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Abstract

This thesis develops a computational acoustic beamforming (CAB) method for
identification of sources of small wind turbimmise. The methodology consiststbfee
components: computational fluid dynamiCFD), acoustic propagation and acoustic
beamforming componentsEach componenbf the CAB method is validated on the
component level. The numerical results agree well with the experimental data for the

validation of each component.

The CAB method is thevalidated on the whole system level using the NACA 0012 airfoil
trailing edge noise casd@he predicted acoustic magse in excellent agreement with
the corresponding observed acoustic maps obtained from viimohel experiments. It is
found that the spatial resolution of the acoustic maps increases with increasing
frequency. It is also found that the Archimedean spiral yrtes a better spatial
resolution than the star array at all frequencies of interest. Furthermore, an
Archimedean spiral array exhibits bettgignal to noise ratio3NR at frequencies below
1000 Hz, but poorer SNR at frequencies above 1000 Hz when cednparthe

performance of a star microphone array.

Following these validation studiesthe CAB methodology was applied to the
identification of noise sources generated by a commercial small wind turbildRihase

10 wind turbine). Despite the coarse grid and large time step used in the CFD
simulations, the simulated aerodynamic results (wind turbine power output) thied
aeroacoustic results (heighted SPL spectraye in good agreement with some field
measurements for this wind turbine. Th&@mulated acoustic maps revealat the blade
tower interaction and the wind turbine nacellare two possible noise generation
mechanisms in the range of frequencies between 200 and 630 Hz for this small wind

turbine.
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Chapter 1

Introduction

1.1 Wind Turbine Operation Mechanism

A wind turbine is a rotary device that extracts energy friblwind. Mechanical energy
from the wind turbine is converted to electricity (wind turbine generator). The wind
turbine which rotates through a horizontal axis as shown in Figure 1.1 is called

horizontalaxis wind tirbine (HAWT).

'S Rotor

Gearbox

Rotor
diameter Generator

Hub
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Figurel.1l: Schematic plot of a HAWT.

Wind turbines work by converting the kinetic energy in the wind first into rotational
kinetic energy in the rotor and then electrical energy by the generator. The wind power
available for converen mainly depends on the wind speed and the swept area of the

turbine:
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where” represents theair density0  is thewind turbine rotorswept areaand0

is the undisurbed wind speedAlbert Betz (German physicist) concluded in 1919 that no
wind turbine can convert more than 16/27 (59.3%) of the kinetic energy of the wind into
mechanical energy tming a rotor (Betz limjt The theoretical maximum power

efficiency of any kind of wind turbine is therefore 0.59.

1.2 Small Wind Turbine Industry Development

The international standardization body, International Electrotechnical Commission (IEC),
in their standard IEC 614@0[1], definesa small wind turbineas having a rotor swept

area of less than 200 fequating to a rated power generation of approximately 50 kW

at a voltage below 1000 V AC or 1500 V DC. However, technically, there are several
countries setting up thie own definition ofwhat constitutes asmall wind turbine.In
consequence, differences in the upper limit of power capacity of a small wind turbine

can range beveen 15 andl00 kW[2].

The snall windturbine industryhas seen a rapid growth and maturity since 2010 with
political and regulatory support, such &eedIn Tariffs FIT$, net metering, tax credits
and capial subsidies At the beginning of 201@he American Wind Energy Association
(AWEA established perfonance and safety standards for small wind turbifi#és These

standards include not only the measurement and publication of standardized power



curves, but also the measurement and reporting of noise emissions from snmall
turbines. This pedrmance standard mostly followthe British standard for small wind
turbines and the international standard for large wind turbines. In April 2010, Great
Britain launched a comprehensive systemFdfsfor projects up to 5 MW withsix
different tranches for wind turbines. Three of the six trancheder to small wind
turbines Satistics showed that this FIT policy hadntributed to four fifths otthe newly
installed small wind capacity in the country, which resuliedver 100 MWof installed
capacity in2012[4]. Figurel.2 shows the total cumulative installed units for small wind
turbines by the year2013.In North America,the United Stateseached a cumulative
capacity of almost 1 GW frorthe small windturbine industryby the end 0f2014,
reflecting nearly 74,000 wind turbines deployed nationwidenong them63.6 MW of
new small windurbine capacity was added 2014, representing nearly, 200 units and
$170 million in investment across 24 statgS]. In March 2015, Denmark and Poland
introduced new FITs for small wind turbines wathattractive remuneration.TheWorld
Wind Energy #sociation WWEA estimated that a cumulativetotal more than a million

units of small wind turbinesave been irstalled by the end 02015worldwide[2].
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Figurel.2: Total cumulative installed units by country for small windbines|[5].

Small wind turbines ara reliable and sustainable edfrid solution in developing and
emerging market$6]. First of all, small wind turbines can be easily combined with other
energy sources within a hybrid system, such as solar or diesel, which makes it possible
to optimize the usage of available resources andigd®pendency on just one energy
source with limited availabilitfor a certain time ora particularseasonof the year
Secondly, as interest in electrification of remote and rural aieaseases small wind
turbines offer a very advantageous casimpetitive solution for offgrid applicationg6].

In addition, as the price of conventional energy resources, like fossil fuels, is constantl
rising whilethe cost of wind eergy is gradually decliningt is expected that more

rigorous policiesvill be deployedo supportsmall windturbine investment.

1.3 Small Wind Turbine Noise | ssue

Since small wind turbines are often installedtie proximity of residential (populated)

areas with some particularly designed to be placed on the raobf the lildings as
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shown inFigures 13 - 1.5, the noise issuesi a critical issue affecting theontinued
developmentand use of small wind turbineHawvever, similar toother emerging
industries, noise issues are of secondary importance femall wind turbine
manufacturers. Indeed, manufacturers still view the fabrication process and the total
wind turbine cost (affordability) as the mosmportant issues that need to be
considered for the widespread use of small wind turbifigls In addition,the lack of
regulations with respect to theoise generated bysmall wind turbineshas curtailed
research in this area in both academia and industdgvertheless, as more and more
peopleare incentivizedo install smallwind turbines to supplyheir electricity need at
home, the noise issues accruing from the operatiorsofll wind turbines wilbecome

so critical thatrigorous policies will need to be formulated by local and federal agencies
to governthe permissible (acceptable) sound levels of noise sources generated by use of

small wind turbines in residential areas

Figurel.3: Wind turbines on the rof of Boston Miseum of<ience in Massachuset|§].
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In order to resolvehe noise issues associated with the operation of small wind turbines,
it isimportant to determine the locations of the primasources of sound generation on

a wind turbine. To this purpose, it is noted that application of a systematic methodology
for noise source identification (NSI) would enable the localization of the sound sources
on a wind turbine. This in turn would alleengineers to redesign the wind turbine (e.g.,
blades, hub, tower) in order to reduce (or minimize) the noise generation. Currémly,

NSI methodlogy for small wind turbinesrelies mainly on the use of&coustic



beamforming measurements. This experimehtamethodology for noise source
determination utilizes arrays of microphones in various geometric configurations for the
measurement of the sound field generated by the wind turbine. Subsequently, the
array-based microphone sound measurements are processsihg highresolution
acoustic beamforming algorithms for the noise source identificatidowever, the cost

of conducting an acoustic beamforming measuremesdgmpaign for the noise
characterization of a wind turbinégs high especiallywhen it isnecessary to use a
complex array involving a verlarge numberof microphones. Furthermoreijt is
frequently difficult to deploy a microphone array at the optimal measurement location
for the noise source identification, owing to some environmental linotas (e.g,
obstacles such as trees, rocks, buildings, etc.). As a consequieezare veryfew
researcherghat have conduced acoustic beamforming measuremenfizr small wind

turbines[11]-[13].

1.4 Computational Acoustic Beamforming M ethod

In viewof the limitations arising from the use of experimental acoustic beamforming for
noise characterization of small wind turbinetis thesis proposes an aternative
methodology More specificallythis thesisproposes to use a computational acoustic
beamfaming (CAB) methodology for the identification of noise sources on a small wind
turbine. The methodologys composed ofthree components: CFD, acoustic propagation

and acoustic beamforming components.



The CAB methodology was first proposed bjl4| where it was used to identify the
sources of trailing edge noise for the NACA 0012 airfoil. However, in this application, Li
used the methodology to compute only one acoustic map at 800 Hz which was found to
be in poorconformance with the corresponding experimental measuremidi. The

poor agreement between the predicted and measured results for the acoustic map was
probably due primarily to the coarse mesh used in themputational fluid dynamics
(CFD simulation, which caused an earlier flegparationalong the leading edge of the
airfoil which in turn inhibitedhe interaction between tte turbulentboundary layer and

the trailing edge of the airfolil.

To resolve thaliscrepancies between the experiment andnmerical results reported by

Li [14] for the NACA 001l1airfoil trailing edge noise, this thesmonsides a more
computationally demanding and sophisticated implementatarthe CAB methodology.
Firstly, inthe generaliation of the CAB methodologyhis thesiswill use higher fidelity
models for prediction of the flow field. In particular|aage-eddy simulation (LES) with a
very fine meshd)y p will be used to computéhe flow around the NACA 0012 airfoil

in camparison to what was used by [1i4] in his original implementation of the CAB
methodology where the flow was determined using an improved delayed detached
eddy simulation(IDDES) with a rather coarse meeh ( ¢ jt Secondly, with reference

to certain conclusions reached in some experimental acoustic beamforming studies
[15]-[18], this thesisextends the CAB methodology described by[14] to include a

diagonal removal process for acoustic beamforming and to include various geometric



configurations for he microphone array. Thirdly, this thesgeneralize the CAB
methodology to incorporate a spherical wave incidence acousgamforming
algorithm and appliesthe methodology to cases where the microphone arrays were
located in the near and transition regions of the sound sources. Fourthihe
impermeableformulation of the Ffowcs Williams and Hawkings {AY\Wfor the static
source which has been used by14] in the NACA 001&irfoil trailing edge noise & is
generalized to include scenarios afoving soundsources. Furthermorethe most
general formulation of theFWH equation for acostic (sound) propagatignthe
permeable formulation of the FWA equation has also been included in the CAB
methodology The generalization of the CAB methodology considerzeih will allow

the application of this methodology for noise source identification to more complex
problems (e.g., localization of noise source generation on a wind turbine and other

complicated turbomachinery).

The objective of this thesis are:

1 Validae each componenof the CAB method using available experimental data

1 Validate the whole CAB method with the experimental data for airfoil trailing
edge noise localizatigmnd

1 Investigatethe WINPhase 10 small wind turbine noise source information by

applying the CAB method on this wind turbine



The CAB methodology has the following advantages when compared with the use of
conventional acoustic beamforming measurements for noise source identification.
Firstly, with the increasing availability of relatiyelinexpensive higlspeed
computational platforms, the application of the CAfethodology will be more cost
effective than the use of acoustic beamforming measurements for noise source
identification of complex turbomachinery. Secondly, the CAB methodology be
applied to cases where it is difficult to conduct the acoustic beamforming
measurements owing to some environmental limitations (e.g., obstacles that limit the
optimal placement of the microphone arrays). This limitation is absent in the virtual
envronment of where the CAB methodology is applied. Thirgiyen the flexibility for
experimentation with the microphone array geometry and with the particular form of
the acoustic beamforming algorithm used for the noise source identification, the CAB
methodology can be used as an optimization tool to identify the best microphone array
geometry that needs to be used with a specific acoustic beamforming algorithm for
characterization of the noise sources for a particular form of turbomachinery. Fourthly,
the CAB methodology provides both the flow field information and the noise source
information for a particular form of turbomachinery, whereas the application of the
conventional acoustic beamforming measurements only provides the noise source
information. This additional flow field information can potentially help researchers to
gain deepr insights into the physical mechanisms responsible for the identified noise
sources. It is expected that this improved understanding will allow scientists and

engineers taedesign turbomachinery to minimize noise.
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This thesisis organized as followsChapter 2reviews the literature on numerical
simulations ofwind turbine aerodynami and aeroacoustk as well as acoustic
beamforming experimentsised forwind turbine noise source localizatio@hapter 3
describesthe proposed CAB methodnd the models used inthe three principal
componentswhich comprisehe CAB methodChapter 4presentsthe validation cases

for each of the componest compising the CAB methodChapter 5 presents a
validation ofthe CAB methoan a whole system leveln Chapter 6 the CAB method is
applied toa commercial small horizontal axis wind turbine for localization of the noise

source on the rotor plangonclusiors and future work are summarized in Gapter7.
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Chapter 2
Literature R eview

Ead of the three componens comprisingthe CAB methods itself a ery active
research arealn this chapter, reviews of theesearch aea corresponding to each
componentin the CAB methodare presented For CFD componen®ection2.1 reviews
the research conducted on wind turbine aerodynamic predictionFor the acoustic
propagation component Section 2.2 provides a review on wind turbine acoustic
prediction. Forthe acoustic beamformingomponent Section2.3 presentsa review on

wind turbine noise source identifidan usingthe acoustic beamforming method.

2.1 Review of Wind Turbine Aerodynamic Simulations

The industrial design codes for wind turbines are still basadthe semiempirical
method: Blade Element Bthod (BEM)19]. The main idea underpimmg the BEM is to
analyze the wind turbine flow field by dividing the wind turbine blade into a number of
independent elements and calculating the aerodynamic forces on each of these
elements using dbulated airfoil data, which wereobtained from wnd-tunnel
measurements that havéeen subsequently corrected for threbmensional effects.
Inputsfor the BEMbased moded generallyincludebladegeometric parameters and the
wind turbine operating conditiongutputsfrom the model are local Reynolds mber,

local angle of attack (AOA) and boundéayer displacement thickness, which can be

used as relevant inputs to a sesmpirical noise prediction model.

12



In order to deal withvarious flow situations encountered in practice, it is necessary to
introduce different empirical corrections to BENMhodels Such situations include
phenomena related to dynamic inflow, yaw misalignment, tip losd heavily loaded
rotors. Tangler[20] suggestedthat there may be considerable uncertainty involved in

the incorporation ottheseempirical corrections into BEM models.

The Actuator Disc Method (AD, which represents roughly an extension of the BEM
models was integrated in an Euler or Navi&tokes (NS) frame by many researchers
[21], [22]. In ADM, theEuler (or NS equations are typically solved by a second order
accurate finite difference/volume scheme, as in a usual CFD computdtiothis
approach the geometry of the blades and the viscous flswroundingthe blades are

not resolved. Instead, the swept surface of the rotor is replaced by the surface forces
that act upon the incoming flow. Massd@3] used tre actuator disc technique and a

"Q - type turbulence model to simulate a wind turbine operatingaimuniform inflow

and later extended this method to simulate wind turbine rotor operating in an

atmospheric boundary layer with different types of stratificati@4].

The main assumption in ADM is that the forces are distributed evenly along the actuator
disk. Hence the influence of the blades is takeas an integrated quantity in the
azimuthal direction. To overcome this limitatioa,threedimensional(3-D) N-S solver

was combinedwith the sccalled Actiator Line Technique (ALT) bgréhsen and Shen
[25], in which the body forcesvere distributed along rotating lines representing the

blades of the wind turbine.
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The ALT allows for a detailed study of the dynamics of different wake stes;tsuch as
the tip and root vortices, using a reasonable number of grid nodes. Furthermore, the
model benefits from being applicable to simple structured grids and therefore issues
connected to grid generation do not occur. The drawback is that the ntetrepends

on the quality of the airfoil dat§26].

Gonzalez and Munduati7] performed aerodynamic analysis of parked and rotating
configurations of theNational Renewable Energy LaboratorMRE). Phase VI wind
turbine blade. They studied the mean values afhe normal force coefficient and
pressure coefficienin orderto understand the physical mechanisms which govern the
attached flow condition, the separation process and the onset of stall for a wind turbine
blade planform with and without rotation. They foumogressive delay from tip to root
of the blade on the trailig edge separation process with respect to thve-dimensional
(2-D) airfoil profile for the parked blade.fey alsdound a local rgion of separated flow
on the leading edg at 20% and 47% of the bladength. For the rotating blade the
strong radial Bw resultedin dramatic suppression of the traijlredge separation d@he
inboard 30%and 47% statins of the wind turbine blade.hBy also found that the
development of a leadg edge separation structureas connectedvith the extra lift.
They suggesteda complex flow structure around the blade due to the serious
augmentation of theblade normal force coefficientwhich will require a further
examination of the instantaneous pressure measurenseint orderto provide more

insight into this phenomenon.

14



Schmitz et al [28] useda coupled NS/vortexpanel methodology to simulate the NREL
Phase VI rotor under rotating and parked conditions. Good agreemnvast obtained
with measured data for fully atzhed and stalled flow For the rotating turbine under
fully attached flow conditions, the effects of the vortex sheet dissipation and
replacement by a rolledip vortex on the computechormal force coefficientwere
investigated. The results revealed that rapid vortex sheet dissipathroltup led to a
maximum ofa 20% scatter irthe computed rotor torque under zero yaw and attached

flow conditions.

Ilvanell et al[29] useda three dimensional ¥ LESsolver combined withALT for the
simulation of the wake of the Tjsereborg wind turbine operatinguruniform inflow at
four different tip speed rats (TSR). The promising LES technigsigccessfully captured
the strong unsteadiness of the wake field, while thigh computationatequirements of
the technique were balanced by utilizing: G & A Y LI Saélculdtijgthe bfag@eNJ

loadings.

In the lastdecade, a consensus of opinibas beerreachedthat aerodynamic modeling

of a horizontal axis wind turbineHAW) by means of the sere@mpirical methods (BEM
type of models) has reached a point where no further improvement ba expected
without a full understanding of the flow physif30]. Consequently, there have been an
increasing number of numerical studies to understand the HAWT aerodynamic features

in recent years. These studiggere conductedon many different levels, ranginfigom
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BEM type ofmethods integrated withCFD calculations to fulhree-dimensionalN-S

models.

