound pressure level to intensity,
the sound pressure levels are A-weighted. The corrections of sound propagation are also

taken into account and will be discussed in the following section.

8.4.2 Corrections of Sound Propagation

When considering the sound propagation of the noise emitted from a wind turbine, two
factors need to be taken into account: the directivity of noise emitted from the wind

turbine and the losses during the sound propagation from the noise source to the observer.

Noise Directivity

According to Standard IEC 61400-11 [50], the observer is always positioned at a fixed
location when evaluating the noise level of a wind turbine, therefore the directivity of
the noise emission needs to be considered when comparing the prediction with the field

measurement.

Observer

Noise source

Figure 8.9: Schematic of the angle definitions for the noise directivity function

For noise at very low frequency, of which acoustic wavelengths are large with respect to

the airfoil segment chord length, the aerodynamic noise from the wind turbine is modelled
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as a dipole source. The directivity function of a dipole source is given by [26, B} [32), [175]

sin 20, sin 2,4
Dj=———. 8.33
: (1 — Mjcos&)4 (8:33)

The definition of §; and ¢4, which refer to the relative position between the noise source
and observer, are shown in Figure 0, is the angle between the sound ray and the
chord line of the airfoil segment. However, & refers to the angle of the ray relative to the
local inflow velocity. The directivity function for noise at high frequency is determined

by [26, 52]
D — 2sin2(6,/2) sin %y
T = Mycos€)!

(8.34)

The inflow noise directivity can be calculated using Eqgs. (8.33) and (8.34). However,

when calculating the directivity function of TBL-TE noise, 6; and £ are replaced by m— 6,
and m—¢&, respectively, due to the fact that the inflow noise and TBL-TE noise are radiated
from opposite edges: inflow turbulence noise is generated from the interaction between
the atmospheric turbulence and the discontinuity brought by the leading edge, while the
TBL-TE noise originates from the interaction between the TE and the turbulence in the

boundary layer.

Atmospheric Absorption

As the sound propagates from the wind turbine to the far-field observer, the amplitude
of the sound wave attenuates as some of the energy is lost to the air in the atmosphere.
These energy losses are due to the thermal-viscous effects caused by the molecular collision

and relaxation processes that absorb some of the kinetic energy of the sound wave [60].

The excess attenuation from atmospheric absorption A,y is determined by [82]

Aatm = AqTe (dB) (835)

where 7. is the distance from the noise source to the observer, and a, is the attenuation

in dB per meter for a pure tone frequency f which is given according to ANSI/ASA S1.26
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by

-1 1/2 —5/2
aq = 8.686f2{[1.84 X 10—11<];‘:> @a) } 4 @a) o

Jro frN
R ey ICLCR

(8.36)

0.01275¢~2239-1/Ta( ) + 0.1068¢ 3352/ T (

where T, is ambient atmospheric temperature in Kelvin, T, is the reference tempera-
ture (293.15 K), P, is the ambient atmospheric pressure, P, is the reference atmospheric

pressure (101325 Pa), and f,¢ and f,n are determined by

P, (4.04 x 10*h)(0.02 + h)}
0=(=2)|24 :
fro <PT) { + 0.391 + h (8.37)
T —-1/2 P _
A e T 3 (8.38)

where h is the molar concentration of water vapour that can be calculated from relative

humidity h, by

h= hr<];i:t) (1;)‘1 , (8.39)
where
Psq
PTt = 10" (8.40)
and
V = 10.79586 [1 - (27%‘116)} — 5.02808log; (27€1es>
+1.50474 x 10*4{1 - 10*8-29692[@/273'16)*”} (8.41)

10.42873 x 10—3{1 — 104-76955[1—(273-16/”1} — 22195983

,which can be approximated by

273.16

a

1.261
V= —6.8346( ) +4.6151 . (8.42)

The error for the approximation is small enough to be negligible for the wind turbine noise

prediction.

