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ABSTRACT

This paper presents a comparative study between BPM (Brooks @hdddarcolini) and TNO (TNO Institute of Applied
Physics) models for the prediction of aerofoil trailing-edge noise witliqudar emphasis on wind-turbine applications. In
this work, two enhanced versions of the BPM model are proposed aitgtrformances are compared against two recent
anisotropic TNO models that require more detailed boundary-layerniration than the BPM-based models. The two
current enhanced models are denoted as BPMM-PVII and BPM#=Blwhere the former uses a panel method with
viscous-inviscid interaction implemented and the latter employs a two-dimeisReynolds-averaged Navier-Stokes
model for boundary-layer calculations. By comparing the predictethd@pectra with existing measurement data for
seven different aerofoils tested in the current study, it is shown thaBEM-PVII model exhibits superior results to
those by the other models for most cases despite the simplicity without eoingicnisotropy. The BPMM-PVII model

is then combined with Prandtl’s nonlinear lifting-line theory to calculate andstigate three-dimensional rotor noise
characteristics of an NREL UAE Phase-VI wind turbine. It is demongdréiiat the current approach may provide an
efficient solution for the prediction of rotor aerodynamics and nois#ititing industrial design and development for
low-noise wind turbines. Copyrigh®) 2015 John Wiley & Sons, Ltd.
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1. INTRODUCTION

An increasingly large portion of renewable energy has been prodogednd turbines in recent years. As the wind
turbines grow in size and number, environmental noise becomes dhe ofajor concerns for the general public [1, 2].
There are many types of noise generation mechanisms associated vdtturimes, one of which is the aerodynamic noise
generated by turbulent boundary layers scattered over the trailirgredgipn of a wind-turbine blade. It is well known that
trailing-edge (TE) noise is a major wind turbine noise source. An advaecein the capability of predicting/estimating
TE noise will certainly contribute to the design and development of low-nwisd turbines.
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Although TE noise has been investigated extensively by many researaBéng semi-empirical [3, 4, 5, 6],
experimental [7, 8, 9] and advanced numerical [10, 11, 12] mathitslefficient and accurate prediction in a reasonable
time frame for practical design purposes remains a challenge for wiedyg industry. For modern wind turbines, the
Reynolds numbers (Re) of the flow near the blade tips are in the ordewefad millions. It is therefore unrealistic to
use CFD-based methods on a daily basis to calculate both turbulent bplagks and the TE noise of a turbine blade,
particularly for design optimisation purposes. On the other hand, theaycand flexibility of many semi-empirical noise
prediction models, which are fast to return results, are still questionidblece there is an increasingly high demand to
enhance the TE noise prediction capability for wind-energy industry.

Currently, there are two well-established prediction models being usedinindgind-energy industry: so-called BPM
and TNO. The BPM model was developed by Brooks, Pope and Marg8]ibased on measured aeroacoustic data from
a NACAO0012 aerofoil in a low-turbulence potential core of a free jettiedan an anechoic chamber. The more recent
TNO model was first proposed by Parchen [13] from the TNO Institditdpplied Physics in the Netherlands. Both
methods are computationally fast and easy to implement. The BPM masketusve fittings to be able to predict results
outside its underlying measurement flow and geometric conditions, aedére TNO model is more based on the physics
of turbulent boundary layers demanding more data input. Some notaplevements in the TNO model have been
suggested very recently, i.e. modelling the effects of flow anisotrapy, the use of Reynolds-averaged Navier-Stokes
(RANS) simulations [14, 15, 16].

The present work aims to develop a reliable methodology to predict theoilEé pmitted from an entire wind-turbine
rotor (rather than just an aerofoil section). As it requires three-dsineal calculations, a fast semi-empirical prediction
model is desired for practical purposes. Therefore, this papendegth re-visiting and investigating the BPM model,
from which an enhanced version is proposed after a compreheesivand validation process (by using seven different
aerofoils) compared against two latest anisotropic TNO models prdgms8ertagnolio et al. [15] and Kamruzzaman
et al. [16]. For the estimations of the boundary-layer (BL) displaceriecknesses required by the BPM formulations,
the current code is coupled with the BL prediction codes EDDYBL [17] ARail [18] for the utilisation of Wilcox
k-w 2D turbulence model and a panel method with viscous-inviscid interactipfeimented (PVII) respectively. The
enhanced BPM model is denoted as BPMM-PVII when only the PVII ntethaised, and BPMM-Bkw when Wilcox
k-w turbulence model is employed. The boundary and initial conditions redjly the Wilcox model is provided by a
preliminary PVII calculation. The BPMM-PVII model is then incorporateith a three-dimensional rotor aerodynamics
code based on Prandtl’'s nonlinear lifting-line theory in order to enabledise prediction of an entire wind turbine.