Sankarand colleaguef31]-[33] developed a hybrid ¥/full-potential/free wake nethod,
mainly for predicting @ viscous flow over helicopter rotors and then extended it to
the HAWT flow &ld. Thke computational domain wasdivided into three regions: 1§
solution near the blades, potential flow representation on the outer field, and a
collection of vortex methods for the vorticity field modeling. Later on they found that
the full NS simulabns wee better than the hybrid method in quality for all the
properties studied: normal and tangential force distribution and surface pressure
distributions[34]. They also found thaat low wind speed (less than about 7 nmij

even the algebraic turbulence model can yield good agreement with the experiment; at
high wind speed (15 m s' and 20 m s!) whenthe flow was partially separated, a
combination ofthe SpalartAllmaras(SA) G dzZNb dzf Sy OS Y2 RSt | yR
model gave encouraging resultt intermediate wind speesl (7 m s! and 15 m s?),

they suggestedisinga moresophisticated turbulence modelith a finer resolution35].

FullReynolds Averaged Navi€tokes RAN$simulations ofa wind turbine rotorwere
performed atthe National Laboratory for SustainkbEnergy (Risg) arttie Techncal
University of Denmark (DTU$everal numerical investigations were carried out an
HAWT, using their thouse NS solver EllipSys2D/3D anckating with overall
performance loads, design of rotors and bladections [25], [36], extreme operating

conditions [37] and tip shape[38]. Among theseinvestigations Sgrensen teal. [39]

16
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performed simulations of several cases from the NREL windel tests using an
incompressible finite volume solver EllipSys3Bectioral forces and pressure
distribution were calculated at varying wind speeds. After obtaining good agreement
with the experimental results, they suggested thab3CTFD can be uséar wind turbine

aerodynamicsimulations

The availability of experimental data from the NREL phaseind tunnel canpaign
motivated variousresearchers to test the performance of their CFD codes. NREL
phase VI windurbine is a twebladed, horizontalaxis wind turbine. The blade made

up ofan S809 airfoil.

Duque et al[40] performed numerical computations on the NRiflase Vivind turbine.

The numerical simulations were conducted by two CFD codes, CAMRAD Il and
OVERFLOW?2. CAMRAD 1l is a lifting line code modified for wimbine modeling
which utilizes2-D airfoil lift and drag data. OVERFLODW® is a code which solves the
compressible form of the RANS equations using an implicit finite difference approach
with overset grids. Variousstall delay models and dynamistall models were
implemented in theCAMRAD Il code and the erequation BaldwinBarth model was
implementedin the OVERFLOWW?2 code. Comparisons between the experimental data
and computed aerodynamic loads shesdthat the OVERFLOWW?2 code can predict the
stalled rotor performace, whereasthe CAMRAD Il code failed capture the stalled

rotor performance athe higher wind speeds.
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Le Pape et al[41] compared their results with the NRHERhase Viwind turbine
experimental data athree windspeeds T m s, 10m s and 20 m s?) using the ELSA
compressible solver, developed by the French Aerospace Laboratory (ONERA& and
European Centre for Research and Advanced Training in Sci@aifiputation The'Q

1 SST turbulence model was selected for tuemee closureAt7 m s'wind speedthe
agreement wasgood However,at 10 m s wind speed there were discrepancies
betweenthe CFD predictions anthe measurements and this was also the case for the
20 m s wind speed computations. The thrust was well predictedt the torque was
under-predictedat 10 m s and 20 m s! wind speeds Later, Le Pape and Glei42]
revisited the problenusinga low-Mach number preconditioning techniguen the ELSA
solver andthe™Q 7 SST turbulencenodel. The agreement & m s'wind speedwas
still good andhe numericalresultsat the 10 m st wind speedvereimproved However,

at 20m s* wind speedthe torque was still undepredicted.

SezefUzol and Lon{t3] employed a @D, compressible, unsteady, inviscid finite volume
flow solver, PUMAZ2, to simulatee NREIPhase Vvind turbine rotor for three selected
cases. Comparisons thfe sectional pressure coefficient distributions with experimental
data showed good agreement. T¢& investigationslso observed considerable span
wise pressure variations, in addition to the chewvtse variations in all three casebhe
authors suggestedhtat 3-D time accurate CFD results can be used for thdid¢ad noise

predictions based on FAM method.
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Gomez et al[44] performed unsteady compressible RANS simulatiomoNRELdsted

wind turbine at zero degree yaw ardim st wind speed using muHblock structured
grids. Various root and tip confirations were compared and it wafound that the
blade apect ratio and pitch angle hadprimary role on the aerodynamic designtioé
turbine blade. The details of the root and tip shapes had a measureable effect within
the relution of CFD methods, althougthe overall power output was marginally
affected by these change$somez et alalso compared their results with the wind
tunnel experimental data at three free stream velocities for the same rotor. Good
agreement was shown for the surface pressure distributions at several stations along
the blades as well as for the integrated thrust and torque. However, for moderately
stalled fow conditions, some improvements wemeeded for the turbulencenodelng

to avoid over prediction of the wind turbine torque.

Carcangiu et a[45] useda commercial CFD software package FL@Edperform the
aerodynamic simulatias ofthe NRELPhase Vind turbine rotor. The steady flow field
around an isolated rotor was predicted in a nmertial reference frame, sing both the

SA turbulence model and th&® 71 SST model. Neither the tower nor the ground was
included in the model, and a uniform wirgpeed profile was assumed at the entrance
of the domain. The results of the computations on the turbine blade gave a good

agreement with the experimental data.

CFD codes have also been used to study the blade tips in determining the performance

of the wind turbine. Wang et al[46] simulated a wind turbine blade with a tip vane
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using the commercial software package FLUENIhd calculated the corresponding
blade pressure distribution. They concluded that a blade with a tip vaselted in a
larger pressure difference between the suction atite pressure sideas compared to

the usual bladeconfiguration Ferrer and Munduatg47] worked specifically on wind
turbine blade tips. They analyzethie complex flow physics associated with the blade
tips using a RANS CFD solver for three different wind turbine blade tip geometries. The
effects of varying wind speeds and Reynolds number for different angles of attack of the
blade tips were highlighted in their work. A considerable change in the pressure

distributions depending on the blade tip geometries was noticed.

Despite the numerous reported investigations for isolated rotor cases, few authors have
considered the windunnel g | £ £ & Q oh ¥h& CRX$KEdcBondVang and Coton
[48] used a loworder panel method and a prescribed wake combined into a model
capable of assessing the basic effect of wmahel wallson wind turbine performance.
Ths model was compared with wintlinnel experimentsresults from Glasgow
Univasity [49], where Laser Sheet Visualiation (LSY and Particle Image Velocimetry
(P1\j were used to studyhe wake structureof the wind turbine Both experiments and
calculations indicatedthe strong influence of the windunnel walls on the wake
structure. However,Simms et al[50] usad the method derived by Glauefbl] and
adaptedit for wind turbines to quantify the tunnel effectsftAr analyzing the da of

the NREL Phase VI experiments, they estimated that the influence of theetsin

boundaries on the wake was smaller than 1% for most of the test conditions. Variations

20



in blade pitch were considered anthe tunnel blockage was negligible fdahese

experiments.

The first reported CFBtudy, where the effect othe wallswas consideredwascarried

out by Sgrensen et g39]. The wall effect was analyzed using an equivalent area as a
computational domainthe squaresectional area of the wind tunnel was modeled as
circulap. The wall boundary layer growtlvas not taken ito consideration and a slip
condition was applied at the fdreld boundaries. The authors concluded that the tunnel

blockage effect for th&lREIPhase VI experimeaktcaseswas small.

D' Y-&ddi and Barako$44] also considered the wind tunnel wadiffect in their
simulations of ansolated NRELhRse VI rotor at zero degree yaw aatla wind speed
of 7 m s’. The unsteady compressible RANS simulatiiized amulti-block structured
grid with a sliding mesh technique to deal with the interface of the nmgv and
stationary domains. It wafound thatthe wind tunnel walls hadninimal influence on

the mean pressure coefficient.

The effect of the bladéower interaction is andter key issughat must be taken into
account when CFD results are compared against measuremé&nitsy authorshave
studied the tower effecfor adownwindwind turbine arrangementA lterature search
showedthat Duque et al[52] performed the first CFD simulation on a NREL Phase Il

downwind arangement wind turbine with dower. Unsteady compressible thiayer
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N-Ssolver waautilized withoverset grids for the CFDnwulation. The predictions of the

rotor/tower interaction were not good due to the reported grid quality problems.

Zahle et al[53] extended the incompressible solver EllipSys3D to include the use of
overset grids and used it for computations of a downwind arrangement wurbine.

The numerical results were in reasonably good agreement with the experimental results
capturing the unsteady interaction between the rotor and tower. However, the
agreement with the experiment was less favorable at high wind dpeehere largdlow
separatiors occurred A different turbulence model and an appropriate transition model

were recommended foimprovingthe results at high wind speed

D ' Y $tlal. [44] conducted a nurarical simulation of the NREhase VI rotor with its
tower in an upwind configuration. The unsteady compressible RANS method with-multi
block gridswas used for the simulation§he wind turbine torque agreedell with the
experimental data. It wafoundthat the presence of the tower redudehe rotor thrust
and torque. It wa also foundhat the tower effect increasedavith an increasing tower

radius and a decreasirgiearance distance between the wind turbine rotor and tower.

2.2 Review of Wind Turbine Aeroa coustic Simulation s

In the wird turbine flow field researclarea, the modelsised can be classified into two
broad categories: sem@mpirical models and CFD based models. In a like manner, in the

wind turbine noise predictiomesearcharea, themodels empbyed can also be divided
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into two broad categories: semeémpirical moels and Computational AereAcoustics

(CAA based models.

Semiempirical noise prediction models divide the wind turbine blade into segments and
treat each of these segments as twlanengonal airfoil sections, each acting as an
incoherent sound sourcgs4]. The most common noise prediction models of this type
are the Brooks, Pope and Marcolini (BPM) md&é&l], the TNO model56], and the
models proposed by Amig¢b7] and by Lowsorf58]. These noise prediction models are
usually employed in conjunction with noise propagation models. Based on sound ray
theory, these noise propagation models provide a set of senmpirical formulaethat
account for various effects (e.g., air absorption, terrain, temperature gradients) on the
sound propagation. Owing to their simplicity and ease of calculation, this set of semi
empirical methodologies for the wind turbine noise prediction is by far st widely
applied method for engineering applications (for both large modern and ssizatl
wind turbines).A number ofreferencessuch aq7], [54], [59]-[66] describe the use and

application of the seraempirical method for wind turbine noise prediction.

Despite its high computational efficiency, seempirical noise prediction models do not
include the interactiondetween the sourcesvithin the sourd source zondecause it
treats each airfoilsection along the blade aanincoherent soundsource. Furthermore,
semiempirical noise prediction modetse usuallyusedwith semiempirical models for

flow field prediction. The detailed unsteady flow field and sdusouce field
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information cannotbe obtained through these models for an accurate noise prediction

for wind turbines.

Some researcherpair the semiempirical based acousti simulation models with the
CFDbased models for aeacoustic predictioa Madsenet al. [67] conducted a study
focusing on the prediction of low fregmcy noise for a 5 MW twbladed turbine with a
downwind rotor. This study applied CFD using a finite element method for discretization
of the governing equations and used Low&d®8] theory to relate thesound pressure
level SPI.to the Fourier coefficients for the unsteady aerodynamic forces enttlades.
The results showed largeariations of soundpressure level in time due to the wake
unsteadiness, as well as a considerable increasigeisound pressure level the blade
passing frequency wadose to the Strouhal (St) number controlling the vortex shedding
from the tower. For an upwindlesignedwind turbine, Madsen[68] used a similar
method to predict the noise from a 3.6 MW Siemens thbdaded wind turbine and also
identified several important turbine design parameters with influence on the low
frequency noise. However, the drawback of tmeethod wes that for an upwiné
designed wind turbine, it cannot takato considerationthe effectof the tower on the

blade surface forces.

Klug et al[69] performedthe noise prediction for 1 MW class HAWT usinlylBlkeory
for the aerodynamic calculatiothe Farassat formulation 1/¢0] for the discrete noise
calculationand the Fukano approacfv1]-[73] for broadband noise prediction. The

results showed that the frequencyband of the discrete noise lay the infrasound
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region witha maximum werall SPL (OASPL)tloé discrete noiseat about 70 dB the
broadband noise layithin the audible range wittan OASPIlof about 78 dB. However,
the inaccuracy of the aerodynamic flow field calculation can affect the noise prediction

results.

By using a more accurate aerodynarfiow field solver, Filios et 4i74] used the three-
dimensionallow-order panel method with a bounda#gyer correction model and the
impermeable FWH formulation for the prediction of noise fothe NRELPhase I
downwind arrangedwind turbine. In this study, relatively good predictive agreement
was achieved for the aerodynamic data in spite of the fact that the simulation only
included the wind turbine rotor. Furthermore, no acoustic measurersemere

presented for the validation of the noise predict®madein this study.

As the computational technology continues to advance, some phisiesd
computational models for both the aerodynamic and aeroacoustic calculations were

applied for the windurbine noise prediction.

Moroianu et al.[75] used alLES solver withan implicit subgridscale §G$ model
implemented in thecommercial CFD software ANSYWSEUEN® for the aerodynamic
simulation of a threebladed upwind wind turbine. e acowtic prediction was
conducted using th&WH acoustic analogy methodhese investigation®und that the
acoustic feld close to the wind turbine vsadominated by theatation frequency of the

blades (blade passing frequency).the farfield, the spectrum wa influenced by the
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ground. However, no experimental data was presented to validate their numerical

results in this paper.

By using a less computatiohatlemandingflow solver, Tadamasa and Zangeriéb]
conducted a RANS simulatidor the noise produced by a wind turbineith the
commercial CFD softwaleNSY®CFX These simulationwere conductedor a single
blade of the NREL Phase VI twmaded wind turbine Both the permeable and
impermeable F\H formulations wereemployed for the noise calculatisnThe Bade
pressureresults wereshown toagree relatively well witbomemeasuremens, but the
sound pressure leveesults were found to decreasamoothy over the wholespectrum
of frequencies. fiis might bedue to the timeaveraging of the quantities implian the
RANS modelwhich filtered out all the small fluctuations that wee expected to

contribute to thebroadband noise.

In order to resolve the fi field surrounding the wind turbine blade, Arakawa ef{ar],
[78] used a finer mesh and more computatiomaldemanding flow field and acoustic
field solvers for the investigations of two different blade tip shape designsios noise
generation. They el a compressible LES solver andirect noise simulation for the
acoustic prediction in the nedreld region The farfield noise prediction wa modeled
using the FWH acoustic analogy methodology. Fheised this methodology to
investigate theWINDMELUII wind turbinewhich is atwo-bladed upwind wind turbine.
Owing to the substantial number ajrid points (300 million) and theery small time

step .0 x 10 s) used, only one blade was simulated for a total blade rotation of 20.4
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degrees. The simulation took 300 CPU hours on the Ea8mulator using 112
processors. The two tested blade tips (the actual wind turbine tip shape and thee oge
type tip shape) did notexhibit any difference on the aerodynamic performance.
Howeve, the actual tip shape exhibitegery high frequency mssure fl@tuations which

did notappear for the ogee type tip shape. The authalso found that at a distance of
20 m, the use of an ogee type tip shape can reduce the Heisd by up to 5 dB at

frequenciesabove 4 kHz.

Similarly, Zhii79] also ugd computational demanding flow and acoustic solvers for the
NREL 5 MW  horizontal axis wind turbine noise predictiolhe
incompressible/compressible splitting method proposed by Hardin and P&@ewas
applied The flow field prediction was obtained usig the incompressible RANS
methodology andthe associatedacoustic fieldwas determined using the inviscid
acoustic equations in the modified form proposed by Shen and Sgrd@d¢nHigh
order spatial and temporal discretization schemes, dispersaation-preserving (DRP)
and classical Rungéutta numerical techniquewere employed to solve these acoustic
equations. Owing to the tremendous number of grid points (320 million) and the very
small time step 1.4 x 10 s) used, only one blade was simulated for a total blade
rotation of 20.4 degreedn this study The simulation was carried out using 112
processors and the authors reportetiat the simulationsthat they conducted had

already reached the limits ¢fie computational capabilitieavailable to them.
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Unfortunately, most of the currently available invigmtions using computational
models dd not include thewind turbinetower in their simulatios, owingto the limited
computationalresourcedn these studies. Furthermore, these investigations disianot
compare their numerical results with anyind turbine noise measurements. Finally, no
noise predictioneemploying CAA based acoustic modetsn a fullsized wind turbine
have been undertaken to date. e lack ofavailablewind turbine noise data has

severely limited the validation of the numerical pretibns for the wind turbine noise.

2.3 Review of Acoustic Beamforming Research for Wind

Turbine Noise Source L ocalization

Acoustic beamforming technique is generally experimental methodor NSlthat has
been applied toa wide range obbjectsincluding vehicles, household goods and wind
turbines [82], [83]. Its application towind turbine noise source identification has
recently become a popular research arétmwever, due to the high cost ebnducting
an acoustic beamforming testonly a few researchers have conductedctual

measurementgor wind turbine noise source localization

According toRenewableUK, wind turbines with a swept area up 200 nt and rated
power up to 50 kW areclassifiedinto micro and smalksized wind turbines Wind
turbine with a swept area up tdl000 nt and a rated power in the range of 5600 kW

are categorzed as a mediunsized wind turbine. The wind turbinewith larger swept
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areas and higher rated powerthan mediumssized wind turbines are classifiedslarge

sized wind turbines.