Since the results for both the prediction and field measurement are acquired in 1/3-

octave bands, a correction for 1/3-octave band analysis is also taken into account by the
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following equation [82]:
At 1/3 = Aatm(1.0053255 — 0.001226224,¢m)' 0 (dB), (8.43)

where Auem is the excess atmospheric attenuation at the center frequency of 1/3-octave
band and Ay, 1/3 is the corrected 1/3-octave attenuation employed in the noise prediction

code.

8.4.3 Prediction Procedure

The sound power level for the full-scale wind turbine can be calculated as shown in Fig-

ure [8.10, The detailed procedure is presented as follows

(1) Input the profile, pitch angle, local twist angle of each blade segment as well as the
wind turbine operating conditions, including rpm, incoming wind speed and weather

conditions of the field-test.

(2) Calculate inflow velocity Uy, and local angle of attack « for each blade segments

based on BEMT, which can be achieved by iterations over Egs. (§8.1))-(8.10).

(3) Input Uy and a, obtained in step (2), for each blade segment into Xfoil to get the

estimation of boundary layer displacement thickness §*.

(4) Input data of the airfoil test models S1-S5 (blade segments in tip region) acquired in
UAT Campaign 2 and estimated using Xfoil, which includes the corrected angle of
attack a, freestream velocity Us, sound pressure level [SP Ly sluar in 1/3 octave-
band integrated over the TE region (as shown in Figure and the corresponding
frequency f from wind tunnel measurements and the boundary layer displacement

thickness 6* from Xfoil.

(5) Generate a look-up table of the noise scaling function from the data input from step

(4) using Egs. (8.25) and (8.30). In the look-up table, a NSF' value can be found

for any arbitrary angle of attack a and frequency f within the table’s range through

data interpolation.
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Figure 8.10: Flow chart for the wind turbine noise prediction program using noise scaling

function (NSF) and BPM model.
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(6) Based on the data obtained from steps (2), (3) and (5), scale the lab acoustic data
to the sound pressure level of the blade tip region using Eqgs. (8.31) and (8.32)), of
which the scaling constraint is Stwr = Styar. Calculate the sound pressure level

for the blade hub region using BPM model and data obtained from previous steps.

(7) Apply the corrections of the noise directivity and atmospheric absorption to the
sound pressure level obtained in step (6) and convert the sound pressure level to

A-weighted sound power level [PW L]wr.

8.5 Prediction Results

This section presents the prediction results obtained using both the noise scaling and BPM
model, which includes the noise spectra and the overall sound power level for the wind
turbine operating at wind speed U; of 7, 8, 9 and 9.5m/s. Prediction results are then
compared with the field-test data measured according to the setup shown in Figure [8.11
where the microphone was positioned 170 m downwind of the turbine tower on the ground.

The field test was conducted according to Standard IEC 61400-11[50].

Figure 8.11: Schematic of the field-test setup.
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8.5.1 Effects of Sound Propagation Corrections

The corrections for noise directivity and atmospheric absorption were applied in the pre-
diction model as discussed in Sec. Figure shows the NSF' prediction results
for the wind turbine operating at rated RPM of 12 with a tip-speed ratio of 9.3, which
corresponds to a wind speed U; of 9.5m/s. Figure presents the uncorrected NSF
prediction, which is in good agreement with the experimental data over frequencies up to
800 Hz. The predicted noise spectrum starts to deviate from the field-test spectrum over
higher frequencies, overpredicting the noise levels of up to 30dB at 10 kHz. The prediction
results corrected by directivity function are shown in Figure where the peak levels
of the noise spectrum (over 300 to 800 Hz) show a closer comparison with the field-test

data. Atmospheric loss is more significant at higher frequencies. The deviation at the

| Inflow noise O TE noise - — Total noise - - Field-test datal | Inflow noise O TE noise- — Total noise - - Field-test data
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Figure 8.12: Wind turbine noise prediction results using NSF with (a) no correction; (b)
directivity correction; (c) atmospheric correction; (d) directivity and atmospheric correc-
tions for wind turbine operating at U; = 9.5m/s



Chapter 8. Prediction Model for Wind Turbine Noise 206

higher frequency range (800 Hz to 10000 Hz) is corrected effectively (see Figure us-
ing the method described in Sec. for the weather condition (ambient temperature Ty,
= 288.15 K, ambient pressure P, = 89150 Pa and relative humidity h, = 20 %) provided
by Goldwind ®. The prediction results with corrections of both the noise directivity and
atmospheric loss (see Figure show good agreement with the experimental data over

the entire frequency range.