The organization of the paper is as follows. In Section 2, the original BfiMlze enhanced BPM models are explained.
In Section 3, the anisotropic TNO models used in the current study aftylvgeapitulated. In Section 4, comprehensive
test cases are demonstrated for the validation of the two enhanced BEBIsnamainst the original BPM model, the
TNO models and other experimental data. Then, the use of the BPMM#m el to estimate the noise from an entire
wind-turbine rotor is presented in Section 5. Finally, some conclusiordraven in Section 6.

2. THE ENHANCED BPM MODEL

2.1. The Original BPM Model
The original BPM model [3] makes the prediction of aerofoil TE noiseif3aoctave sound-pressure-level (SPL) spectrum

based on the following formulae:

SPLioal = 101log;, (103“@/10 4 108PL/10 4 105%/10) , 1)
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with
— + (K1 —3) + AK;, (2)
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where the subscripte”, “ s” and “o” denote the pressure-side, the suction-side and the angle-of-attapkctivelyy™ is
the BL displacement thickness; M is the incident Mach numheis the retarded observer distance from the JEis the
Strouhal numberSt,, St2, K1, AK; and K, are either empirical functions or constants derived from the expetahen
data [3];A = A(Re) and B = B(Re) are empirical shape functions for the 1/3-octave spectral shapeafuhations of
Re; L is the aerofoil span; anB}, is the high-frequency directivity function for TE noise given by

2sin? (O, /2)sin*®,

Dy, =
"7 (1 + Mcos®,)[1 + (M — M,)cos®.]’

()

where M. is the convection Mach number and is assumed to be 0@Mand ®. are used to define the position of the
observer from the centre of the TE as shown in Figure 1. The Strouhabers for the suction- and pressure-sides are given
by St; = f0: /U andSt, = f6, /U respectively, wherg is the frequency in Hz antl is the incident freestream
velocity. The original BPM model assumes that wher 12.5°, SPL, dominates and

SPL, = —o0,
SPL, = —o0,
§*MSLD, , St
SPLQ = 1010g10 (T) + A Stg +K27 (6)
whereD; is the low-frequency directivity function, and’ = A(3Re).
/* Observer
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Figure 1. Observer position relative to the centre of the TE of an aerofoil section

e

The original BPM model was developed based on the measured aastiaaddata solely from NACAQ0012 aerofoil. In
this section, the original BPM model is applied to RisoB1-18 aerofoil andebelts are compared with the corresponding
wind-tunnel measurement data. For this task, the PVII method is usealdolated* instead of using the empirical
formula given in the original BPM model. The experimental measurésngeare conducted in the Laminar Wind Tunnel
(LWT) of the Institute for Aerodynamics and Gasdynamics (IAG) of thvdrsity of Stuttgart by Vestas, Ltd. During the
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measurement/.. was kept at 70m/s and four valuescofvere studied3.4°, 5.1°, 7.1° and8.9°. Both tripped and clean
BL conditions were tested. For the tripped condition, zigzag tapes with arirgpangle of60°, a thickness of 0.38mm
and a streamwise extent of 11mm were used & $@eamwise position to chord (c) position on the pressure-side, and
at 5% z/c on the suction-side. The chord length of the aerofoil modelavas).6m. The propagated sound was measured
at an observer position 1m directly above the mid-span of the TE. Thereohparticle velocity (CPV) method [19, 20],
which is based on a cross-spectral analysis of two hot-wire sensaisiglaced on the suction- and the pressure-sides of
the aerofoil TE, was used to measure the TE noise. The low frequent@@0Hz) measurements by the CPV method are
known to be disturbed by hydrodynamic fluctuations [20], hence theynly be used as rough indications of the spectral
trend. The resulting normalised 1/3-octave SPL spectra for the tripmeclesn conditions are shown in Figure 2. For each
BL condition, the maximum measured SPL value among all the cases wighatfiffx is used to normalise the measured
and the predicted SPL spectra. It can be seen that the spectral siiahbesBPM prediction and the measurement are
similar for frequencies higher than approximately 1000Hz. Howeverag observed that the BPM model over-predicted
the SPL by approximately 5dB in the high-frequency range.