A few researchers conductedcoustic beamforming tests on modern large wind
turbines. Bucket al. [84] conductedan acoustic beamforming testroa modified, twe
bladed Westinghouse WWE600 wind turbine. Thiturbine has a hub height of 36
and rotor radius of 21.8&. This is an upwind arrangement wind turbirated at 600 kW.
A traditional frequency domain elayand-sum (DAS)beamforming algorithm with
diagonal elimination in the crgsspectral matrixwas usedor the signal processing. The
acoustic beamforming algorithm includea simplified atmospheric mod€gB5]-[87]
whichwas utilizedto compensate for the sound convection. Timeasuringmicrophone
array consistedf 7 spiral arms edcwith 9 elements. Thenicrophonearray sizewas
roughly10 m x 10 mThe resultingacoustic maps indicatethat noise surrounding the
nacelle waghe dominant noise source ahe low-frequency range and as frequency
increased the blade § on the downward passing path waobservedto be the

dominantaeroacoustic noissource

Ramachandran et a[88]-[90] examined five different acoustic beamformevghen
exposed toa single source, multiple incoherent and coherent sources and an oscillating

source. The five different aastic beamforming algorithms wer

1. Frequency domain beamforming (FDBF);

2. DAMAS2 (DMS2);
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3. CLEABMSC (CLSOC);
4. Delay and Sum beamforming (DAS); and

5. TIDY.

The experiment employeda 0.72 m diameter microphone arrayorgsisting of 24
microphones. It wa found thatthe FDBFDMS2 and CLSC were limitecatoarrowband
analysis whereas theDAS and TIDY could bsed for broadband analysis. It walso
found that CLSC wsathe best algorithnior narrowbandanalysisand that TIDYwas the
best for broadband analysis. Thebeamforming algorithms weréhen appliedin a
measurement of &eneral ElectricGE 1.5 MW wind turbine. Thigind turbine has a
hub height of 85 m wvth a rotor diameter of 77 m. ie wind turbine rotor has a variable
rotor speed of 10.1 to 20.4 rpm. Go@greement with other test result$63] and [91])
indicated that the compact and mobile microphone array (24 microphones with 72
array diameter) in conjunction witlan advanced beamforming algorithm wadble to
effectivelyseparate both mechanical and aerodynamic n@isarces Furthermore, the
authors claimed that this combination can aldstinguishthe yaw motor noise from

the noise emitted by other mechanical components inside the nacelle.

More conprehensive measurements were conducted by Oerlemans €3l [91]-[94]
on two modernlarge wind turbines: a 850 kW GAMESA turbine witbtor diameter of
58 m and a 2.3 MW GE turbine wistrotor diameter of 94 m.The microphone array
usedhad an elliptical shape with 148 sensors and a size6om x 18 mThe microphone

array was placed on the ground at roughly one rotor diameter upwind from the turbine.
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The acoustic maps shed that most of he noise wa produced by the outer part of the
blades during their downward movementhis source pattern which causéue typical
swishing noise during the passage of the blades can be explained by trailing edge noise
directivity and convective amplificatio®3]. Small noise production was also observed

on both wind turbines whenhte blades passithe tower.

Since theexperimental data suggested thatailing edge noisedominated the noise
generation mechanism fanodern largewind turbines, Oerlemans et a[63] conducted

a numerical simulation to compare with experimental data. A sempirical model for
trailing edge noise based ahe BPM model55] was employed to provide the radial
noise source distribution on the wind turbine bladekisTradial source distribution vga
then extended with the efficts of trailing edge noise directivity and convective
amplification, as a function dhe rotor azimuth and as perceived by an observer at a
given position (microphone array). The calculated rotor noise source distributaen
then imported to an array snulation code to yield the sinlated acoustic source maps.
It was shown that the numerical results agreerery well with the acoustic maps
obtained from the experimentsThe trailing edge noise directivity functisrasused b
calculate the noise footprindf the wind turbine as a function dfe rotor azimuth angle
[63]. This footprint showed that the averag sound level ws lower inthe crosswind
direction than inthe upwind and downwind directias, but the variation in level vga
larger (up to 5 dB can be expected)tive crosswind direction. Later ona stall noise

module was incorporated into the turbine noise mod@b] to numerically investigate
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the enhanced amplitude odulation (EAM) phenomenon. It wdoundthat as bng as
the flow over the blade was attached,imd shear hadpractically no effect on the
amplitude modulation. However, if local stall ocmd, the resulting noise

characteristics can be very similar to the EAM characteristics.

In addition, Oeemans et al [92] carried out a field acoustic beamforming
measurement to examine the influence of different wind turbine blade designs on the
turbine noise emission. The tested wind turbireea GE2.3 MW threebladed wind
turbine with one standard blade, one blade with trailing edge serrations and one blade
with an optimized airfoil shape. The microphone array was placed at two different
locations: one rotor diameter upwind and one rotor giater downwind from the wind
turbine. Itwas found that at low wind speeds, the downwinceasuremens exhibited

less trailingedge noise reductio thanthe upwind measurements. It véaalso found that
both modified blades shoed a significant trailingedge noise reduction at low
frequencies withan average overall noise reduction of B and 3.2 dB for optimized
blade and serrated bladeespectivelyHowever, he noise reduction increased for both
modified blades with increasing wind spedeurthermore, he modified blades also

showed a noise increase at high frequencies during the upward part of the revolution.

In comparison with the research effort focused modern large wind turbine noisér
fewer aeroacousticinvestigations have been performed foresium and smaltsized
wind turbines. Simley [96] designed two microphone arrayfor an acoustic

beamformng test ontwo different mediumsized wind turbies. Both wind turbines
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have arated power of 100 kW. Gnwind tubine, located at the National Wind
Technobgy @nter in Boulder, Colorado, has a hub height of 36.4 m anmbtor
diameter of 21 mThe other wind turbire, located at the gricultural ResearchService
sites in Bushland, Texas, has a hub heigtt2086 m and rotor diameter of 18 m with
Blade System Design StudSD¥pblades[97]. Two acousticbeamformers,the Robust
Adaptie Beamforming (RABF) and Multiple Signal ClassificatMS[§, were
employedfor the signal processing. It wdound that wind noise tdnegligible effect on
the performance of theacousticbeamformes. The author suggestethat longer test
periods of the order of one minutewere necessary to average otlhe atmospheric
distortion. Theacoustic map at 250 Hz indicatedat an inboard blade noise exist
betweenblade azimuth angles &0 degres and 120 degregand again between 210
degrees and 240 degreg and near O degree as well. The astc map at 1.25 kHz
showedthat the trailingedge noise near the blade tip wdetween azimuth angles of
45 degresand 210 degregwith peaks at 150 degresand 180 degregwhere the peak
at 180 degres was probablyue to the unsteady loading from the tower. The author
alsosuggestedhat the application ofa moreadvanced beamforming algorithm would

haveimproved the test results.

Cho et al[11] performed acoustic beamforming measuremswn a 12% scaled model
of the NREL Phase VI wind turbine. The boundary layer transition dotattached on
the blade surface. The scaled wind turbine model was operated at a constant rotating

speed of 600 rpmn orderto have the same blade tip Mach number the full scale
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wind turbine A 1 mdiameter microphone array with 144 sensors was plaoadthe
wind tunnd floor. The resulting acoustic maps sheawthat at certain wind speeds, the
position of the dominant noise source movetbward the blade tip asthe frequency
increased At wind speeds below the stall md speed, the noise spectra haimiar
trends. However, at wind speeds above the stall wind speed, the sound letred loiw

frequencynoiseincreased

The Mcroelectromrechanical (MEMS) isrophoneswere employed byBale et al[12],
[13] to reduce the cost for conducting the acoustic beamforming measureméihisty
top-ported KnowlesAcoustics SPM0408HE5H microphones were assembledaimto
array on printed circuit board€onventional beamformingvith diagonal removal using
the algorithm reported 98] wasusedfor the data processing. The tested wind turbine
is a threebladed upwind wind turbine witha 1.3 m rotor diameter. The wd turbine
hasa 600 W rated power output a rotating speed of 640 rpnilhe test data revealed
that at wind speeds of 4.6 s and 55m s, the acoustic spectra hamlmaximum of 12
dB (for 5.5m s!) and 5 dB (for 4.5n s') increase ovethe background levels at
frequenciesabove 3 kHz. The greatest sound pressure level was found to be roughly 120
degrees to 130 degres in theazimuthal direction fronthe upward verticaldirection.
The authors suggested that the mechanism of ttyise of noise wa dueto blade

trailing edge noise.
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Chapter 3
Computational Acoustic Beamforming Method

The computatioal acoustic beamforming method describedin detail in this chapter.
The framework of the CAB ried is described inSection 3.1, with a detailed
description of the three components that comprise tl&AB method provided in

Sectiors 3.2-3.4.

3.1 Computational Acoustic Beamforming Framework

The computational acoustic beamforming method is a numerical method for noise
source identificationThe CAB method consists three componens: namely, the CFD,
acousticpropagationand acoustic beamformingomponents The CFD component is
used to simulate the unsteady flow field containing the sound sources; the acoustic
propagation component is used to simulate the sound propagation and calculate the
acoustic signals at specifiedchtions (e.g., microphone locations); and, the acoustic
beamforming component is used to generate the acoustic maps using the predicted

acoustic (microphone) signals.

A hybrid method is used in the CAB methodology for the simulation of the- flow
generated wise. This approach decouples the flow simulations (CFD component) from
the acoustic calculations (acoustic propagation componef¢rodynamic properties

obtained from the CFD simulationrcde used as inputs to the acoustialculatiors.
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However,any chagesin the noise simulation will not affect the flow field calculatson

In this way,the same set ofdata (sound source informationpbtained from the CFD
simulation can be used for differematrangemens of the receivers. The CFD simulation

is the mostcomputationally intensive component of the CAB methodology and, as a
result, the use of a hybrid method increases the computational efficiency significantly.
This is due to the fact that the CAB methodology can be applied to various cases using
different microphone arrangements or different microphone array locations without
having to redo the CFD calculatiokwever, the use of this hybrid method in the CAB
methodology limits its principal application to flows at IdMach numbers (weakly

compressibldlows) [99].

In greater detail Figure3.1 depicts the various components of the CAB methodology.
Thetransient CFD simuii@n calculateghe flow properties (pressure, velocity, density,
etc.) at discretized mesh pomtin the computational domainThe caonputational
domain containghe sound source data acquisition surfagesgjuired for the acoustic
propagation calculation The flow properties obtained on the acoustic acquisition
surfaces are utilized by the acoustic propagation solver to calculate the sound signals at
the specified microphone (receiver) locations. The acoustic beamforming component
utilizes these calculatedcoustic signals to generate the acoustic maps at a prescribed
source plane. The resulting acoustic maps embody the informatiah@sound source
locatiors as seen from the microphone array for a specifaatge of frequencies or for a

specified set ofoctave bands. In this way, the CAB methodology utilizes the virtual
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microphone signals, which are computationally generated from the information
provided by the CFD and acoustic propagation components, for the acoustic
beamforming calculation. This is irontrast to conventional acoustic beamforming

which employs the microphone signals measured in an actual experiment.

Perform CFD simulation

Sound source
information

Performacoustic
propagation calculation

Sound signals
at receivers

Perform acoustic
beamforming calculation

[ Acoustic images ]

Figure3.1: How chart of the CAB method

3.2 CFDComponent

The CFD componeimtvolves condudng the CFD simulations to determine the flow field
guantities that embody the sounsource information, such as tH®w velocity, density
and pressure. The CFD simulations are conducted using a commercial CFD package,

namely STAR CCM+®.
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Different CFD méiodology and turbulence models were used for the validation and
application cases in this thesis. Sect®8.1describes the CFD governing equations and
Section3.2.2introduces the turbulencanodels used in tb validation and application

cases.

3.2.1 CFD Governing Ejuations

The governing equations for threengénsional,unsteady and compressible Newtonian
fluid are the conservation laws of mass, momentum, and energy as shown .b#iew

followingassumptionsvere made

1. The external force (gravity and electromagnetiaje neglected;
2. The volume viscositys izerobecauseall the test cases investigated are time
low-Mach number flow regionand

3. The dynamic viscosityisa constant.

The nmass conservation equation (alknown as thecontinuity equation)s

T (31)
— — "0 T8
T oTw

The nomentum conservation equatiois

1. 1T, (32)
o fo %% i Ta°
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The energy conservation equatiois

T .. T, AU S SN (3.3)
N el Bl B L

where,, is the viscous stress tensbavingthe following expression:

" pro (34)
” E'ITQI
The rate of strain tensolY is defined as
. (3.5)
o}
v PTO TO
¢cTw T

In Eq.(3.3),Q is the total energyand ais the heat fluxvector. By Fouriels law, the

heat flux can be expressed as

Py (3.6)
—h

where @ is the thermal conductivityvhich is treated as a constant.
The ideal gas lag

(3.7)
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where'Y , the specific gas constans used for the equation of staten orderto

close thesystem ofgowverning equationsgcs. ( 3.1)-(3.3)).

When the governingquations Es. ( 3.1 )-( 3.3)) are solved in the moving reference
frame, the fluid velocities can be tramsied from the stationary frame to the rotating

frame using

. (3.8)

and

(3.9)

whered is the relative velocityy is the absolute velocity and is the rotaional

velocity.Substitutingecg. ( 3.8 ) and( 3.9) into the governing equation&cs. (3.1)-(3.3)

transforms theseequationsinto the rotational reference frame:

, (3.10)
Lol

ToTw

(3.11)

and
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: (3.12)

T 6., 8

S [ 1, ,
'I'_‘Q o Q onT(br]

o Tw Tw T

The additional terms showmithe momentum equationEq. ( 3.11 ) indicate the
acceleration of the fluid due tohe rotational reference frameThe first and second
terms in the third bracket on théeft hand sideof the Eq.( 3.11) represent the Coriolis

acceleration and centripetal acceleration, respectively.

This set of equationBgs. ( 3.10)-( 3.12) are applied when there are rotational moving
regions in the computational doain andthe multiple reference fame MRB method is
used. How around the moving part is modeled with a steastgte approximation with
respect to the moving reference frame. Becaube MRFmethod does not take into
account of the relative motion betweethe moving zone and its adjacent zones, the
grid remains fixed during the simulation and the solution prosi@desnapshot of the

flow regime

To capture the transient effect in the flow with the moving paisp. ( 3.1)-(3.3) are
resolved on the moving mesh usiagliding mesh technique. For wind turbine flow field
application, the mesh inside the moving zone rotates with the wind turbine blades and
slides alongthe interface between the rotating and stationary zones. No mesh
regeneration is needed at each time step, but the nodes may not align requiring an
interpolation at the interface as a result. In consequence, the rotatimtgrface is

normally required to b placed away from the wind tuie blades in order to avoid any
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inaccuracies in the determination of the flow field near the turbine due to this

interpolation.

3.2.2 Turbulence Closure M ethodology

3.2.2.1 RANSMethodology

The Reynolds averaging is the most popular method for dealing with turbulent flows. It
provides informationon the overall mean flow properties. The idea behind Reynolds
averaging is Reynolds decomposition, whereby an instantaneous qu#atityp can ke

decomposed into its timaveraged and fluctuating components as given by

%oofd & % G R (313)

where the average quantity w is defined by

0 (3.14)
@  %oGid iOE# %o 0d0 Q 8

If the average flow varies slowly with time when compared to ititegral time scalef

the turbulent fluctuationsthe definition given irEq.(3.14) can be replaced by

(3.15)
b %ecid = %o 0d0 Q 8
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Note that the average of the fluctuating component is zero. For engineering applications

it is assumed that is much greater than the time scale of the turbulent fluctuations.

Applying the Reynolds average oretgoverning equationEgs. ( 3.1)-(3.3)) gives the

compresible Reynoldaveraged NavieBokes equations (also ternae the Favre

averaged NavieBokes equations)100}{102]:

T ” T (3.16)
Tofe ¢ M
e 1owge Ll THo (347)
o Tw T To Tw
and
(3.18)
L "M T— "0 (W n
T o Tw
T AE
m »w O 4 O
T ’ T oy er r p,,,.r.r."
— N W'oY¥ o0t ="0%°%%° h
Tw C
where® is the heat capacity at constant pressure andis given by
) oT 6 (3.19)
” ¢ Y Em‘]
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The dynamic viscosityisassumed as a constant in the current waorking to the small

temperature changes in the validation cag&63].

Thedouble overbar inEcp. ( 3.16 )-( 3.18) indicatesa conventional timeaverage The
averagingtime is assumed to be hg compared tothe integral time scale of the
turbulent fluctuations and short compared to unsteadiness in the mean flow. Th&hat
Ecps. ( 3.16 )-( 3.18) represents the Favre (densityeighted) average which can be

expressed in the following format

o _0/%0 (3.20)
Note that
%o %o %o %o %68 (321)
The equation of state has the following expression:
(3.22)

"0 0 U ""Qh

=
-
©
N o

wherer is the heat capacity ratiand Qs the local turbulent kinetic energy whidh

given by
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(3.23)

In the Fare-averaged equationsHcp. ( 3.16 )-( 3.18)), the termst , ©” 6°"¥,, 0O,

and-" 0%°°¢ need to be modeledHowever, most turbulence modeling focuses on the

Reynolds stress terrh k" 0%¢. The most common solution to model the Reynolds
stress term is Boussin€sgeddy viscosity concept, which assumes, in analogy to the
viscous sesses in laminar flowghat the turbulent stresses are proportional to the
mean velocity gradienit the form of

: (3.24)

where' His the turbulence eddy viscositifor incompressible flowthe secondterm in

parentheses iEq.(3.24) vanishes

Various models have been proposed to solve the turbulence eddgsitgdased orthe
Boussinesq approximation. These turbulence models can be classified into following

four categories:

1. Algebraic (zereequation) models
2. Oneequation models

3. Two-equation modelsand

4. Secondorder closure models
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Among them, tweequation models are the commonly useslich as thewell-known
eddy viscosity models. Three types of teguation modelsare introduced in this
section: namelylQ - two-layer, RNGQ - andQ 1 SST turbulence modelshe

transport equations and the model coeffcits are summarized in Appendix I.