8.5.2 Improvement of Wind Turbine Noise Prediction

As discussed in Sec. the noise prediction model proposed in this thesis uses a noise
scaling function NSF', combined with the semi-empirical BPM model, for wind turbine
noise prediction. This model aims to improve the accuracy of the classic semi-empirical
method which only uses BPM model for turbine noise prediction.

Figure shows the comparison of predicted wind turbine noise spectra between
NSF prediction, BPM prediction and field-test data for the wind turbine operating at U; =
9.5m/s. The NSF prediction yields better consistency with the field-test data, improving
the prediction accuracy by up to 3 dB at the peak level of the noise spectra. Figure
presents the A-weighted overall sound power level of the NSF and BPM predictions
compared with the field-test data at wind speed U; = 7-9.5m/s. Here, the uncertainty of
the field-test measurements is represented as error bars. The NSF method can accurately

predict the overall sound power level with errors that are within the uncertainty of the
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Figure 8.13: Comparison of the prediction results between NSF method and BPM model:
(a) predicted noise spectra for the wind turbine operating at wind speed of 9.5m/s; (b)
predicted A-weighted overall sound power level for the wind turbine operating at wind
speeds U; from 7 to 9.5m/s
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experimental data, and improve the overall sound power prediction accuracy by 2-2.5dB

compared to BPM model.

8.6 Summary

The noise generated from a full-scale industrial wind turbine at operating conditions of
incoming wind speeds of U; = 7-9.5m/s and tip-speed ratio Xpgr = 9.3 is predicted
using a noise prediction model based on the proposed noise scaling method and the semi-
empirical BPM model. In this model, the TBL-TE noise from the blade tip region, as the
most dominant noise source for the wind turbine, is estimated by a noise scaling function
(NSF) using the information from the acoustic and aerodynamic data measured in UAT
for five airfoil test models, which have profiles identical to five wind turbine blade segments
at the tip region.

The acoustic and aerodynamic measurements for the airfoil test models are taken at a
freestream velocity of U; = 30m/s and geometric angles of attack of oy = 0-16° (with an
increment of 2°) in the open-jet anechoic wind tunnel UAT. To account for the changes
in angle of attack due to the open-jet effects, aerodynamic data are used for the angle of
attack correction. The corrected angles of attack a,. are then used to scale the acoustic
data of the airfoil test model to that of the wind turbine blade segment using NSF and
the aerodynamics of the blade segments estimated using blade element momentum theory
(BEMT) and Xfoil.

The details of the proposed prediction method have also been presented in this chap-
ter, including the BEMT, inflow noise model, BPM model, TBL-TE noise scaling model,
corrections of noise directivity and atmospheric absorption as well as the prediction proce-
dure. According to the weather conditions provided by Goldwind ®, the atmospheric loss
of the field test is considered to be significant at high frequencies from 800 to 10000 Hz.
After the corrections of sound propagation, the NSF prediction results of both the noise
spectra and overall sound power levels have shown excellent agreement with the field-test
data at all incoming wind speeds U; = 7-9.5m/s, and an improvement of accuracy by up

to 2-2.5 dB compared with the BPM prediction results.
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Conclusions

Airfoil trailing-edge (TE) noise, generated by the interaction of boundary layer turbulence
or instabilities with the trailing edge, is an important noise source for airfoil applications
such as wind turbines, aeroengine fans, propellers and drones. Effective TE noise control
requires either altering the turbulent flow structures and strength in the boundary layer
or reducing the acoustic scattering efficiency of the edge.