o 3.4° ——5.1° ——7.1° —=—8.9° (Measurements) o 3.4° 5.1° 7.1° —8.9° (Predictions)
Clean, Original BPM-PVII Tripped, Original BPM-PVII

o

RS S *

S N
qﬁ
= 0.8 1 r
0
~
-
A 0.6 7 L
1)

10° Freq [Hz] 10* 10® Freq [Hz| 10*

Figure 2. RisoB1-18 aerofoil normalised 1/3-octave SPL spectra

2.2. The Current Modifications

The current study uses the wind-tunnel-measured SPL spectrasvhbmodern aerofoils used on wind turbines to derive
an enhanced BPM model. The measured spectra need to be scalet$ famalysis. Fink [21], when scaling airframe
noise data where TE noise was believed to be dominant, assumed asahamectrum shapg(St) for the noise. This
normalisation assumed a fifth-power relation to the incident velocity. Threruscaling procedure follows that used by
Brooks, Pope and Marcolini [3], which was in line to the fifth-power reladiup suggested by Fink. For an aerofoil at
non-zeron, the measured 1/3-octave SPL spectra are scaled according to

3
SPlscaleq= SPL— 1010g10(M57‘,—2), 7
and the suction-side Strouhal numisgt is used as the dimensionless frequency. From a scaled spectrumakecpéed
SPL and the Strouhal number at which it occurs, denotefitgy,j, can be found.
The first two empirical functions considered &f¢; and St., which relateStpeq to the incident M andy. Brooks,
Pope and Marcolini [3] found theitpeakshowed no clear dependence on Re, and suggested

Sty = 0.02M % (8)
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1 for a < 1.33%
Sty = St1 x { 10%0054-139% for  133°<a <125 9)

4.72 for 12.5° < a,

For the current enhanced model, it is modified to
St1 new = 0.022M %6, (10)
1 for a < 1.33%
Stanew = Stinew x { 1000930=139% for 1339 << 14°; (11)
4.72 for 14° < a,

It is worth noting that the limitingx of 12.5° in Eqg. 9 would give rise to very different sound spectral shapefaigher
than approximatel®® to 9°. Hence, the limitingx for the enhanced model is increased 46 as indicated in Eq. 11. The
remaining two empirical coefficients to modify af& and K». They relate the scaled SPL to Re andThe constank’;
is the peak scaled SPL value for zeroOriginally, for Re> 8.0 x 10°, K; = 128.5. It can be seen from Figure 2 that the
original BPM model over-predicts the SPL, particularly for the cleard@@mnm. Hence, it is proposed to reduce the value
of K, as follows:

Ktnow— { 128.5(1 — oglean  fora 9Iean condlt.pn (12)
128.5(1 — oyipped)  for a tripped condition

where the reduction factorgean andoyripped are both less thad% (under confidentiality) in this work, which could be
further improved by including additional datasets later on. The fundiigmelates the peak scaled SPL andt is related
to K; and is also a function of M. In the original BPM model, it is given by

—1000 for a < —7;
Ko =Ki+ § /B2—(B/7)a—7)%+p  for  yo—y<a<yw+r
-12 for Yo+ 7 < o,
with
~y = 27.094M + 3.31, ~o = 23.43M + 4.651, (13)
B =172.65M + 10.74, Bo = —34.19M — 13.82. (14)

For the enhanced model,and 3, are modified as follows:
Brew = 72.65M + 3, Bonew= —34.19M — 6.7. (15)

The remaining modification focuses on the prediction of the BL displacetimécknesss™. The current code is
coupled with the BL solvers XFoil and EDDYBL for the utilisation of a panelthogl with viscous-inviscid interaction
implemented (PVII) and the Wilcok-w 2D turbulence model respectively. The current BPMM-PVII modsdsionly the
PVII method for thed™ calculations. The PVII-predicted suction-siéieat the TE, denoted b§ss, have been compared
to the corresponding measured values in the Second Benchmaikprédr Airframe Noise Computations (BANC-II)
workshop [22] cases 1 to 4. A NACA0012 aerofoil with 0.4m chord wasd for these four cases. The results of the
comparison are shown in Table I. It can be seen that PVII estimatelfesdig than the experimental measurements
for all four cases. Some preliminary studies, which are not presémtibe current paper, were conducted to check the
effect of increasing the PVIl-estimatéds on the BPM-predicted SPL spectrum. It was found that increa&jnteads
to small increase in SPL for low frequencies and small reduction in SPigher frequencies. This reduction in SPL
becomes very small at even higher frequencies. For differenfalsrunder various conditions, the bounding frequencies
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and the changes in SPL of these differently-affected regions areatiffdt will be shown in Section 4 that increasing the
PVIl-predicteddss by 10%, together with the modified parameters of the enhanced BPM model, leadt¢o &greement
to experimental SPL measurements for many aerofoils under diffecemlitions compared to the original BPM model.
Therefore, the PVII-predictedfs is increased by 1% for the current BPMM-PVII model.