TheQ - two-layer approach ws proposed by Rodil04] to improve the neawall
behavior of thestandardQ - turbulence mode[105], [106]. This approach combined
the standard®@ - model (high Reynold numberturbulence closurgin the outer layer
and the one equation model (low Reynskdumber turbulenceclosure in the near wall
region. Several variaabf the near wall model hae been proposed. In the current work,

we will usethe Wolfshtein[107] one equation model for the near wall approximation.

The RN@) - model was derivedby Yakhot et al[108] from the instantaneousNavier
Stokes equations using renormalization group theditye main difference between the
standard™Q - turbulence model and RN& - turbulence model is the additional
term’Y added to the dissipationate transport equation which attempts to account for

the different scales of motion through changes to the production term.

The'Q 1 SST turbulence modebas introduced by Mentef109] to deal with the
strong freestream sensitivity of th€® 71 turbulence model andto improve the
predictions of advese pressure gradients. It applies tlie 7 turbulence model in the
inner regia of the boundary layer and uséBeQ - turbulence models in the free

shear flow.
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3.2.2.2 LES Methodology

The large eddy simulationLE$ method is receiving increasing attentiomrf high
Reynolds number turbulent flows simulatioficcording tathe local isotropy hypothesis
of Kolmogorov[110], small scales of the flow are supposed to be more universal and

less determined byhe boundary conditions thathe large onesThis caralsobe shown
in the energy spectrum plot dfigure3.2 where" represens thewavenumber’  —

andO " indicates the energy level as a function wavenumber. In LES, the large
eddies of the flow (corresponding to large wavelength or small wavenumber) which are
dependent on the geometry are resolved explicitly in a transient calculativereas

the small scales of the flow which are more universal modeled by using a subgtid

scale model through a spatial filtering process.

i 7o

resolved

{ modeled

1/A ] | H(;

Figure3.2:K2 f 2 Y232 NP @AOE pko I &

The essential idea of LES is the scale separation which septma flow variables into
resolved and unresolved parfd12]. The resolved parts which are represented by

eddies large enough to be accurately captured on the grid are explicitly computed in a
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transient calculationThe unresolved parts which are represted by small eddies that
cannotbe resolved on the computationalig are modeled using subgr&tale models
Most of the subgridscale models are based ahe Boussingeq approximation to
calculate the subgrigcale quantities using the resolved quantities. The scale separation
is achieved by a filtering process whichiapresented mathematically in physical space

as a convolution produdaf cut-off scales in space and tinil3].

TheFavrefiltering isa common filtering process used tine LES methodTheresultant
filtered equations lookdentical to theFavreaveragedunsteady RANSquations(Ecg.
( 3.16 )-( 3.18 )) which is beneficial in the framework of a RANS/LES coupling
computation. However, the turbulent stss tensor, as shown ikq. ( 3.19 ), now
repreents the subgridscale stressesThe turbulence viscosity in Eg. ( 3.19 ) now
representsthe subgridscale turbulent viscosityThesubgridscale stresses amslibgrid

scale turbulent viscosity aralculated bya subgridscale model.

The Smagorinskysubgridscale mode[114] was used in LES simulatianof the NACA
0012airfoil case in this thesiBased on the Boussinesq approximatithe Smagorinsky
subgridscale model provides the following mixiAgngth type formula for the

calculation of subgridcale viscosity

(3.25)

whereY is alength scalavhich isdefined as
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(3.26)

¢

Q ETN® o

D«

wherewis the cell volume an@is the wall distanceandll is the Von Krman constant
[ 18 pThe coefficienb has the value of 0.05Qis the Van Driest damping function
computed as follow$§l115], [116]:

o (3.27)
M p Agags

The damping coefficierii has the default valuef 25. The dimensionless wall distance

w is defined as

670 (3.28)
h

where 6” is the friction velocity computed from the instantaneous wall she@ess at

the nearest wall facandd s the kinenatic viscosity.

3.2.2.3 DDES Methodology

Detachededdy simulation (DES) was first proposed in 1997 and first used in[198P
The initial motivation wa to create a methodology t@ddress the challenge of
massively separated flows at high Reynolds numb&ne concept ofite DES is to use
the LES methodologyresolved turbulence) in the outer region and the RANS

methodology in the neawall region. In this waythe hybrid RANS/LESeathodology
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combines the computational efficiency of RANS for modeling the flow in thewaadhr
regions of a solid surface with the predictive accuracy of LES for simulating the large

scale turbulent flow structures in regions away from a solid surface.

However, for the wall bounded flows with thick boundary layers and small separation
regions, the grid spacing parallel to the wall is usually fine enough for DES to activate
the LES branclBut in reality, the grid near the wall region is not fine enougttapture

all the velocity fluctuations. Moreover, the eddy viscosity will be reduced as well as the
modeled Reynolds stress, without the introduction of resolved stresses to restore the
balance. This phenomena is called modeled stresplation (MSD)[118]. A
consequencef MSD is the grighduced separation (GIS) which causes early separation

in the DES solutioji19].

To resolve the MSD and GIS issues in DESter and Kunt120] proposed a solution

called shielding, in which the DES limiter is disabled as long as the flow is recognized as a
boundary layer.Similarly $alart et al [121] introduced a blending function givesy Eq.

(3.29) belowin DES to ensure that the transition from RANS to LES is independent of
grid spacig. This improved version of DES is catlethyeddetachededdy simulation

(DDE$

The characteristic length scéf®n DDES$ defined by

Q Q Qi A@io 6 ~h (3.29)
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whereQis the distance to the walind Qis the maximum compuattional cell dimension
in the @, &> and&- directions. The empirical constadt in Eq.(3.29) hasa value of

0.65."Qtakes the form of

. 5 (3.30)

wheret andf are the molecular and turbulent kinematic viscosities, respectively.

The one-equaion SpalartAllmaras (&) turbulencemodel[118] is used with the DDES
methodolagy. The transport equation and the model coefficients are listegpendix

3.2.2.4 Wall Treatment

The most reliable way to resolve the thin neaall sublayer is to use a fine grid and a
low-Reynolé number turbulence modelHowever, ths can be verycomputationaly
expensive especially for the3 calculatios. The traditional industrial solution is to use

wall functions to model the near wall region where viscous effbecome important.

For the coarse mesh adopted in most of the industrial appboat the standard wall
function is applied when the centid of the wall adjacent cell liewithin the loglaw

region of the boundary layer. Within this léaw region,
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6 p. 760 (3.31)

where 0 is thevelocity parallel to the waknd the model constari® o w.0

Since the standard wall function assumes that the nagall node lies in the fully
turbulent loglaw region, if the neawall node lies in the viscous sublayére use of
this wall fundion will result in deterioration in the solution accuracy Furthermore,
when the neaswall flows are subjected to severe pressure gradients or in strong non

equilibrium, the solution from the standard wall functionlilely not to be reliable.

In order b have a neawall model which possess the accuracy for standard wall
function meshwhile at the same time not redusgthe accuracy for fine neawall mesh

an allow wall treatment wasused. In the region near the wall, the normalized
streamwisevelocity profile in the viscous and turbulent boundary layer is given by

© Ko

(3.32)

where

(3.33)

¢

w KéQ'h 0O w
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Here,w is the point where the viscous sublayer intersects theléng layer.This point

is determined using Newtonian iteration.is the roughness function which modifies the
log-law coefficientO[122]. This formulation foid KS g £ £ GNBF dYSy i dz
[123] for the calculation of thesource termin the discretization of the momentum
transport equation at the wall cell§or a coarse mesihere the mesh point closest to
the wall lies in the regiodd ¢ 1tthe term in the square brackein Eq.( 3.32) tends

to unity andEq.( 3.32) in this caseeduces to the standard logarithmiaw of the wall
(referred to as thehighw wall treatment). Alternatively, for a fine meskwvhere the
mesh point closest to the wall lies in the region p, Eq. ( 3.32) resolves the
properties of the flow all the waylown to the wall (referred to aghe loww wall
treatment). Whenw falls within the buffer layer, this method provides more realistic

predictions of the flow than either the loes» or the highw wall treatment.

3.3 Acoustic Propagation Component

The sound source information provided by the CFD component is used by the acoustic
propagation component to calculate the sound signals at a set of prescribed locations

for the microphone. The acoustic propagation component was conducted using an in
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house code that implements the FW integral method[124] for computational

aeroacoustics.

The original FWH formulation utilized generalized functions to recast the continuity and
momentum transport equations into the fon of an inhomogeneous wave equation.
This formulation includes the effects of very general types of surfaces and motions in
the turbulent flow field for the generation of noiseTo realize the advantages of the
FWH equation,an integral formulation ofhe equation can be obtained by convolving

the FWH partial differential equation witthe freed LJ- OS DNB Sy Qa Fdzy Ol A2y

In this section, three FW integral formulationsnamely, the permeable formulation,
the impermeable formulation and the impermeablerfioulation for static sources,

which are used in thealidationcases in this thesis, are explained below.

The most general form of the FW integral formulation is the permeable formulation

which has the following form:
noefd B efd el (334)

where
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o (3.35)
T“h oD =~ QY

QY
i p O
and
(3.36)
~ P v - v -
“n e = T QY QY
) i p O i p
0 10 ®»O O
b Q'
) i p O
Here,
b DiRD DORTY YR Y veh 0 oin (337
B ” n -~ . ) . . (3-38)
Y P ' ”—h 0 (_:)h 0 r‘]‘] 3 "0 0 " h

where¢ is thei-th component of the unit outwardrector normal to the integration

surface andQ Tttrepresents the surfaces surrounding the permeable domain of the
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computational domainTheR S & O NJA LJ{ 2 NJuséd ¥ metiSn- tathis R guation
refers to the fact that the surface can be placed outside the solid bottyyiag the

fluid to flow through it.Furthermore, is thei-th component ofthe unit radial vector
2 where o and «ff are the receptor and source spatime variables,

respectively The i-th component of the velocity at the points on theintegration
surfaceis denoted by , andé is thei-th component of the velocity at pointsin the

local fluid. The-th component of Mach number of a point on the boundary surface is

denoted byd —; U is the local namal velocity of thentegrationsurface and, 6 is

the local fluid velocity in the direction normal to the boundary surfatiee dots over
the quantities denote temporal derivatives with respect to the source tim&he
subscripti ‘Qridicates tha the quantity is evaluated at the retarded time o 171G

and the subscript§Yand 0 denote the thicknessand loading noise, respectively.

When the permeable integration surface coincides with the solid surtheghyody and

fluid velocities are reked byo and the impermeable formulation of the FW

equation is obtainedEqs.( 3.34)-(3.36) reduceto the following simpler form:
Noefd 1 e 1 efdh (339)

where
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(3.40)
“N oD - QY

QW
i p O
and
(3.41)
" p v —~ o v — o
N e L . QY QY
w 1p O i p
0 10 ®»O O
° ‘ ! QY
® i p O

For wind turbine noise calculation, bothe permeable and impermeable formulations
of the FWH equationwere used to evaluate the SPL spectrathe far-field receivers. To
use the permeable F\WW formulation, he integration surface is chosen to encldke
wind turbine rotor and part of the hub Thesound source data such as velocity and
pressure as well as the mesh datare stored on the permeable integration surface
duringthe CFD simulatiomnd subsequently imported into the F¥W acoustic sobr to
calculate thesignalsat the microphonesTo use the impermeable FW formulation,

the integration surface is chosen toiacidewith the blade surface and rotasavith the
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blade. At each time stepthe sound source data, mesh data as well as the turbine blade
surface coordinatesieed to be storedon the impermeable integration surface and
imported subsequently into the FAM acoustic solver for the sound calculatiofihe
impermeable F\AH acoustic calculation requir@sore storage space compared with the

permeable F\AH acousticcalculationfor the wind turbine acoustic calculation

By further assuming a static sound source, where the relaiionb 1 can be used to

simplify the impermeable formulatignEgs.(3.39)-(3.41) reduceto

e (3.42)

Herer) is the gauge pressure andis the local angle betweetlhe normal to the surface

and the radial directiorat the emission time € i &1 .

The above equatioshows the diple type of noise resultinffom the uneven loading
forces on the statinary solid body[125]. Thisformulation has been used in validation

cases oflow overthe tandemcylinders caseand flowoverthe NACA 0012 airfoil case

Two schemes were &sl for approximation ofthe time derivative termsin all three
formulations ofthe FWH equation They arehe central differencing scheme (CDS) and
Stirling schemg126]. The numerical formulations of these tmschemes are shown

below:
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i noo (3.43)

0 N Yt . L (344)

pdq

The influence of these two schemes on the sound speeind acoustic maps is
compared forthe WINPhase 10 wind turbirend NACA 0012 airfoil trailing edge noise

Cases.

3.4 Acoustic Beamforming C omponent

The acoustic beamforming calculation takbs sound sigals calculated byhe acoustic
propagation componento generate the acoustic maps for the identification of the
possible sound sources. Different acoustic beamforming algorithms are implemented in
the inhouse acoustic beamforming code and two micropk array geometries are

used forthe WINPhase 10 wind turbirend NACA 0012 airfoil trailing edge noise sase

3.4.1 Acoustic Beamforming A Igorithm

The work reported herein usethe time domain DAS beamformer for thecoustic
beamforming calculation in the CAB meth The principleoehind DAS beamforming is
the constructive and destructive interferencd sound waveslt uses time of arrival

(TOA)to either amplify or attenuate the signalsigure3.3 shows a simple schematic
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figure of the DAS beamformefhe TOAdescribes the timdaken for a wave front to
reach each microphoneAssuming specific anglef incidence for the plane wayéehe
TOA is different for each micrbpnein the array.The DAS beamformer will delay the
signals to compensatfor the differencesin the TOA atach microphone. \Wen these
signals are summed, theesultant total signalgives aconstructive interferenceof the
plane wave from the microphone arrayOn the other hand, the sigrsafrom the

directions other than the given angle of incidence will result in destructive interference

Target
wavefront
t, . Steering Signal
" delay stage alignment

-

F
I
\
!

Moise/

interference 4_- M
wavefront " | b '._l —, B

Figure3.3: A schematic sketch alelayand-sum beamforminglgorithm[127].

3.4.1.1 DAS Beamformer for Plane Wave Incidence

Consiér a planar array ob microphones at locatiomp (& pkth8 ) ). For

convenience, we placthe array phase centerat the origin and it is assumed that



plane wave approaches the microphone array from directioas shown irFigure3.4

(a). The time-domainDAS beamformeoutput is given by,

(3.45)

(3.46)

€
8‘(

O0f o 3

wherebgAd GKS $gSAIAKAGAYT 2N aKlI RAYy3I @O#fBFFAOASY
weight is used in this thesig) is the measured pressure signalseach microphone,
Ny is the time delayat each microphondor a select direction characterized by a unit
vector§ . This time delay is determined as

FOm (3.47)

3 _('B_h

whereQis the speed of soundAs the direction unit vector changes, the time delay
for each microphonewill be different The objective is to apply these time delays to
each microphondor a givendirectionr and then sum up thendividual signalsfrom
each microphoneThe resultexhibitthe directional sensitivityof the microphone array
as shown irFigure3.4 (b) whichclearly shows a main lobe in the focusededtion and
weaker siddobesin the other directionslt is seen that a smathaximum siddobe level

(MSL) is essential foa goodacousticheamformer and array design.
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Figure3.4: (a) A plane wave incident from the focus dit®n to a microphone arragnd

(b) the directional sensitivity of the arraji28].

3.4.1.2 DAS Beamformer for Spherical Wave Incidence

Egs.(3.46) and(3.47) are employedvhen the incident wave ia plane wave or when

the microphone array is placed in the faeld of the sound radiatiorwhere the plane

wave assumption is satisfied. If the incidevave is spherical or theicrophone array is

placed in the near and/or transition regions of the sowwlirce, Eq9.3.46) and(3.47)

camot be used for the beamforming. In this case, it is necessary to use an acoustic

beamformerfor sphericalwave incidence described as follows:
wo

0/ o = i

wherethe time delay for spherical wave incidenge is given by
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. (3.49)

wherei is the distance betweethe assumed source anithe microphone array center
andi is the distance between thessumed source and the microphode The
spherical wave incidence formulation utilizes tteetual wave travel distance to
calculate the tine delays for each microphone, wherett®e plane wave incidece
formulation use the steering direction to calculate the time delays amotige

microphones

3.4.1.3 Diagonal Removal Technique for DAS B eamformer

The diagonal removal technique, which is widely used to improvesifiealto-noise
ratio (SNRfor large microphone arrays mounted eovind tunnel wall surfaces (e.dar
the removal & turbulent boundary layer wajpressure fluctuations[129]-[134] has
been implemented irour in-house acoustic beamfaoring code. ThdAS beamformer

with diagonakemovalis given by

(3.50)

where? represents grid poiniGt the source planey is the propagation time from
source plane grid poiriflo microphoned , for plane wave incidenc®, is given byEq.
(3.47); For sphericalvave incidenceY is given byEq.( 3.49). Hered Ondicatesa

time averaging operatian
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The inclusion of the diagonal removal technique can sutigtly improve the
appearance of the acoustic maps, but sometimes it also causes prolReasarchers
reported that when focusing on a spatially extended sound source, the use of the
diagonal removal technique yielded unreliable peak levels on the mgubicoustic
maps[16], [17]. Moreover, they also reported that the employment of the diagonal
removal caused negative array output power at some points on the acoustic maps when
steering away from the sound sources. In additi@msearchers also reported that the
use of the diagonaremoval technique did not improve the dynamic range for the
acoustic maps at a frequency of 2 kHz, although a considerable improvement was

observed at a frequency of 8 kHB].

In this thesisthe diagonal removal tdmique was include@s an option irthe acoustic
beamforming code. This option was used for simple cases such as the monopole sound
source validation case. This option was also used for the NACA 0012 trailing edge noise
validation case in order to quantithe influence of the diagonal removal technique on

the resultant acoustic maps. Howevéne diagonal removal technique was not used for

the more complicated small wind turbine noise case.