Based on these two principles, novel porous structures have first been acoustically
characterised to facilitate the design of porous TE geometries. Next, the aeroacoustic
performance and near-wake flow characteristics of a series of flat-plate TE extensions (at-
tached to a NACA 0012 airfoil) with novel porous and serrated geometries have been
examined in the UNSW anechoic wind tunnel (UAT). In addition to experimental investi-
gations, the near-field flow and far-field sound pressure for a NACA 0012 airfoil with novel
porous TE have been numerically simulated. After that, novel TE treatments have been
applied to a set of rotor blades with a NACA 0012 profile. The aeroacoustic performance
of the treated rotor blades has been evaluated on the UNSW rotor rig. Finally, a wind
turbine noise prediction method has been developed. The prediction results have been
compared with the field-test data for a full-scale industrial wind turbine. The following

sections summarise the major conclusions and suggest potential future work.

9.1 Thesis Summary

The major achievements and findings are summarised as follows:

¢ Sound absorption of additively manufactured novel porous structures for

airfoil and rotor TE noise control

Two types of novel porous structures have been designed, additively manufactured

208
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and acoustically characterised (Chapter . For the micro-tube porous structure,
good sound absorption (cy,=0.25-0.9) can be achieved over higher frequencies (3.2
6.4 kHz). Two geometric design criteria for this structure have been established:
1) the peak frequency of the sound absorption coefficient can be shifted to lower
frequencies by decreasing the porosity; 2) for the micro-tube structure with a certain
porosity, a maximum sound absorption coefficient can be achieved by selecting an
optimal pore aspect ratio (0.1 for specimens examined in this study). This micro-
tube structure has been applied in airfoil and rotor TE noise control as presented
in Chapters

The other novel porous structure (PF structure) consists of a micro-perforated hous-
ing and a Basotech® acoustic foam infill. Such structure can provide efficient
broadband sound absorption with a limited specimen thickness, where the peak
sound absorption can be effectively predicted by Maa’s model. Therefore, the peak
sound absorption for such a structure can be tuned to the desired frequency range

by optimally designing the micro-perforated geometries based on Maa’s model.

e The noise reduction performance of novel TE designs on airfoil LBL-TE

noise

The performance of eleven treated TE designs (including sawtooth-serrated, novel
serrated, porous, porous-serrated and serrated-porous TEs as illustrated in Ta-
ble. in reducing LBL-TE noise of a natural-transitioned NACA 0012 airfoil
at low-to-moderate Reynolds numbers (1.9-3.2x10%) have been assessed using the
identical experimental setup in UAT (Sec. . Among these designs, the curved-
serrated TE has the best performance in attenuating TE noise, showing an over-
all noise reduction (integrated over 0.25-10kHz) of up to 16.4dB over the entire
Reynolds number range (1.9-3.2x10°). Traditional saw-tooth serrated TEs are
shown to reduce the overall noise level at low Reynolds numbers, but introduc-
ing more high-level tonal noise at moderate Reynolds number (2.9-3.2x10%). For
slitted, porous, porous-serrated TEs, they both fail to reduce the overall noise level
over the entire Reynolds number range due to numerous excessive tones. However,
serrated-porous TEs are found to consistently reduce the overall noise level by up to

14.2 dB over the entire Reynolds number range, in-spite of a noise increase observed
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at high frequencies (St, > 0.175).

e The noise reduction performance of novel TE designs on airfoil TBL-TE

noise

The performance of five treated TE designs in reducing TBL-TE noise of a forced-
transitioned NACA 0012 airfoil at moderate Reynolds numbers (3.2-8x10°) have
been assessed using the identical experimental setup in the UAT (Sec. . The
overall noise reduction for frequency regions dominated by different noise mecha-
nisms are evaluated. All five designs can efficiently reduce the overall noise level
at frequencies dominated by TBL-TE noise over the entire Reynolds number range.
The curved-serrated TE shows a greatest TBL-TE noise reduction of up to 4dB,
which is 1.4 dB more than that of the traditional saw-tooth serrated TE with the
same value of A\/h. For the TE designs with porous geometries, their noise attenua-
tion performance is compromised by the excessive noise observed at high frequencies

(Stb > 0.16).