[ Case[ Rel0® | M [ a[°] [ PVII 6 [mm] | Expt.65s[mm] | % diff. to Expt. |

1 15 0.1664 0 2.53 2.97 -14.65
2 15 0.1641 4 3.62 4.76 -24.05
3 15 0.1597 6 4.43 5.67 -21.93
4 1.0 0.1118 0 2.73 3.14 -13.13

Table I. PVIl-predicted and experimentally-measured displacement thicknesses for the NACA0012 aerofoils used in the BANC-II
workshop

The current BPMM-BIlkw model uses Wilco¥-w 2D turbulence model for BL calculations. The initial and boundary
conditions required by the model is provided by a preliminary PVII catmda The k-w-estimatedis is used directly
without any modification.

3. THE TNO MODEL

The TNO TE noise model does not rely entirely on empirical relationshipg takes more turbulent flow properties near
the TE into account. For a turbulent boundary layer over a smooth, stafiand rigid surface at low Mach number, the
wavenumber frequency spectrum of the surface pressure flugtsagigiven by

@y (kn, ks, w) = 4pg [k7/ (kT + k3)] [5° {Az (u3) (DU /Dy2)? P22 By ™ 2K I2 } dys , (16)

where the subscripts “1”, “2" and “3" denote the streamwise, wall-redramd spanwise directions respectively; is
the wall-normal distanceyp is the angular frequency:, k2 and ks are the elements of the the wavenumber vector;
Aa = Aa(y2) is the wall-normal correlation lengtffy3) is the wall-normal Reynolds stress componélif; /9y. is the
wall-normal gradient of the local streamwise mean velogitys = ®22(k1, k3, ke ) is the normalised turbulence spectral
tensor diagonal component (or spectrum) associated to the wall-heefoaity fluctuation after being integrated over
k2, with k. being the wavenumber of the energy-containing eddies;dand= @, (w — U.(y2) k1) is the moving-axis
spectrum, which describes how the turbulent velocity spectrum is distoytdte evolution of eddies as they convect past
the TE.

By comparing the asymptotic behaviour of the von Karman spectrum an#dimogorov spectrum for the inertial
subrange for isotropic turbulence [14, 28},is given by

1.5 x 277 T(1/3)\*? ¢ ¢
ke & A~ 190, 17
( 110 T'(5/6) PIERMETE a7

whereT is the gamma functiorg is the mean energy dissipation rate d@ndis the turbulent kinetic energy.,, has a

Gaussian form
1 w — Uck‘l 2
o, = - == , 1
QQﬁexp |: ( (6] ) :| ( 8)

whereU. is the convective velocity and is approximatedlty= 0.7U,. For a frequency range in which the aerofoil can
be considered non-compact, i.e. the sound wavelength is smaller thetmtttelength, the far-field pressure spectrum can
be expressed as

s =1 | T Y (k) ke dh, (19)

4dmr? J_ o cokr
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wherec is the speed of sound.

Egs. 16 to 19 are commonly used by the two TNO models considered. TpeoBerties required are estimated using
the Wilcoxk-w model included in EDDYBL. Note that all the spectra presented in this apeme-sided but the spectrum
described by Eq. 19 is double-sided. Hence a factor of two is needednmbiplied to Eq. 19.

3.1. Bertagnolio Anisotropic TNO Model

By introducing three anisotropy stretch factgts (82, and s, which stretch the isotropic von Karman spectrum in the
streamwise, wall-normal and spanwise directions respectively, Befiaget al. [15] derived anisotropic expressions for
®o5 andA-. The three stretch factors are given by

B = 0.4; (20)
B2 = ’71/5; (21)
Bs = (27)'/?, 22)

where~ is the non-dimensional mean pressure gradient and is defined as

_ 9 [<8P/ay1>2}”3
T om0

whereP is the mean surface pressuig,is the friction velocity, is the BL thickness and is the dynamic viscosityPs2
then becomes dependent 8nandgs, such that

_4/1 ? (Bik1/ke)® + (Bsks/ke)?
2= on (17> P (oo T )2 + (Bks e AT (23)

A2 becomes dependent ¢h andgs, i.e.