3.4.2 Microphone A rrays

Microphone arrays used for acousbeamformingmeasurementcan be classified into

two categories: regular arrays and irregular arrays.
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Examples of regular array atbe one dimensionaliniform line array (a linear array with
equidistant microphone spacingnd the two dimensionalgrid and cross arrashown

in Figure3.5. The major limitation of regular arrays is the spatial aliasing which is
introduced by the repeated sample spacing. This aliasing crdales souces on the

source plane also known as ghost images.

. H - 05 .
020 -t
E oof oo AR E oottt
.' ) . . -. _05 . I .
—-0.2 0 0.2 -0.5 0 0.2
x [m] x [m]

Figure3.5: Regular microphone array examples: cross array (left) and grid array (right)
[128].

One way to avoid the spatial aliasing is to change the array pattern to beegmdant
[128]. A nonredundant array is ararray such that the vector between any two
microphone positions on the array is always differemion-redundant arrag usually

haveirregularor random geometry

Generally speaking, irregular array designs outperform regular array designs. However,

the array geometric parameters to the array MSL exhibit highly erratic behavior during
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the microphone array design stadgeurthermore, different bemforming algorithms also

respond differently to different arraglesigns.

This thesis usetwo irregular microphone arrays for validation and application of the
CAB method. These are thhechimedean spiral arragnd the star array as shown in
Figure 3.6. The Archimedean spiral array has 66 micropbs and the microphone

positioncoordinates are describealy

| e (3.51)
we —Al O
|C .
We — O E-l
C
with | Ti®. Here,» varies from 0 ta;” . The star arrg has 63 microphones arranged

along7 arms with 9 microphones per arm. The inside and outside diametethdatar
array are 0.25 m and 1.5 as $iown inFigure3.6. The sizes of these two arrays were
changed in order to match the array dimensions used in the experiment, whereas the

patternsand the number of ncrophoneswere kept the same.
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Figure3.6: Two irregular microphone arrays used in this thesis: Archimec
spiral array (left) and star array (right).
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Chapter 4
Validation of the Computational Acoustic
Beamforming M ethod? Component Level

This chapter presentive test case#n orderto validateeach ofthe three components
comprising theCAB methodThevalidation cases fothe CFD, acoustic propagation and
acoustic beamforming components are presented Sectiors 4.1, 4.2 and 4.3

respectively

The validation of the CFBomponentfor the wind turbine flow field simulationis
described inSection4.1. The CFD solversad to simulate theflow field of the wind
turbine is applied tawo small HAWTghe Fortis Montana andhe WINPhasel0. The
wind tunnel experimental data fothe Fortis Montana wind turbine and théield
measurement data forthe WINPhasel0 wind turbine wee compared with the
numerical results in terms of the power output from the wind turbines. Good
agreement was obtairgbetween the numerical results and the test data whiciplied
that the CFD methodology used herein is capable of predictingwiimal turbine

aerodynamic forces accurately.

The validatbn of the acoustigoropagationcomponent § documented inSection4.2.
Three formulations of the F\AH equation were examinedsing two differentvalidation

cases. Thease of theflow over two cicular cylinders in tanderwas used tovalidate
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the impermeable formulation ofFWH equation for a static sound sourceThe
WINPhaselO wind turbine caseavas used to validateboth the impermeableand the
permeable formulatios of the FWH equation. The numerical predictions agieeell
with the wind tunnel data from the tandem cylinders case dhe field measurement
data from the wind turbine casdhese results provide confirmation that the predictions

of the SPL at the receiver locations using thelf\Atoustic code are correct.

The validatn of the acoustic beamformingomponentis describedin Sectiond.3 for a

case involving asingle frequencysound source Both nearfield and farfield
beamformers as well as the diagonal removal technigueere validated usinghis test
case. Good agreememnas realized with the theory and some experimental results
providing confidence that the acoustic maps generated by the acoustic beamformer are

correct.

4.1 CFDComponent Validation for W ind Turbine Flow

Field Smulation

A literature search suggestenmploynga DDES type of model in conjunction wtile S
A turbulence closure scheme for the wind turbine aerodynamic simuld886i [135].
Thisnumerical framework wasised for the flow field simulations associated with the

two small HAWS.
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4.1.1 Fortis Montana Wind Turbine Validation Case

The Fortis Montana is a 5V permanent magnet small horizontal axis wind turbine.
The wind turbinerotor has a diameter of 53 m and a swept area of 19.87°nThe
approximate exposed areaf the hub and mast was 0.18°mduring the experimental
testing. The blade chord at 75% of the blade length was 0.2135 m. The experimental
testing of the Fortis Montana 5.BW wind turbine was conducted at the@ m x 9 m
National Research Council Canada wind tunnel. The forces acting on the wind turbine
were measuredusing a mass dlance methodology. The details of thexperiment

settings can be found if136].

4.1.1.1 Geometry and Mesh

The computational domain consistd two sub-domains: (a) the cylindrical rotating sub
domain surrounding the rotor and (b}he rectangular stationary subomain
representing the external flow as shownhigure4.1. The length othe computational
domain extendgrom pO (Ois the rotor diameter) upwind t@O downwind of the wind

turbine. The computational domain dimensiong®0O ¢®&0 t10.
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Figure4.1: Fortis Montana wind turbine computational domain (left) and tetrahedral
meshused for CFD simulatignight).

(@) (b)
Figure4.2: Tetrahedral mesh used surrounding the Fortis Montana wind turbine blade.

An unstructured grid consisting of 1.31 million tetrahedral ce#se clustered around
the rotor and hubin the rotating subdomain.Atotal of 1.48 million tetrahedral cells for
whole computational domain (comprising the rotating and stationary-daimains) was
created with ANSY&DesigMModelei® One layer of prismatic cells was generated
surrounding the blades shown irFigure4.2 (a), having cell centroids with normalized
wall-normal distanceso in the range of B8 to 20Q Figure 4.2 (b) displays the

computational mesh used to represent the blade. A higlesolution grid was
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generated surrounding the turbine blade in the vicinity of btile blade leading edge
and trailing edge. Due to the limitation of computational resources available to the
author, the computational grid shown hereepresentingthe turbine rotor in the
rotating subdomain and the surrounding air flow of the wind tunnel hetgationary

sub-domain constituteda relatively coars@rid representation for the problem.

4.1.1.2 CFDSettings and Boundary Conditions

The simulations of the flow field were undertaken using ANSKI8ent® 13.0. A
pressurebased solver was used for the incorapsible flow calculation. The simulation

employed DDES computational strategies Wit one-equation SA turbulence model.

The threedimensional unsteady 4$ equations were solved using a -©&htered finite
volume method. A leastquares celbased schme was chosen for the gradient
approximation of all quantities used in the discretization of the governing equations. A
first-order upwind scheme was used to approximate the convective term in the
modified turbulence viscosity transport equation in theA$nodel. A bounded central
differencing scheme was used in DDES for discretization of the convective term in the
momentum transport equation. All the diffusion terms in the transport equations were
discretized using a central differencing scheme. A presaaighted interpolation
scheme was used to estimate the pressure values at the cell faces from their values at
the cell centroids. A secorarder implicit scheme was chosen for the time marching
algorithm with a maximum of 50 iterations permitted for eatime step.A fixed time

step of 0.0001s was chosen to keep the average CouréintedrichsLewy (CFL) number
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within the computational domain below a value ofThe iterative scheme used here to
enforce mass conservation through the pressuetocity couphg was the Serrimplicit

Method for Pressurd.inked Equations (SIMPLE).

A uniform (nominal) mean velocity xi O was prescribed at the inlet of the
computational domain. For the specification of the turbulence at the inlet boundary, the
turbulence inensity and the dissipation length scale for turbulence were prescribed
according to the experimental data and the mixieggth assumption. The pressure at
the outlet boundaries of the domain was set to atmospheric pressure. The wind turbine

blade surface were treated as nglip smooth walls.

4.1.1.3 Flow Field Results and Analysis

Figure 4.3 exhibits the predicted power coefficierb obtained from DDES
calculation in compaison with that obtained from thevind tunnel measurements for

various values of TSRThe definitios of TSR and power coefficieate

- 4.1
TSR ——h (41

and

0 (4.2)

€
0¢
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where] is the wind turbine rtor rotational speed in radians peecond,Yando
are the rotor radius and swept area of the wind turbine respectively, is the

incoming wind speed and  is the power generated bihe wind turbine.
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Figure4.3: Fortis Montana wind turbine poweromparison

The predictedd provided bythe DDES simulations agmikgery well with the wind
tunnel experimental data. Note that the numerla@sults slightly ovepredicted

at TSR = Gyhereas it slightly undepredictedc atTSR =8.79
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Figure4.4: Blade oil flow pathlineat TSR = 5.2(left) andTSR = {right).

Figure4.4 displays blade oil flow pathlines for different TSR values using DDES method.
The color legend for the plots of the flow pathlines encodes the magnitude of the
absolute velocity (irm st). A TSR = 5.2the AOAat the blade root area wa relatively

high in comparison witlthe blade tip area. This resulted the flow separation around

the blade root area as shown the left plot in Figure4.4. As the TSR increaséal a
value of 7 the AOA begato decreaseand the resulting aerodynamics wassociated
with a more pronounced attached flow field surrounding the blade, leading to a smaller
separation zonen the root area of the bladas shown in the right plot ifrigure4.4.
However, as shown ifigure4.3, the predicted wind power gaveimilar values athese

two TSR valuebecause the separation zone is located cltsehe blade root area
where the increasing size of the seption zonedoesnot play a significantole in the
wind turbine power output.On the other handwith further increases in the TSR (e.g.,

at TSR=8.79), the AOA deeases and the lift generated liie blade decreases as a
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consequenceresulting in a reduced power outpdtom the wind turbine as seem

Figure4.3.

Strictly speaking, the computational mesh used for the DDES simulations in this study is
still too coarg to provide a true scateesolving turbulent fluid flow simulation around

the wind turbine. However, despite this limitation, the accuracy in characterization of
the aerodynamic performance of a wind turbine using a coarse resolution DDES
simulation methalology appears to provide a sufficient accuracy and a relatively low
computational burden that it can be used in routine industrial aedgineering
applications. Fofuture work, the use of a finer mesh together with the sliding mesh
methodology and variosiDDES turbulence models will need to be investigated in order
to support the conclusions drawn herein based on the present preliminary cogicge

calculations

4.1.2 WINPhase 10 Wind Turbine Validation Case

The WINPhas#&0 wind turbine is a smatlommercialthree-bladed horizontal axis wind
turbine with anupwind arrangement. The WINPhase 10 wind turbine has a rated power
of 10 kW ata rotor speed of 150 rpm rad incoming wind speed of 1 s'. The
diameter of the rotor for this small wind turbine is 10 mdatine height of the tower is

20 m.The field measurements of the wind turl@rpower output wereconducted by the
wind turbine manufacturer and the measurement data were obtained from the

manufactuer WINPhase Energy Inpers.comm.)
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4.1.2.1 Geometry and Mesh

The wind turbine blade geometry was obtained from the wind turbine manufacturer.
The rest of the wind turbine geometry (the hub and tower) was generated ubmg
commercial CFD software packag€AR CCNew9.0. The mesh genetion and the flow

simulation wee alsoundertaken using theoftware STAR CCN&+

Figure4.5 shows the computational domain used for the aerodynamic simulation of the
full size WINPhas&0 wind turbine. This configuration includethree subdomains,
namely, a permeable sublomain, a rotating stflomain and a stationary sutbomain.

The permeable sulbdomain include the rotor and rotates with the rotating sudomain

at the same speedTherotating subdomain wa placed away from the wind turbine
blades to avoid the inaccuracies in the determination of the flow field near the turbine
due to the interpolation at the interface between the rotating and stationary domains
when usingthe sliding mesh techniget A smaller suldomain (namely, the permeable
sub-domain) was generated close to the wind turbine rotor for the sound source data
acquisition. This strategy allowed a relatively fine resolution of the flow within the

integration surface.
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Figure4.5: Computational domain for WINPhase 10 wind turbine CFD simulafibe
computational denain consists of a rotating sabomain, a permeable sudomain, and
a stationary sullomain.
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Figure4.6: Depiction of the mesh in the computational domain: (a) front view of the
blades and (b) region surrounding a turbine blade.

The computational domain hadimensions op ©©along the wind directiorwith &0

upstream of the wind turbine and®O downstream of the wind turbineu®Oin the
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crosswind direction angO from the base of the wind turbine tower to the top of the
computational domain. Sen prism layersvere applied around the blade as showm i
Figure4.6. The mesh consists of more than6 million cells inside the permeable sub

domain and a total of 4.34 million cells in tivaole computational domain.

4.1.2.2 CHD Settings and Boundary Conditions

The CFD settings weethe same asummarized for tha-ortis Montana wind turbine
validationcase. The boundary conditions vweedifferent. A set of reference wind speeds
in the range from 9n s! to 11 m s! with a oneseventh powedaw dependence on
height above the ground surface wased to prescribe the wind speed profile at the
computational domain inlet. More specifically, the eseventh powedaw wind speed

profile has the following form:

(4.3)

where0 andw represent the reference velocity and reference height, respectively.
In the WINPhase 10 wind turbirgmulations, the reference heightas chosen as the
wind turbine hub height (viz ¢ 10 ). A fix time step of 0.0001 s is applied &ir

the simulations The turbulence viscosity ratio was set to a value of 10 at the inlet
boundary for all simulations. The pressure at the donmitiet boundarywas set to the
atmospheric pressure. The surfaces of the wind turbine rotor and tower were treated as

no-slip smooth walls.
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4.1.2.3 Flow Field Results and Analysis

Figure4.7 compares the power curves obtained frothe numerical simulation with
corresponding experimental data for a range of TSR values. It is noted that the
experimental data used for comparison here were obtained fromsitdlle wind turbine
field measurements, rather than from a welbntrolled windtunnel study. The error
bars shown irFigure4.7 only reflect the uncertainty of the generator efficiency. @th
sources of uncertainty such as the inflow turbulenand the terrain conditions were
very difficult to quantify in the current set of experimental data. Considering the
numerical simulationswere performed in an idealized environment with fewer
disturbances than were presenteith the actual field measurements, it is expected that
the power prediction from our simulations should be higher than the power measured
in the field experiments where numerous environmental factors would have resulted in
power loses. Hence, in view of this consideoat, the DDES results, which sdtthe
upper limit of the field test data ranggjve a reasonable prediction of the power output

of this wind turbine
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Figure 4.7: WINPhase 10 wind turbine power predictionscompared with field
measurement data

The predictions fomoments on the three wind turbine blades (as well as the total
momenton all the blades) obtained from the unsteady DDES simulations are shown in
Figure4.8. A careful perusal dfigure4.8 shows that the important transidneffect is

properly captured by the DDES method with the sliding mesh technique.
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Figure4.8: Calculatednomenton the three wind turbine blades (as well as on all three
blades)at U pd O athubheight

81



Figure4.9 exhibits the complex and unsteady vortical motions in the flow in the vicinity
of a wind turbineby showing the issurface of0 criterion whered  p. It is clearly
seen that the DDES simulation captures the agefined tip vortices and midpan
vortices that are shed from the wind turbine blades. Interestingly, the advection of the
tip vortices downstream of the wind turbine, as lvas their interaction with the tower

is evident on a careful examination leigure4.9.

Velocity: Magnitude (m/s)
20.000 30.000 40.000 50.000

- B J

Figure4.9: Vortices shd from the blades and tower of WINPhase Wwihd turbine at
0 pd O athub height

4.2 Acoustic Propagation Component Validation for Wind
Turbine A coustic Field Simulation

Three formulations are included in the acousticpropagation calculation, the

impermeable formulationfor a static source, the impermeable formulation famoving

82



sourceand the permeable formulatioof the FWH equation The andemcylindeis case
was selected to validate the impermeable formulatidor a static sourceand the
WINPhase 10 wind turbine case wesed to validatehe impermeable formulation foa

moving source anthe permeable formulatiorof the FWH equation.

4.2.1 Flow over Tandem Cylinders Validation Case

The calculation of this test casetilized the standard unsteady Reynolds Averaged
Navig-Stokes (URANS) methodology conjunction withthe RNGQ - turbulence
model. Theexperimental data used for the validation here were obtained fromBlasic
Aerodynamic Research Tunnel (BART) and Quiet FloityF&@QFF) at NASA Langley
Research Center. These measurement data indwuteady surface pressure, detailed
off-surface measwaments of the flow field usind@lV, hotwire measurements in the
wake of the rear cylinder, unsteady surface pressure data bedddiated noise. A trip
was ued on the upstream cylinder during the test tasire a fully turbulent shedding
process and simulatethe effects of a high Reynolds number flow. The detailed settings

and methodolog used during the experimentadocumened in[137].

Becausehe flow field simulatiomeeds to be conducted befothe acoustic calculation
can take placethe accuracy of theCFD simulation isrucial for the validation of the
acoustic solver As a consequencehe predictive accrtacy of the CFD resultare
documented in this section to ensure that the sound source information provided by

these results to the subsequent acoustic solver are reasonable

83



4.2.1.1 Geometry and Mesh

Figure4.10illustratesthe geometry of the tandem cylinders computateddomain.O
represents the diameter of the cylindewhere O T8t v X p LThe separation

distance between the two cylindersagO

o Oy ¢

o Op

C O

Figure4.10: Computational domain for tandem cylinders CFD simulation

Figure4.11 shows the mesh on the computational domain and the area surrounding the
cylinders. A structured grid consisting of 112,890 cells were generated uATBY®

DesigModele®

Figure4.11: Mesh for tandem cylinders CFD simulation
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4.2.1.2 CFDSettings and Boundary Conditions

The unsteady RANS simulation of the flow field was undertaken tisngommercial
software ANSY&-luen® A pressurébased solvewas used for the incompressible flow
calculation. The unsteady RANS calculation wisedRNGQ - turbulence model witha
standard wall function. A leastquares celbased scheme was chosen for the gradient
approximation of all quantities used in thesdretization of the governing equations. A
secondorder upwind scheme was employed for discretization of the convective term in
the momentum transport equation. A central differencing scheme amaployedfor the
discretization ofthe diffusion terms in tubulence transport equations. A pressure
weighted interpolation scheme was used to estimate the pressure values at the cell
faces from their values at the cell centroids. A secordker implicit scheme was chosen
for the time marching algorithm with a maxim of 50 iterations permitted for each
time step. TheSIMPLEchemewasused here to enforce mass conservation through the

pressurevelocity coupling.