e The role of porous geometries of a flat-plate TE extension in airfoil TE

noise control

According to the analytical study [99], the rigid flat-plate porous TE can effectively
reduce the TBL-TE noise level at low frequencies. This has been confirmed by the
measurements in Sec. However, a high-frequency noise increase is observed
for all TE designs with porous geometries as reported above. The level of the
excessive noise is found to increase with the area of porous geometries, indicating
that this noise increase originating from the porous geometries. When applying
porous geometries in TE noise control, the inherent high-frequency noise associated

with their geometries should be considered.

e Flow characteristics related to the LBL-TE noise reduction by treated

TE extensions

Mean and fluctuating velocities have been measured in the near-wake of the natural-
transitioned airfoil with treated TE extensions at a Reynolds number of 2.9x10°
(Sec.[6.2). The spanwise-variant edge geometries are found to alter the flow structure

at the TE, since both mean and fluctuating velocities vary significantly for different
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treated TE extensions. Moreover, both the frequency and intensity of the peaks in
the near-wake velocity spectra are highly correlated with the LBL-TE tonal noise
measured in the far-field (Sec.[5.2). This indicates that a reduction of LBL-TE noise
by treated TE extensions is achieved by altering the flow structures related to the

amplification of T-S waves, hence suppressing the aeroacoustic feedback loop.

e Noise intensity factor for relating near-wake flow statistics to TBL-TE

noise generation

The flow characteristics in a near-wake plane of the forced-transitioned airfoil with
treated TE extensions at a Reynolds number of 5.8x10° are characterised in terms
of mean velocity, turbulence intensity and turbulence integral length scale (Sec. .
A noise intensity factor is proposed to estimate the combined effects of these flow
statistics on TBL-TE noise generation. This noise intensity factor is integrated over
the near-wake plane of treated TEs to account for the spanwise-variations induced
by treated edge geometries and relate the near-wake flow statistics to the TBL-TE
noise reduction by treated TEs. The integration results are consistent with the

TBL-TE noise results in Sec. 5.3l

e Mechanisms of the noise reduction and increase by the micro-tube porous

TE

Flow fields around the straight and micro-tube porous TEs of a forced-transitioned
NACA 0012 airfoil at o = 5° and Uy, = 50m/s have been numerically simulated
(Sec.[6.4). The far-field noise levels predicted by the FWH acoustic analogy are in
a reasonably good agreement (error <5 dB over 2-8 kHz) with experimental data,
and the frequency regions of noise reduction and increase by the porous TE have

been accurately captured.

A detailed analysis of the flow and acoustic results reveals that the noise reduction
by the porous TE may be attributed to 1) reduced magnitudes of the acoustic
source term related to Reynolds shear-stress, 2) reduced spanwise correlations of wall
pressure fluctuations and 3) reduced turbulence convection velocity near the TE.
These changes are considered to be mainly due to the flow perturbations propagating

through the pores, breaking up coherent turbulent flow structures and reducing the
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acoustic impedance jump at the TE. The wall pressure fluctuation results suggest
that the excessive high-frequency broadband noise originates from the interactions
between the pore suction-side TE geometries with turbulence from the upstream

boundary layer and pore flow permeation.

e Aeroacoustic performance for rotor blades with different TE designs

The TE noise generated from four sets of rotor blades with straight (reference),
porous, cut-serrated and extended-serrated TEs has been measured and processed
using a phase-averaged beamforming method (Chapter . The cut-serrated TE
is the most acoustically efficient design at high frequencies. However, due to the
high-intensity bluntness vortex-shedding noise at low frequencies, cut-serrated TE
increases the overall noise level by up to 7.8dB and 7.1dB for the natural- and
forced-transitioned rotor blades. The extended-serrated TE can achieve the great-
est overall noise reduction of up to 5.6 dB and 3.2dB for the natural- and forced-
transitioned rotor blades. The porous TE has the greatest potential in reducing low-
frequency noise. However, the excessive high-frequency noise (as discussed above)
is also observed for porous rotor blades, compromising their overall noise reduction

to less than 5.1dB and 0.7 dB for the natural- and forced-transitioned regimes.