55 T(1/3) 1 , 34+ 11(Brke/ke)? 1
Ar = —B2 5 ; (24)
108y/m D(17/6) ke~ 3+ 8(Bike/ke)? /1 + (Bike/ke)?
wherek. = w/U. is the convective wavenumbeé3) is given by assuming isotropic turbulence, i.e.
2
<U§> = ng, (25)
This anisotropic TNO model by Bertagnolio et al. is referred to as FB@ARNO herein.
3.2. Kamruzzaman Anisotropic TNO Model
Kamruzzaman et al. [16] suggested a correctior: floear the wall, such that
€mod = C50*3 (y+)b(c27c4) € (26)

C1

whereemqg is the modified mean energy dissipation rate= 4.2, c2c = 1.1, ¢s = 0.03, ¢4 = 0.8, ¢5 = 15 andb = 0.91.
This formula reduces near the wall.

The anisotropic corrections suggested by Kamruzzaman et al. [@8)amed on the derivation of a semi-empirical
anisotropy correction factofz2. This factor is a function of the Reynolds number based on Taylor'sasiale Rg,
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2 k
A =4/15v T;
3 €mod

which can be found by

Ag = )‘f/\/i
2
= —kr:
g 3 T,
Rey = o)y /v, (27)

wherev is the kinematic viscosity. Thefso = Rey, ~%-%%. The anisotropidu3) is then estimated as

2
(u3) = ghrf22. (28)
An anisotropic form ofA- is used, such that

)ik

Ag ~ 0.75 K M.

€

~ 0.40 (29)

The anisotropy correction factor for a length scale is then givelfirby: (f22)3/2. Based on this, an anisotropic form of
do, is derived, such that

4 (1N s (frki/ke) + (frks/ke)?
%2_97(E) T T (Foka [ T (foka ke T (30)

which is identical to Eq. 23 of the FB-Aniso TNO model i, = 81 = 82 = 83. This anisotropic TNO model by
Kamruzzaman et al. is referred to as MK-Aniso TNO herein.

4. COMPARISONS OF THE MODEL PREDICTIONS AND EXPERIMENTAL
MEASUREMENTS

[ casegroup]  Aerofoil [ c[m] | L[m] | Uso [mis] | a[°] [ BLTip [ r[m] [ Fig. |
11 NACAG45-418 | 06 | 1.0 70.0 0.0 No 10
12 NACA64;-418 | 06 | 1.0 70.0 0.0,3.0 Yes 1.0 4
21 NACA0012 [ 04 | 1.0 56.0 0.0 Yes 1.0 5
22 NACA0012 | 04 | 10 54.8 4.0 Yes 1.0 5
31 DU9%-180 [ 03 | 10 | 600 4.0 Yes 10 [ 6 ]
41 RisoBL-15 | 06 | 1.0 700 [ 3.0,6.0,9.0,11.0] No 1.0 7
42 RisoBL-15 | 06 | 1.0 700 | 3.0,6.0,9.0,11.0[ Yes 1.0 8
51 RisoBL-18 | 06 | 1.0 70.0 34,51,71,89] No 1.0 9
52 RisoBL-18 | 06 | 1.0 70.0 34,51,7.1,89] Yes 10 | 10
6.1 Aerofoil-18 06 [ 10 70.0 20,40,60,90] No 0 [ 1
6.2 Aerofoil-18 06 | 10 70.0 20,40,60,90] Yes 10 | 12
71 Aerofoil-21 06 [ 10 70.0 27,46,6589] No 10 | 13
7.2 Aerofoil-21 06 | 10 70.0 27,46,6589] Yes 10 | 14

Table Il. The test cases

The 38 test cases considered in the current paper are listed in TaBkvén aerofoils are employed in the analysis.
Aerofoil-18 and Aerofoil-21 have thickness to chord ratiosl 8% and21% respectively, and are used in modern large
wind turbines. The data for case groups 1.1 and 1.2 are from R@fvjRile those for case groups 2.1, 2.2 and 3.1 are from
the BANC-II workshop [22] cases 1, 2 and 5 respectively. For gaseps 4.1 to 7.2, the data were measured by Vestas in
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Wind turbine aerofoil trailing-edge noise prediction
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Figure 3. Test case 1.1 for a NACA643-418 aerofoil at « = 0° with clean condition (PVII denotes the panel method with viscous-
inviscid interaction implemented, BLkw refers to Wilcox k-w 2D turbulence model)

the LWT with the same experimental set-up as that described in sectidddelthat the current experimental data for the
NACA0012, NACA64-418 and DU-96-180 aerofoils are not used in the derivation of tharesdd BPM formulations.