Air properties at 21Cwere used during the calculation. The Reynolds number based on
cylinder diameters'Y'Q p® ¢@p 1 Thenondimensional time stedsd X p 1
where¢' is defined a®¥ 0O0Y jO whereois the dimensional time step, any

andO represent the computational domain inlet velocity attte cylinder diametey

respectivey.

A uniform velocity distribution was applied at the inlet of the computational domain

with aninlet Mach numbenf0 @ T ¢.JThe pressure at the outlet boundary of the
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domain was set to atmospheric pressure. The cylinder surface was trea@da@slp
smooth wall. The top and bottom boundaried the computational domairwere

treated as symmetry planes.

4.2.1.3 Flow Field Results and Analysis

Figure 4.12 compares the lift and drag coefficient( and®) of the downstream
cylinder with numerical results reported the reference[138] which alsaused aURANS
methodology to simulate théandem cylinderdlow field. Both® and in Figure4.12

show the periodic structure which indicatehat the flow has reache@ quasisteady

state.
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Figure4.12: Lift and dragoefficiens for downstream cylindeof current simulation (left)
and numerical results reported [38] (right).

Figures 4.13and 4.14 show a comparison of theredictions of themean surface
pressurecoefficient as a functio of angular coordinatewith some experimental data

obtained from the BART an@FF Both predictions and measuremerg show a
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distribution that is symmetric wit two prominent suction peaksThe dfect of the
boundarylayer trips on the front cylindefrom BART experimental data is shown in

Figure4.13at angular locationsear— v mahd— o p TUrdspectively.

For the upstream dinder, the overall comparisoaf the predicted pressure coefficient
with the measured pressure coefficient is good as is evidanFigure 4.13. The
numerical predictionover-predicts the magnitudeof pressue coeffcient and predics

the location of the suction peaks further downstream. Computed base pressure towards
the back portim of the cylinders a bit higher than the measurements obtained from

both experimental data sets.

For the downstream cylinder, good agreement with the experimental data is shown in
Figure 4.14. The magnitude of the suction peakis overpredicted. However, good
agreements attained for the base region withe QFF data. There is poor agreement at
the stagnation regiorwhichis due to an over estimation of the meanesimwise flow

velocitydownstream ofthe upstream cylinder in the simulation.
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Figure4.13: Mean surface pressure comparison for upstream cylinder
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Figure4.14: Mean surface pressure comparison for downstream cylinder

Figures 4.15 and 4.1éxhibit the pot-meansquare (RMS) surface pressueefficient
for the upstream and downstream cylindengspectively The simulation reproduce
overall trends, but signifcantly underpredicts the peak amplitudes on bothhe
upstream and downstream cylinders. The simulation resalts underpredicts the

fluctuation amplitude in the base regions of both cylinders.
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Figure4.15: RMS surface pressure comparison for upstream cylinder
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Figure4.16: RMS surface pressure comparison for downstream cylinder
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/ f\ Gap regio After the downstream cylinder
oo\/w X w
— ’L‘)

Figure4.17. Sketch of thetwo regionsusedfor the comparison between the predicted
and measuredmean velocity: namely, the gap region lying between the two cylinders
and the region lying downstream of the downstream cylinded7].

Figure4.17 shows the sketch of two regions used for the comparison between the
predicted and measured mean velocitfigure 4.18 and Figure 4.19 show the
comparisons of the mean velocity in these two regions with the experimental data
obtained from the NASA BART facility. The mean velocity has been normalized with the

free stream veloity ('Y ) inFigure4.18 andFigure4.19.

It can be seen ifrigure4.18 that the length of the recirculation bubble in the wake of
the upstream cylinder is reasonablyell predicted. However,the mean velocity
downstream ataj O p® is overpredicted, resulting from too high of an
entrainment rate of freestream flow nto the gap region. This resslin an over
prediction of the mean stagnation region surface pressure on the downstream cylinder
as shown irFigure4.14. The reason for this behavior in the URANS simulation is most
probably linked to the incorrect prediction @he Reynolds stressyhich distorts the
recirculation bubble shape. In the tandem cylinslease, this effect dithot changethe
length of the recirculationbubble but constrainsits width [138]. A similar effects
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responsible for the distortion of theecirculation bubblen the wake of the downstream
cylinder as well.Figure4.19 showsa comparison of the predicted and measured mean
velocityin the regiondownstream ofthe downstream cylinder. Overalt, is seen that

the mean velocityn this regionis under-predicted.
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Figure4.18: Mean velocity comparisoim the gap region
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Figure4.19: Mean velocity comparison itme region after the downstream cylinder
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The locations at which measurements of the power spectral density (PSD) of the
unsteady surface pressure atenducted areshown inFigure4.20. The predicted PSof

the unsteady surface pressure dhese azimuthal locationson the upstream and
downstream cylinders is compared withe correspondig experimental data irFigure

4.21 and Figure4.22. Thepredicted results are extremely tonal in nature, in contrast to
the experimentalresults. Thenumerical predictiongecreate harmonics as seen in the
experimentl data for the measurement locationson both the upstream and
downstream cylinders. The frequency of the first p@akoth these locationss in good
agreement with theexpeiimental databut the amplitude isslightly over-predicted in

the numerical prediction

7anl
AN

Figure4.20: Sketch showing the measurement locatsior PSDof unsteady surface
pressurecalculation[137].
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Figure4.21: PSDof surface pressurat an azimuthal location on thepstream cylinder
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Figure 4.22: PSDof surface pressureat an azimuthal location on thedownstream
cylinder.

A comparison betweerthe predicted and the measuredinstantaneous spanwise
vorticity is shown inFigure4.23. The expemental results show vortical structures on
two scales. As the shear layers form from the separation zones on the cylinder surfaces,

KelvinHelmholtz (KH) instabilities create small vortex structures. These eventually
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influence each other in a pairing pes&s to form larger vortex structures more
commonly associated with a Von Karman street. It is interesting and important to note
that the larger scale structures consist welldefined smaller vortial structures that

appear to have their origin in the-instability that occurs in the earlier shear layer.
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Figure4.23: Instantaneousspanwise vorticitcomparisonin the gap region betweethe
two cylinders

The computed vorticity shows only larger scale vortical structures and they are of the
same scale and magnitudes those in theexperiment. The turbulence model used in
the URANS simulation does not allawvesolution of the fluctuationsassociatedwith

the KH instability and other small scale turbulence effects. This result illustrates why
the URANS surface pressures émiates are so tonal in nature as seerfigure4.21 and
Figure4.22. With the finer scale structures modeled, only the larger scale, smoothly

varying velocity fieldre properly resolved in the simulation
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4.2.1.4 Acoustic Calculation Settings

The mpermeable formulation ofthe FWH equation was employed for the noise
prediction of flow overthe tandem cylindes (corresponding to a static sound source)
The noise data werecquired on the surfacesf the two cylingrs ata sampling
frequency of 1000 kHz for tame intervalof 0.2s. The Sirling scheme was appliefbr
the discretization of the time derivatives in thisrmulation. Three microphones are

placedin far field of the radiating sound sourc@asshownin Fgure 4.24

B:(9. 110;@ 32.490)
A:(8.330y, 27.815) C:(26.5%k, 27. 815'%)

.

Pole mounted mlcrophones
Mid-span plane

e

Flow

Figured.24: Sketch of the microphone locations in experiment conducted in the QFF
(not to scale)
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4.2.1.5 Acoustic Field Results and Analysis

Figure4.25 to Figue 4.27 comparethe numerical results with thexperimental data
obtained from QFF for thpower spectral density of the acoustic sound levels at three
microphone locationsshown in Figure 4.24 A comparison between the numerical
resuts andexperimentaldataon these three microphone locatiorshibitsa number of
similarities. Tk peak magnituderad frequency arevell predicted. Thdocations of the
frequencies of the harmonicsre predicted accuratelybut the magnitude of thefirst
three harmonics iover predictedwhereas the magnitude othe fourth harmonicis
under predicted Furthermore the broadband noise level isnder predictedresultingin

a very tonakharacteristic fothe spectrummeasuredat the three locations. The reason
might be due to themplicit time-averaging of the quantitiepredicted bythe URANS
model as discussed ifecton 4.2.1.3 which filtersout all the smaliscalefluctuations
that are expected to contribute to the broadband noisén order to improve the
broacdband component prediction in the SPL spectrum, a more computational
demanding LESolver can be used. The numerical results usthg LES solver are

summarized in [137].
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Figure4.25: The predicted and experiment&@PLof the acoustic signal at microphone A

(cf. Figure 4.24)
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Figure4.26: The predicted and experiment&@PLof the acoustic signal at microphone B

(cf. Figure 4.24)
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Figue 4.27: The predicted and experiment&PLof the acoustic signal at microphone C
(cf. Figure 4.24)

Thethickness and loading terms ftlhe FWH impermeable formulation arplotted for
microphone location AniFigure4.28. According to acoustic theory, the noise generation
mechanism foithe flow overtandem cylinderdgs due tothe unsteady loadings applied
on the cylinder surfacedAs a consequencehe thickress term inthe FW-H equation
shouldresult invery small contributions tdahe noise levellndeed, Figure4.28 shows
that the thickness term is roughly zeab microghone A which indicates thathickness
noise is not the main sound generation mechani&mnthe tandem cylinders casén
the other hand, the loading term whiclprovides the main contrbution to the SPL
exhibitsa periodic structure. fis periodic structug is consistent witlthe characteristic
tonal shapeevident inthe spectrumat microphone Aexhibited in Figure4.25. The
sound pressuretanicrophones B and C havsimilar behaviors as evident on a perusal

of Figure4.26 andFigue 4.27.
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Figure 4.28: Thickness and loading terms calculated ttye FW-H acoustic solveat
microphone Aor tandem cylinders case

4.2.2 WINPhase 10 Wind Turbine Validation Case

4.2.2.1 Acoustic Calculation Settings

Two formdations of the FWWH equation wereused for noise prediction fothis small
wind turbine namely,the impermeable and permeable formulatienTheimpermeable
formulation utilizes the acoustic dataobtained on variousimpenetrable surfaces
associated with tB wind turbine such as théaree wind turbine blades anthe nacelle
The permeable formulation utilizethe noise data on the permeable surfaces which

endosesthe permeable domain as shownkilgure4.5.

Two discretization schemes weeenployed to approximate the time derivatives in both

formulations. They ar¢he CDS and Stirling schemas described irsection3.3.5 The

99



data sampling frequency wa 10kHz and the sampling periotbnsisted ofthree to six

complete revolutions of the wind turbine blades.

Forthe field measuremens, one microphone waplaced at the wind turbine reference
point in accordance with th&AWEA3] and IEQ1] standardsas illustrated irFigure4.29.

To compare the numerical predictions with the field measurendatt, an Aweighting
followed by onethird octave band averaging, were applied to the predicted SPL spectra.
The Aweighting functionand the determination of the center frequencies and higher
and lower frequency boundaries (the band width) that define reanethird octave
band can be found ineference[139]. An arithmetical average is used to calculate the

averagel A-weighted SPL within each osieird octave band.

1 Wind direction
3

Tower vertical centerline

®  Optionalmeasuring positions

€ Reference position 1

Figure4.29: Sandard configuratiorfor microphone measurement positions (plan view)
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4.2.2.2 Acoustic Field Results and Analysis

Figure4.30 compares the predicted spectra for theweighted sound pressure Vel
(SPLA) for the onthird octave band at the reference location with the associated field
measurements. The predictions were obtained using both the SJ@R® acoustic
module and our irhouse acoustic codeBoth of these numerical predictions for the
magnitude of the SPLA at the ofi@rd octave band (red and blue bars for, respectively,
the STARCCM®and the irhouse code results) agree very well with each other over
the range of frequencies considered. Furthermore, it is seen these predictions agree
well with the experimental measurements of the SPhagnitude at the onethird
octave band (black bars). Finally, the narfoand spectra of the SPLA predicted using
the STARCCM+®acoustic module (red comtuous curve irFigure4.30) and using the in
house acoustic code (blusntinuous curve irFigure4.30) are seen to agree weblith
each dher. The results oFigure4.30 provide some verification and validation that our

in-house FWH code is providing correct prediatis for the wind turbie noise.
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Figure4.30: Spectra of the Aveighted sound pressure level (SPLA) predieted

p @ti O athub height The predicted results are compared with some experimental
data (EXP). The continuous lines correspond to the nalbramd SPLAand the bars
denote the magnitude of the onrthird octave bandSPIA. The red and blue continuous
lines and bars correspond to ehpredicted results obtained, respectively, using the
STARCCM® acoustic module and the ihouse acoustic code. The black bars
correspond to experimental data for the magnitude of the SBi_the onethird octave
band.

Figure4.31 compares the field measurements with various predictions of the SPLA at
the onethird octave band obtained from miulation data sets that includan integral
number of revolutions of the winturbine blades. This number ranges from three to six
complete revolutions of the wind turbine blades. A perusaFigure4.31 allows one to
determine the influence of using different numbers of revolutions of the turbine blades
on the estimation of the SPLA at the oterd octave band. As more complete
revolutions of the wind turbine blades are used for the estimation of theymaide of

the Aweighted SPL at the ortlird octave band, the shape of the distribution (spectra)

of the SPA does not change as a function of the frequency, but it is seen that the
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overall magnitude of the SPLA at the ethé@d octave band at any fixettequency is
reduced. This may be the result of the numerical dissipation inherent in the second
order scheme used for the discretization of the convective terms in the momentum
transport equations (usechithe aerodynamic simulations), which might radgtect the
overall flow field but have an impact on the acoustic field since the acoustic energy is
only a small fraction of the energy contained in the flow fi€dven the computational
resources available to us, simulated data sets obtained from threet=imrevolutions

of the wind turbine blades have been used for the calculation of the results reported in

the remainder of this thesis (unless otherwise indicated).
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Figure4.31: Spectra of Aveighted soundoressure level (SPLA) at the ethérd octave
band at’ p Bti O at hub height. The magnitudes (indicated by theight of

the bars) of the predicted SPLA at the etherd octave band are compared with some
experimental measurements (EXP). Thedictions of the magnitude of the SPLA at the
one-third octave band were obtained using simulated data sets that involved an integral
number of revolutions of the wind turbine blades (red bar: 3 revolutions; green bar: 4
revolutions; pink bar: 5 revolutits; blue bar: 6 revolutions). These various predicted
magnitudes can be compared to the experimental measurements (black bar).
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Two different discretization schemes, namely the CDS and the Stirling scheme, have
been used to approximate the time derivatives FWH permeable formulationFigure

4.32 to Figure4.34 exhibit the Aweighted SPL spectra at three different reference
velocities (at hub height), namely, w 0,0 prt O , andD

pd O .ltis seen fronFigure4.32 to Figure4.34 that the results obtained from the

(DS and the Stirling schemesreacomparable, except for frequencies above
approximatelyl000 Hz. At these higher frequencies, it is noted that the drigider
Stirling scheme yieldslightly better predictions of the magnitude of the SPLA at the
one-third octave band than those obta@d using the CDS (as compared to the available
experimental measurements of this quantity). Overall, it is assessed that bothDBe C
and Stirling schemes resuht predictions of the wind turbine noise levels that are in
good agreement with the correspoimdy experimental measurements at the three wind
speeds tested. Nevertheless, the broadband wind turbine noise level above 1000 Hz
appears to be undepredicted. This may be the result of the numerical dissipation (as
mentioned above) inherent in the disdization of the convective terms in the
momentum transport equation (viz., in the CFD simulations that provide the input data

needed for the subsequent acoustic predictions).
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Figure4.32: Spectra of the Aveighted sound pressure level (SPBA) witi O

at hub height The continuous lines show ttmarrowbandspectra of the SPLA obtained
using twodifferent discretization schemes for the time derivative in the-Avéquation

(red ine: central difference scheme; blue line: Stirling scheme). The bars correspond to
the magnitude of the SPLAveraged overone-third octave band (red bar: central
differencing scheme; blue bar: Stirling scheme; black bar: experimental data (EXP)).
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Figure 4.33. Spectra of the Aweighted sound pressure level (SPL&t)’

p B8ti O at hub heightThe continuous lines show thearrowband spectra of the
SPLA obtained using twbfferent discretizationschemes for the time derivative in the
FWH equation (red line: central difference scheme; blue line: Stirling scheme). The bars
correspond to the magnitude of the SPLA averaged ovettloing octave bands (red bar:
central differencing scheme; blue ba8tirling scheme; black bar: experimental data
(EXP))
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Next, we consider the differences between using the impermeable and permeable
formulations of the F\AH equations for the acoustic predictions. The sound source data
acquisition surface for the impermelbformulation of the F\AAH equation coincides
with the wind turbine blade surfaces. The comparison of the permeable and
impermeable F\AH formulations for wind turbine noise prediction is shownHFigure
4.35. In these simulations, only one revolution of the wind turbine blades was used for
the determination of the Aveighted SPL owing to the very large disk storage required
to archive the data (g., nearly 100 GB of data were exported from the simulation of
one revolution of the wind turbine blades for the impermeable -Rformulation). The
results from the impermeable and permeable formulations of the-IHWquation give
similar spectra for the LA in terms of their overall shape at frequencies below 1000 Hz.
However, it is seen that the SPLA levels at frequencies below 1000 Hz are smaller for the
impermeable formulation of the FW equation as compared to those for the
permeable formulation. Magover, for frequencies above 1000 Hz, it is seen fFagure