e The potential role of sound absorption in TE noise control

The micro-tube porous TE of rotor blades can effectively control the noise levels for
both LBL-TE and TBL-TE noise sources over the frequency range from 4 to 6.4 kHz
(Sec, where its porous structures (based on specimen P4 in Chapter have good
sound absorption (ay, > 0.3). In fact, porous rotor blades achieve their peak noise
reduction within this frequency range for most operating conditions (except 800
RPM, 10° pitch). These indicate that the sound absorption of the TE geometries
may play a role in TE noise attenuation by reducing the TE acoustic scattering

efficiency.

e TBL-TE noise scaling model for wind turbine noise prediction

A noise scaling model tailored for the TBL-TE noise prediction for full-scale wind
turbines is proposed. This model is based on a noise scaling function (NSF), which

scales the acoustic results of the airfoil models in the anechoic wind tunnel to the
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full-scale wind turbine in the field. After the corrections of sound propagation, the
NSF prediction results have shown excellent agreement with the field-test data at
all incoming wind speeds (7-9.5m/s). Compared to the prediction method based
on the BPM model, an improvement in prediction accuracy by up to 2-2.5 dB is

achieved by the proposed NSF method.

9.2 Future Work

There are many potential future working themes and research methods to be extended,

some of which are described here:

e The great potential of porous treatments in TE noise control has been confirmed.
Different from past studies, porous structures are characterised in terms of their
sound absorption coefficient instead of flow resistivity (permeability). The potential
effect of sound absorption on TE noise generation have been investigated, however,
not yet confirmed. To further justify it, a parametric study on porous TE struc-
tures with a similar flow resistivity but different sound absorption coefficient can be
conducted. A good starting point would be the comparison between TEs made of
the PF structure (broadband sound absorption), micro-tube structure (sound ab-
sorption in a relatively narrow bandwidth) and metal foam (no sound absorption)

with a similar flow resistivity.

e The excessive high-frequency noise (as reported in past studies) has been observed
for all TEs with porous structures in experiments and numerical simulations. Nu-
merical results suggest that this noise source is caused by the interaction between
the pore edge geometries and the turbulent flow that passes over it. Further studies
can focus on how to attenuate the excessive noise source by modifying the pore edge

geometries (such as bevelling and rounding).

e The flow statistics in the near-wake of treated novel TEs have been related to TBL-
TE noise generation by the proposed noise intensity factor. However, this factor
is not capable of predicting the TBL-TE noise to the exact level due to the lack

of surface pressure fluctuation data. To gain a deeper understanding of the noise
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reduction mechanisms for treated novel TEs, information on surface pressure fluc-
tuations is important. Due to the complex geometries of novel TEs, it is extremely
difficult to implement sufficiently small pressure sensors on their surface without
introducing significant intrusive effects. Therefore, the non-intrusive time-resolved
stereoscopic or tomographic PIV system can be good choice to measure and link the
near-wall vertical velocity fluctuations to the TBL-TE noise source term related to

surface pressure fluctuations.

e To apply low-noise TE treatments in realistic applications (such as wind turbines),
their effect on the aerodynamic performance is important. This is because it can
change the aerodynamic environment of the local blade segment, hence affecting
the noise generation. A comprehensive aerodynamic force measurement can be

performed to further verify the applicability of the novel TEs for TE noise control.

e The wind turbine noise prediction method based on the proposed noise scaling model
has significantly improved the prediction accuracy of the method based on the BPM
model. However, considering the uncertainties from the open-jet effects on the angle
of attack and the Reynolds number difference between the airfoil test models and
the full-scale wind turbine blade segments, further improvements can be potentially
achieved by: 1) minimising the open-jet effects using a kevlar-wall anchoic wind
tunnel; 2) applying a more accurate Reynolds number correction obtained from
large-scale (Re. > 5 x 10°) anechoic wind tunnel measurements. Moreover, this
NSF method can be extended to predict the noise from full-scale wind turbines with

novel TE treatments.
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