4.35 that the impermeable formulation of the PN equation predicts sound pressure
levels that are signidantly smaller than those predicted using the permeable
formulation, and this difference is seen to increase with increasing frequency above
1000 Hz. The permeable formulation of the fHMequation gives predictions for the
magnitude of the SPLA at the oftterd octave band that agree well with the
experimental measurements. The differences in the predictions provided by the
impermeable and permeable formulations of the HF¥Wequation can be attributed to

the quadrupole sources which were included within gpermeable surface and which
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contributed significantly to the broadband noise at frequencies above 1000 Hz. A
perusal ofFigure4.35 also suggests that the blade salfise provides an important
contribution to the sound pressure level in the range of frequencies between
approximately 250 Hz and 1000 Hz. This is consistent with similar observations obtained

in some experimental measuremerjgs3].
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Figure 4.34: Spectra of the Awveighted sound pressure level (SPL&)’

p @i O at hub height.The continuous lines show thearrowbandspectra of the
SPLA obtained using twbfferent discretization schemes for the time derivative in the
FWH equation (red line: central difference scheme; blue line: Stirling scheme). The bars
correspond to the magnitude of the SPLA averaged ovettloing octave bands (red bar:
central diffeencing scheme; blue bar: Stirling scheme; black bar: experimental data
(EXP))

It is interesting to consider the differences in the wind turbine noise predictions
between the rotor only and the full wind turbine simulatiorfsigure4.36 shows the
comparison in the predictions of the SPLA from the rotor only and the full wind turbine

simulations. In these simulations, the DDES method was used with @eweath
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power-law velocity profile (with a reference wind speed at hub height of 10%ras the

inlet boundary condition. The acoustic predictions for each case were made using the
permeable formulation of the FW equation. An examination Giigure4.36 shows that

the rotor only simulation (blue curve) results in larger SPLs at frequencies below
approximately 200 Hz as compared to the full wind turbine simulation (red curve). This
condition is reversed for frequencies greater than approximately 200 Hz, where it is
seen that the SPLA amplitudes for the full wind turbine simulation are larger than those
for the rotor only simulation. In particular, the spectrum of the SPLA for ther ronly
simulation shows a sharp decrease between approximately 300 Hz and 1000 Hz and a
slight increase at frequencies above approximately 1000 Hz. Taken together, these
results indicateghat the presence of the towemight have suppressed the noise leaél
frequencies below 200 Hz. On the other hand, the existence of the tower enhances the
amplitude of the SPLA at frequencies above approxim&@0Hz. This might be due to

the noise source from tower itself or from the interaction between the tower &émel
wakes produced by the wind turbine blades. Finally, a comparison of the magnitudes of
the SPLA at the onrthird octave band irFigure4.36 shows that the predictins of this
guantity obtained from the full wind turbine simulation are in better conformance with

the experimental measurements than those provided by the rotor only simulation.
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Figure 4.35. Spectra of the Awveighted sound pressure level (SPL&)’

p Bti O at hub heightFor these predictions of the SPLA, two different formulations
of the FWH equations were used: namely, the permeable formulation (red line) and the
impermeable érmulation (blue line). The bars correspond to the magnitudeshef
SPLAaveraged ovepne-third octave band (red bar: permeable formulation; blue bar:
impermeable formulation; black bar (experimental data or EXP)).

The numerical dissipation introducedy bthe seconebrder scheme used for the
discretization of the convective terms in the governing equations for the CFD
simulations results in the decreasing SPLs for all frequencies in the acoustic spectra.
Despite the coarseesolution computational mesh ed for our simulations, a good
agreement was obtained for the-weighted onethird octave spectra of the SPLs
between the numerical acoustic simulations and the experimental measurements at
three different incident wind speeds. This good agreement provitese validation

that our inrhouse acoustic solver is able to provide accurate predictions of the noise

emitted from small HAWTSs.
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Figure 4.36. Spectra of the Aweighted sound pressure level (SPL&t)’

p 8ti O at hub height.For these predictions of the SPLA, two differsithulation
cases were considered: namely, the entire wind turbine with the tower (ireg) land
rotor only (blue line). The bars caspond to the magnitudes of thBPLAaveraged over
one-third octave band (red bar:entire wind turbine with tower; blue bar:rotor only
configuration black bar (experimental data or EXP)).

4.3 Acoustic Beamforming Component Validation for

Noise Source Localization

In an acoustic beamforming nasurement,a validation test $ usuallyconducted with a

point sourceat a single frequacy. The monopole sound sourissplaced in front of the

microphone arraywhere the acoustic beamforming performed. The resulting acoustic

image should contain onlyyoS | O02dzAG A0 K2GaLkRd 4 GKS LRAY
noise emission should be detected on the rest of the acoustic maps at frequencies other

than the frequency of the tested sound source.
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For validation of the acoustic beamforming componettie point source and the
acoustic field were simulated and the acoustic signal at each microphone was calculated.
Acousticheamforming wasthen performed with these predicted acoustic signads
createthe acoustic images. The detailed settings, the microphone asayell as the
acoustic beamforming algorithmased aredescribed inSection4.3.1 The predicted

resultsare compared with the experimental data Bection4.3.2

4.3.1 Numerical Settings

The validation test setufs illustrated inFigure4.37. A 5 kHz monopole sound source i
placed 1 m away from the center dfie microphone array. Two microphone agr
designs, namely, the Archimedean spiral array Hralstar array, wereutilized forthe
validation test. The Archimedeapiralarray has 66nicrophones whlreasthe star array
has 63microphones. Both microphone arrays haveughly the size 02 m x 2 m Note
that the same array designsgith a different array sizevere alsoused for the validation
of the computational acoustic beamforming methéar the NACA 0012irfoil andfor

the CAB métod applied to theWINPhasd.0 wind turbine.

The acoustic mapwere computed on the source plane with a sizeDd m x 0.5 mas
shown inFigure4.37. The acoustic maps were computed for the d@h&d octave bands
in the frequeng rangefrom 100 Hz to 1(kHz. The acoustic mdpad 51 points in both
directions for a total of 2601 grid points. The cotmntours in the acoustic maps were

normalized to 0 dB at maximum and a 15 dB dynamic range was applieddn tor
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match the acousti maps withthe experiment. Te numerical sampling frequency wa

100 kHz for @amplingperiod of 1 second.

Both the plane wave and gherical wave acoustic fieddwere simulatedin order to
validate the acoustic beamformers in théar and nearfields of the sound source,
respectively. The diagonal removal technigiescribedn Section3.4.1.3was applied to
both the nearfield and farfield acoustic beamformers orderto evaluate itseffect on

the resultingacoustic maps.

Acoustic mag

“ e
Y

im Point source
at 5 kHz

<Y

A
v

MC array

Figure4.37: Schematic plot of tle point source validation casetup.
4.3.2 Acoustic Beamforming Results and Analysis

Firsty, the predicted acoug imageswere compared with the experimental results to
validate the acoustic beamforming solver. In order to match the experiaisstup, the
plane wave incident acoustic beamforming algorithm and Archimedean spiral
microphone array weraused in the numerical simulation.Figure4.38 comparesthe

predicted acoustic images with the experimentalsué#s at 5 kHz. The left panel
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presentsthe experimenal results and the righpanel presentgshe numerical results.
The top row inFigure4.38 shows the results usinthe plane wave incident acoustic
beamforming algorithnmand the bottom row shows the results with theclusion of the
diagonal removaltechnique in the plane wave incidence acoustic beamforming
algorithm. It is seen that the predicted acoustic images agree quantitatively well with
the test results. Furthermorethe addition of thediagonal removal process lowers the
MSL and suppressase microphone selhoise in the numerical simulatien which is
evident on a comparison dhe top and bottom acoustic images the right panelof
Figure4.38. However, this improvement is n@is obviouswhen one compares the top
and bottom images in the left panel dfigure 4.38, which correspond to acoustic
beamforming usingthe measured data Neverthelessthe good agreement bthe
acoustic images at 5 kHz between thmuslation and experiment provides evidence of
the correct and accurate applicatiorf the numerical acoustic beamformirajgorithm

for the localization of thecousticsound sources for thisionopole sound source case
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Figure 4.38: Point sourcevalidation results from experimenfleft panel) [128] and
simulation (right panel) usinthe Archimedean spiral arrafpr a plane wave incidece.
The top row shows the results from plane waweident beamforming algorithm and
the bottom row shows the results witimclusion of thediagonal removal technique.
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Secondly, the spherical wave incident acoustic beamforming algorithm was
implemented numerically for the Archimedean spiral array. The diagonal removal
technique was alsmcludedin the acoustic beamforming algorithim order to evaluate

its effect for spherical wave incidencé&igure4.39 compares the acoustic images at 5
kHz with and withouthe inclusion of thediagonal removal procedsr the Archimedean
spiral array. Similato the plane wave incidence scenario as showrFigure4.38, the

diagonal removal procesasosuppresseshe microphone selhoiseand decreasethe
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MSLon the resulting acoustic magdsr the spherical wave incahce scenarioFigure
4.38 and Figure 4.39 summarize our efforts to validat¢he acoustic beamforming

algorithm for both planavave incidencend spherical wave incidence for a point source

SPL(dB) SPL(dB)
0

0.5 0.5

y[m]
o

y[m]
o

-0.5 -15 -0.5

x[m] x[m]

Figure4.39: Comparison of numerical results with (right) and without (&g inclusion
of the diagonal removal process fdhe monopole source validation case usirg
sphericalwave incidence acoustic beamformer witie Archimedean spiral array

Lastly, the star microphone array wased for validation of theplane waveincidence

and spherical wave inciden@coustic beamforming algahms. The diagonal removal
process was also evaluatéd this case for thesalgorithms Figure4.40 compaes the
predicted acoustic images usirnifpe star microphone array (right panel) anihe
Archimedean spiral array (left panel). It is seen that both microphone arrays predict the
monopole sound source location correctly on the acoustic map at 5 kHz. Isas a
observed that the elimination of the diagonal elements in the cross spectral matrix

reduces the microphone seffoise on the acoustic maps for bothe plane wave
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incidenceand spherical wave incidenacoustic beamforming algorithnmier the two

microphone array designs
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Figure4.40: Summary of the numerical results for the monopole source validation case.
Left column: Archimedean spiral array; Right column: Star array. First row: plane wave
incidence acoustic beamformer; Second row: plane wave incidence acoustic
beamformer with diagonal removal; Third row: spherical wave incidence acoustic

beamformer; Last row: spherical wave incidence acoustic beamformer with diagonal
removal.
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In summary, good @reement forthe acoustic maps between the experiment and
numerical calculatiosof the acoustic beamforminggsts provided some validation of
the inrhouse acoustic beamforming solvased in theCAB method fonoise source
identification with two microphoe array patterns (Archimedean spiral array and star
array) underboth plane waveincidenceand spherical wave incidencEenarios This
provides confidence for the application of ourhouse acoustic beamformer solver for

subsequent validation and appditton cases.
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Chapter 5  Validation of the Computation al
Acoustic Beamforming Method ? Whole System
Level

This chapter presents the validation of the CAB method on a whole system level using
the case of thelow over a NACA 0012 airfoilorRthis case, the numericalr@dictions
agreed exceptionally well with the wind tunnel measurements, providing confidence in
the ability of the CAB method for the identification of sound source locations on noise
generaing objects (e.g., wind turbineairfoil, etc.). The CPU hours used for this

validation case are summarized in Appendix IIl.

5.1 Experiment Setup of the NACA 0012 Airfoil Trailing

Edge Noise Validation Case

An experimental aeroacoustic analysis of NACA 0012 airfoil conducted by NREL was
selected for the vadlation of the CAB method on a whole system level. This
experimental campaign also included six other airfoils that were candidates for use on
small wind turbines. The goal of the experiment was to understand the aerodynamic
and aeroacoustic performance tiiese airfoils at lomReynolds numbers which were

the operating Reynolds numbers appropriate for small wind turbines. The experiment
was conducted at the Netherlands National Aerospace Laboratory (NLR) in Emmeloord,

Netherlandq140].
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the KAT set up fothe airfoil noise measurements. The microphone array consisted of

48 LinearX M51 microphones mounted in an open grid and was designed for maximum
sidelobe suppression at frequencies between Hzkand 20 kHz. The array had
dimensiors of 0.8 m x 0.6 mThemicrophone arraywas placed outside the tunnel flow

at a distance of 0.6 m from the tunnel axis as showhigure 5.1 and 5.2ZThe center of

the microphone array was placed at the same height as the tunnel axis. The array

sampling frequency was 51.2 kidz & measurement period of 30{$40].

nozzle
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045
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Figure5.1: Top view of KAT setup for NACA 0012 airfoil noise measurements. The origin
of the ¢-axis is located at the tunnel axis. Dimensions in meters (not to)Jd4ie].
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Figure5.2: KAT saip with lined endplates and microphoragray[140].

The acoustic beamformer used in the experiment was a convealtidelayand-sum

acoustic beamformer with the main diagonal eliminated in the cim®ser matrix. The
resulting acoustic images were plotted at the airfoil model plane as showigure 5.3
with 0.5 cm spatial resolution in both directions. The acoustidgges were produced in

one-third-octave bands.

The tested NACA 0012 airfoil provided by NREL has a chord length of 0.2286 m and a
span length of 0.509 m. The airfoil trailing edge thickness is less than 0.225 mm. The
validation case had no trip applied ahe airfoil surface and the airfoil was placed at
zero degree AOA. The values of two shimensional parameters wef Q 1@ ¢ p TU

and0 & T qduring the measurements. The simulation uses these same values for

Y ' @Qnd0 wnumbers.
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Figure5.3: Experimental setp for NACA 0012 airfoil trailing edge noise dagé®].

Five acoustic maps for the frequency range frod®@ to 5000 Hz were obtained in the
experimental measurements for the NACA 0012 airfoil. This information was used for
the identification of the sound source location on the airfoils. The details of the
experimental procedure are described [(t40]. Because no aerodynamic experimental
data were available for the NACA 0012 airfoil measurements reportdd4i@], two

other experiments[141], [142] were selected to provide data that can be used to
compare the observed pressure, lift, and drag coefficients with the numerical
predictions. The aerodhamic data from these two experiments were conducted at an
inlet Mach numbeh ® T yin comparison with an inlet Mach number @f®

T dfor our simulation) and at Reynolds numbers in the rap§etp m YQ

w p 1(in comparison with a Reynolds numbdrY ' Q 1@ ¢ p mtfor our simulation).
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5.2 Numerical Setup of the NACA 0012 Airfoil Trailing

Edge Noise Validation Case

5.2.1 Geometry and Mesh

The computational domain has dimensionspofi in the streamwise directionvith T0
upstream of the airfoil angd downstream of the airfojlpd in the wall normal direction

andt® DO inthe spanwise direction wher§ is the airfoil chord length.

Twenty prism layers were generated around the airfoil with a layer stretch ratio of 1.2.
The resulting nofdimensional wvall distance had the value af  p (recallw k 6 wrF
where ¢ is the friction velocity and is the kinematic viscosity of the fluid). A dense
mesh was created surrounding the airfoil as showrrigure5.4. An increased spatial
resolution was applied around the airfoil trailing edge and wake regions as shown in
Figure5.4 (b). A total of 3.6 million grid nodes were generated in the computational

domain.

There is a rectangle surrounding the airfoil representing the permeable integration
surface. The impermeable integration surface coincided with the airfoil wall boundary.
The sound source data obtained on the permeable and impermeable integration
surfaces were employed subsequently in the -FWacoustic calculations, using the

permeable and impermeable formulations, respectively.
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(@) (b)

Figure5.4: Computational mesh used for the aerodynamic simulation of the NACA 0012
airfoil: (a) mesh for the whole computational domain and (b) mesh around the airfoll
trailing edge

In a typical LES, the span width of the airfoil used in the simulation is only a small
fraction of the actual airfoil span width due to the limited available computational
resources. Nevertheless, the span width in the simulation needs to be amoallarger

than the coherence length in order to correctly predict the frequency spectrum of the
sound pressure radiated from the entire span. If this constraint is verified in the
simulation, the individual source regions in the computational domain radiata in
statistically independent manner and the total noise spectrum is then simply the sum of

contributions frome independent source regions along the sgan3], where

: AAOOR D@D ATEAOE (5.1)
—Z

OET O1AREDGH EE L0 E
Kato et al[144] discussed this issue in their calculation of noise from a cylinder wake.

Wang[143] conducted researclon this issue using a flat strut with an asymmetrically

beveled trailing edge at zeregree angle of attack. The relation between the spanwise
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coherence of the fluctuating surface pressure and the span width at certain frequencies
is shown irFigue 5.5, whereYa is the span width}Y

is the inlet velocity andls the
maximum thickness of the airfoil. In the flow over the NACA 0012 aivivil, T B

and’Q 1 ¢, which implies thatYo TQ 1 BT ¢ p® x According to

Figue 5.5, the span width used in our simulation is longer than the coherence length
required br a nondimensional frequency of ‘'Y

T&® v, which corresponds to a
frequency range of 1000 Hz and above. This is the typical frequency range for airfoil

trailing edge noise which is the main noise mechanism for the current validation case.
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Figue 5.5: Spanwise coherence of the fluctuating surface pressure on the upper surface
near the trailing edge at frequenciesQ Y p& ysolid line), 3.51 (dasd line),
5.26 (dotted line), 7.01 (londasted shortdashed line), 8.76 (dashed dotted lif&33].

5.2.2 CFDSmulation Settings and Boundary Conditions

The LES solver described in Sec8dh2.2was used with the Smagorinskybgridscale
model [114] and the standard Vamriest damping functior{115] for the flow field

simulation of this validation caseThe tree-dimensional unsteady NaviStokes
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equations were solved using a eedintered finite vaime method. The hybrid Gauss
LSQ (leassquares) cell based scheme was chosen with the Venkatakrishnan limiter for
the gradient approximation of all quantities used in the discretization of the governing
equations. A bounded central differencing scheme wawployed for discretization of

the convective term in the momentum equation. A pressureighted interpolation
scheme was used to estimate the pressure values at the cell faces from their values at
the cell centroids. A collocated variable arrangement wsead and the SIMPLE method
was employed for the pressure velocity coupling. A seemmiér implicit scheme was
chosen for the time mahing algorithm with a fixedlimensionless time step df

181 11 p Wwhere the dimensionless time step was defined s o0Y j 6. With the
choice of this time step, the averagd-Lnumber was kept below a value of 1 within the
entire computational domain. In the solution of the discretized equations, a maximum

of 50 iterations was permitted for each time step.

A uniformvelocity distribution was prescribed at the inlet of the computational domain
with an inlet Mach number of 0.12. The pressure at the outlet boundaries of the domain
was set to atmospheric pressure. The airfoil surfaces were treated asipmemooth
walls The top and bottom boundaries of the computational domain were treated as
symmetric planes. Periodic boundary conditions were applied at the front and back

surfaces of the computational domain.
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5.2.3 Acoustic Propagation Settings

The impermeable and permeabilermulations of the F\AH equation were used for this
validation case. The impermeable formulation used the sound source data on the airfoil
surface (which was chosen as the impermeableface for this application). The
permeable formulation utilized sowhsource data on a rectangular box whibntains

the airfoil chosen as the permeable surface in this application). The time derivative
terms in boththe impermeable and permeable FW formulations were evaluated by

two discretization schemes: the CDS &tilling scheme as stated in Secti®B.

A total of 153 microphones were used as the receivers in the acoustic calcul@fion.
these microphones, 66 were used form an Archimedean spiral array and 63 were
used to form a star arrayhesearrays were placedtahe same location relative to the
airfoil as was used in the wind tunnel experimehheremaining 24 microphones were
placed uniformly along a circle surrounding the airfoil at a radius of 5 m in the
simulation as illustrated ifrigure5.6 in order to nvestigate the directivity of the airfoil

trailing edge noise.
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Figure5.6: Sketch of microphones locations for the airfoil directivity calculation: 24
microphones were evenly located on a circle withn $adius surrounding the airfoil.

The spanwise periodic extension was also investigatadis validation case wherthe
airfoil span width was periodically extended to five times of the airfoil span width used
in the CFD simulation. The acoustic results atidl without the periodic extension of
the airfoil in the spanwise direction were used in the acoustic beamforming calculation
in order to evaluate the effect of the spanwise periodic extension on the resulting

acoustic maps.

5.2.4 Acoustic Beamforming Smulatio n Settings

Owing to the fact that the microphone array geometry employed in the NACA 0012
airfoil experiment[140] was not described in detail, two different arrays were used
our simulations. The geometry for these two arrays was as follows: (1) an Archimedean

spiral array consisting of 66 microphones and (2) a star array consisting of 63
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microphones. The microphone arrays used in our simulation have dimensions of 0.8 m x
0.8 m and were similar in size to the array used in the viimihel experiment which

had a dimension of 0.8 m x 0.6 [©¥40]. These two microphone array whichwere
placed atthe same location as in the experimefit40], are centered at a distance of

0¥t along the airfoil chord and at a distance of around 0.6 m away from the source
plane asshown in Figure5.7. The array sampling frequency was 100 kHz and the data

recording period was 0.5 s during the simulation.
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Figure5.7: &etch showing thdocation of the microphone arrayand the source plane
used forthe aeroacoustic simulation of titdACA 0012 airfoil

The spherical wave incidence acoustic beamforméh and without the inclusion of

the diagonal removal process weused for the acoustic beamforming calculation.
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The acoustic images were computed at the source plane with 3 mm spatial resolution in
the spanwise direction and 7 mm spatial resolution in the streamwise direction, in
conformarce with those measured in the wirdnnel experimeni140]. As in the case

of the acoustic images measured in this experiment, the acoustic maps obtained using
the CAB methodlogy were frequency averaged over etmrd octave bands. e
determination of he center frequencies and the uppand lower frequency boundaries

(the band width) that define each ortird octawe band can be found ifil39]. An
arithmetical average is used to calculate the avehgeund pressure levetithin each

one-third octave bandThe dimensions of theimulatedacoustic images ar@d T&O0.

5.3 Numerical Results and Analysis of the NACA 0012

Airfoil Trailing Edge Noise Validation C ase

5.3.1 Flow Field Results and Analysis

Figure5.8 shows the lift and drag coefficients time history for the tested NACA 0012
airfoil obtained from our simulations. Thétland drag coefficients of this airfoil are

calculated in accordance to

B 0 5 (5.2)
Yy
. 0 5 (5.3)
(0V) —h
=YY
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where0d andO are lift and drag force applied on the airfoil surfacéjs the frontal

area which can be calculated from

- (54)

where 0 is the spanwise dimension of the airfoil adds the chord length.
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Figure5.8: Lift(left) and drag(right) coefficients time history fothe NACA 0012 airfoil
at zero degree anglef-attack

The predicted lift @ and drag ¢ coefficients for the NACA 0012 airfoil at zero
degreeAOAare compared withhtwo observed results obtained in two experimemfigt1],
[142] as summarized ifTable5.1. A perusal offable5.1 indicates that there is good
agreement between the predied time-averaged lift and drag coefficients and the
corresponding measured quantities obtained from the two experimeNtste that the
predicted lift coefficient of the airfoil is not zero as shownTable5.1. This might be
due to thefact thatthe length of the data obtained from the flow field simulation is not

long enough to average out the transient effeon the airfoil surface.
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Table5.1: Lift and drag coefficients comparison for NACA 0012 airfoil at-degoee
AOA.

Experimen{141],[142] | Simulation (time averaged

e
o

0.0105

(0.0060, 0.0082) 0.0065

e

Figure5.9 compares the predicted mean surface pressure with the experimental data
[141], [142]. Overall, the numerical prediction agrees very well with the experimental

data, except perhaps around the region associated with the leading edge of the airfoil.
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Figure 5.9: Mean airfoil surface pressureoefficient at zero degree angleof-attack:
predicted results (left) and experimental data (rightfhe upper triangle symbols
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correspond to the experimental datkom [142] at'Y'Q o p mwith the transition

fixed at the 5percentchord model station. The down triang&ymbols correspond to
the experimental data fronf142] at'Y' Q w p mwith the transition fixed at the 5

percentchord model station. The squasymbols correspond tthe experimental data
from [142] at'Y'Q ¢ p mfor a free transition. The rigt triangle symbols (with the
solid line) representthe experimental data from[141] at 'YQ o p mfor a free

transition.

The contours of the velocity magnitude, shownHFigure5.10 (a), exhibita symmetric
distribution on the upper and lower surfaces of the airfoil. This result is in good
agreement with other numerical results reported in the literatyitd5]. The streamlines
around the trailing edge region of the airfoil are displayedrigure5.10 (b). A careful
perusal of this figure indicates that smatlale turbulence is generated in the boundary
layer along the airfoil surface and this turbulence is transported tolwahe trailing

edge of the airfoil where it interacts with the flow in this region.

e e i . = - L
0.14 016 018 02 0.22 0.24 0.26
X (m)

(a) Velocity: Magnitude: 30 35 40 45 (b)

Figure5.10: Predicted velocity magnitude contours and streamlines around the NACA
0012 airfoil: (apelocitymagntude (m st) contoursand (b) velocity streamlines around
the trailing edge region of the airfoil
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5.3.2 Acoustic Field Results and Analysis

Amiet [146] derived an analytical expression for the thag edge noise directivity for a

flat plate of chordength®. The characteristics of this theoretical directivity function for

a number of nordimensional frequencies in the plane normal to the trailing edge and

on a sphere around the trailing edge soar¢in terms of the acoustic pressure in
decibels) is shown iffigure5.11 where6 NEBLINB &aSy tda GKS | ANF2AC

represents the acoustic wavelength.

For the current NACA 0012 airfoil validation case, the airfoil chord length is 0.2285 m
and the frequency range of interest is between 500 Hz and 3000 Hz, corresponding to a
wavelength range between 0.12 m and 0.68 m. The resufignt_is roughly between

0.4 and 2.This range covers the tamo panels shown ifrigure5.11. It is expected that

the directivity plot of the current NACA 0012 airfoil case is a combination sktiwen
directivity plots. Indeed, the predicted directivity plot which is shownFigure5.12
reflectsboth the noise directivity features shown in the téywo panels inFigure5.11: a
symmetric distribution of the SPL around the center horizontal plane with the highest

SPL at 105 and 255 degrees.
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Figure5.11: Theoretical trailing edge noise directivityr a flat plate of chordength of6
for a number of nordimensional frequencies in the plane normal to the trailing edge
(left column) and on a sphere around the trailirdge source (right column3].
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Figure5.12: Numerical results of directivity plot for NACA 0012 airfoil validation case.

5.3.3 Acoustic Beamforming Results and Analysis

Figure 5.8 compares the predicted acoustimaps (right column) with the measured
acoustic maps of the sound pressure level (SPL) obtaineddrmexperiment described

in [140] (left column) over the frequency rangeofn 2000 to 5000 Hz inclusive for the
NACA 0012 airfoil. These acoustic maps were produced using the impermeaitle FW
formulation on an expanded span width (five times the span width used for the CFD
simulation) with an Archimedean spiral microphone arfflye CDS scheme was used to
approximate the time derivatives in the acoustic propagation calculatibe. diagonal

removal processvas not usedn the acoustic beamforming calculation
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Despite the differences in the sizes and coordinatbee @rigins for tke coordinates in
simulation and experiment were chosen different locations) of the acoustic maps
shown in the left and right columns dfigure 5.8, the maps generated from the
numerical simulation are in very good conformance with those generated timn
experimental data. The CAB methodology predicts that the sound source is located right
at the trailing edge of the airfofor all the frequencies shown, which agrees well with
the experimental measurements. Furthermore, theea of the region of maxiom SPL

in the acoustic maps decreases as the frequency increases, implying that a better spatial
resolution of the source is obtained at the higher frequencies. The same phenomenon is
also seen in the experimental results shown in the left columRigdire 5.8. This trend

can be explained by consideration of the definition of the acoustic beamforming
resolution[128]:

' O . (5.5)
Y o1 c[—=h

where'Y s the spatial resolution) is the measuremendistance, is the microphone
array diameter, and is the wavelength of interesErom the relationshipf Eq.( 5.5),
it is seen that the spatial resolutiod is proportional tothe wavelength_ (or,
equivalently, the spatial resolution is inversely proportional to the frequé@since_ k

Q.
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It is noted that the acoustic maps obtained from the numerical simulation provide a
much larger dynamic range than those obtained from the experimental measurements.
This implies that the acoustic maps obtained from the numerical simulations using the
CAB mthodology havea higher SNRhan those obtained from the experimental
measurements. This is not surprising given the fact that the experimental data are
subject to various sources of noise (e.g., background noise) that is absent in the

numerical data.
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Figure 5.13: Acoustic mapsfor the NACA 0012 airfoibbtained from experimental
measurement$140] (left column) and fronthe numerical simulation (right column)

137



0.2
0.1

Y (m)

-0.1
-0Z

150 Hr SPL(dB)
= | 38 56
[ |
3150 Hz
48
— 0.05
E 7o
- -O'O?) 2 0 0.2 0.4
0 0.2 04 05 ' ' '
X (m) x[m]
4000 Hz 57
1 - SPL(dB)
32 48
48 HE e
45 4000 Hz
- 1 >
-0.05 "
0 0.2 04 0.6 42 -0.2 0 0.2 0.4
X (m) x[m]
52
5000 Hz
l ] 50 SPL(dB)
‘ 48 26 2!
HE 4 e
48 5000 Hz
44 _
r = 0.05
40> 0
-0.05
0.2 04 0.6 0.2 0 0.2 0.4
40
X (M) x[m]

Figure 5.8 (continued)
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In order to evaluate the effect of the different discretization schemes used on the time
derivatives on the resulting acoustic mapsgure5.14 compares theacoustic maps
obtained usingthe CDS scheme (left column) with those obtained ughmg Sirling
scheme (right column) fdhe time derivatives in the acoustic propagation cdddion. A
comparison of the results in these two columns shows that the CDS and Stirling schemes
yield almost identical acoustic maps. Overall, it is hard to differentiate the results using
these two temporal discretization schemes. Due to the simplwitthe CDS, it will be

used for the calculation of the results reported in the remainder of this thesis (unless

otherwise indicated).

Next, the effect of using different formulations of the FNVequation on the generation

of acoustic maps ishownin Figure5.15. The leftcolumn of Figure5.15 exhibits the
acoustic maps obtained using sound dgtnerated by the impermeable formulation of

the FWH equation and the right column shows those obtained using sound data
generated by the permeable formulation of the FWiequation. It is seen that the sound
pressure levels in the acoustic maps for the rpeable formulation are larger than
those for the impermeable formulation. The reason might be that the permeable
surface encloses not only the sound source associated with the impermeable surface
(airfoil surface), but also includes other sound sourced sag those associated with
turbulence in the vicinity of the airfoil trailing edge that are generated in the volume
enclosed by the permeable surface lying outside the airfoil surface. As additional sound

sources are included in the permeable integratianface, it is reasonable to expect
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that the resulting acoustic maps would give higher sound pressure levels than those
corresponding to the impermeable integration surface. In addition, the impermeable
formulation (left column) predicts that the sound saeris located right on the airfoll
trailing edge center, which is in good conformance with the experimental results as
shown in Figure 5.13 However, the predicted sound source location from the
permeable formulation (right column) is situated below thefal trailing edge center

and slightly downstream compared with the experimental results and that obtained
from the impermeable formulation. This change in sound source location might be due
to the computational resources limitation: a coarser mesh wasdusn and within the
permeable sullomain compared with the mesh used on the airfoil surface
(impermeable surface). The decreased spatial resolution might diffuse and/or distort
some sound sources generated on or within the permeable integration surféige. T
might cause the displacement of the predicted sound source location on the acoustic

maps for the permeable formulation
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Figure5.14: NACA 0012 airfoil acoustic maps obtained usingtemaporal discréization
schemesCDS scheme (left column) and Stirling scheme (right column).
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Figure 5.15: NACA 0012 airfoil acoustic maps obtained using the impermeable (left
column) and the permeable (right columofithe FWH formulations.

Continuing with the validation of the CAB methodology using the NACA 0012 airfoil, the
author investigatedthe effect of the periodic expansion of the sound source
information in the spanwise direction on the resulting acoustic mdpgure 5.16

compareshe acoustic maps obtained using the original sound source data derived from
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the CFD simulations (left column) with those obtained by periogicattending the
original sound source data five times in the spanwise direction. It is seen that both
results predict the location of the trailing edge noise correctly compared with the
experimental data as shown in the lefblumn ofFigure5.13. In addition, the acoustic
maps obtained from the original sound source data and from a periodic extension of this
data are seen to have similar dynamic ranges. Nevertheillessseen that the acoustic
maps generated for the periodic extension of the sound source (right column) have
larger sound pressure levels than those for the original sound source (left column).
Finally, an examinatiolof Figure5.16 shows that the detected noise source on the
acoustic maps for the periodically extended sound source is elongated along the trailing
edge of the airfoil, whereas the detisd noise source on the acoustic maps for the
original sound source appears to be circular in shape. In summary then, the acoustic
maps provided by the periodically extended sound source are generally in better
conformance with the experimental measuremsnthan those for the original sound

source.
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Figure 5.16: Predictedacoustic mapdor the NACA 0012 airfoil obtained using the

original sound source data (left column) and using a periodic extension ajrifp@al
sound source data in the spanwise direction (right column).
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Next, the author studiedhe effect of the inclusion of the diagonal removal process in
the acoustic beamforming calculations on the generation of the acoustic maps. The left
column of Figure5.17 showsthe acoustic maps obtained withouhe inclusion of the
diagonal removal process in the acoustic beamforming calculatiwhsreas the right
column ofthe Figure5.17 shows the acoustic maps obtained with the inclusion of the
diagonal removal proces3he sound source locations on the acoustic maps obtained
both with and without the inclusion of the diagonal removal technique in the acoustic
beamforming are very similar. A perusal of the rigbtumn inFigure5.17 showsthat

the use of the diagonal removal technique increases the dynamic range of acoustic
maps as the frequency increases. A simiéault regarding the increase of the dynamic
range on acoustic maps obtained with the inclusion of the diagonal removal technique

as the frequency increases has also been reported in the litergtL8g

Furthermore, the areaf the region of maximum SRin the acoustic maps with the
inclusion of tle diagonal removal technique sightly larger at the Igher frequencies
than those obtained without the inclusion of the diagonal removal technique. This
shows that the diagonal removal process might worsen the acoustic beamforming
spatial resolution while increasing the dynamic range. Although most of the
investigations reported that the use of the diagonal removal technique improved the
dynamic range on the acoustic maps, some investigdti®B}k[18] suggestthat caution
needs to be taken in the inclusion of the diagonal removal technique in acoustic

beamforming, especlly for cases involving the identification of multiple sources. Since
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the NACA 0012 airfoil results without the inclusion of the diagonal removal agreed very
well with the experimental data and the diagonal removal technique is itself a
computational demading processin the acoustic beamforming componenthe
acoustic mages reported henceforth in thithesis will be generated without the

inclusion of the diagonal removal technique in the acoustic beamforming calculations.

Figure5.17: Predictedacoustic mapdor the NACA 0012 airfodbtained without (left
column) and with (right column) the inclusion of the diagonal removal process in the
acoustic beamforming calculations.
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