For each case group, the maximum measured SPL value among all ite$estis used to normalise the measured
and the predicted SPL spectra. The measured and the predicted nedddlisoctave SPL spectra by the enhanced BPM
models, the original BPM model and the two anisotropic TNO models asepted in Figures 3 to 14. Note that the PVII
and Wilcoxk-w methods have been used in conjunction with the original BPM model. Sotsinfsmodel predictions are
presented in each of these figures. It can be seen from Figures 3hatid general, both enhanced BPM models are able
to predict SPL spectra that show better agreement with experimentalineegents than the other four noise models. In
terms of both spectral shape and magnitude, the spectra predictethlgnbanced models, especially BPMM-PVII, show
good agreement for most of the aerofoils analysed. Furthermiyerds 3 to 6 show that even though the experimental
data for the current NACA0012, NACAB4418 and DU-96-180 aerofoils have not been used in the derivatidheof
enhanced BPM formulations, both enhanced models are able to presli&fth spectra of these aerofoils well. From
the measured SPL, it can be seen that in general, increasieads to relatively higher low-frequency noise and lower
high-frequency noise. This trend can also be observed from thécpredSPL by the six noise models. In terms of the
prediction of the frequency beyond which SPL becomes lower whisrincreased for an aerofoil, Bertagnolio anisotropic
TNO model shows the best performance. Note that due to the differemtdary-layer prediction methods used in the
current and other published studies, discrepancies for the TNQemddSPL spectra for the BANC-1l workshop cases
shown here and in other papers are possible. The TNO model predietiepresented to show the effects of using these
two TNO formulations compared to the current BPMM-BL model, which employs the same BL prediction method as
these two TNO models.
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a: 0° ——3° (Measurements) a: 0°——3° (Predictions)
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Figure 4. Test case 1.2 for a NACA643-418 aerofoil with tripped condition
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Figure 5. Test cases 2.1 (o = 0°) and 2.2 (a = 4°) for a NACA0012 aerofoil with U, = 56m/s and 54.8m/s respectively and tripped
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Figure 6. Test case 3.1 for a DU-96-180 aerofoil at o = 4° with tripped condition
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Figure 7. Test case 4.1 for a RisoB1-15 aerofoil with clean condition
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Figure 8. Test case 4.2 for a RisoB1-15 aerofoil with tripped condition
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Figure 9. Test case 5.1 for a RisoB1-18 aerofoil with clean condition
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Figure 10. Test case 5.2 for a RisoB1-18 aerofoil with tripped condition
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Figure 12. Test case 6.2 for Aerofoil-18 with tripped condition
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Figure 14. Test case 7.2 for Aerofoil-21 with tripped condition

To help quantifying the degree of agreement,“anorm differenceA of each model-predicted SPL spectrum to the
corresponding experimental measurement is defined, such that

1 Io SPLexp’[— SPLmode|>2
Ap = d
g \/fb —fa /f ( SPLexpt i,

wherek denotes one of the 38 test casgsand f, are the logarithmic centre-frequencies of the lower and upper freguen
bands respectively; SRkptand SPlyogeiare the experimentally-measured and the model-predicted SPL respediote
that the integration is with respect to the logarithm of the frequency,farahd f, are determined by the availability of
the experimental data for each case. Frequency bands lower th@HA.80e not considered due to the limits of the CPV
experimental method as explained in section 2.1. For each of the sixfsatglel predictions, a meaf is defined such

that
1 38

Ameanz (38 ;Ak) .
Figure 15 shows the value dimeanand the standard deviation & about Ameanfor each of the six models. It can
be seen that thé\mean and the standard deviation values of the BPMM-PVII model predictioasta smallest. The
BPMM-BLkw model leads to the second smalléstean and standard deviation values, which are smaller than those
of the MK-Aniso TNO model. Therefore, the SPL spectra predicted byBaBM-PVII model are the closest to the
experimental measurements, followed by the BPMMkBLmodel predictions. From this analysis and the previous

qualitative comparisons of the predicted and the measured SPL sjitsmdrabe seen that both enhanced BPM models out-
perform the two anisotropic TNO models tested in terms of the closeness pfdatiicted SPL spectra to the measurements.
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Figure 15. The mean overall L2-norm difference Amean between each set of model predictions and the measurements

5. THE TRAILING-EDGE NOISE FROM A WIND TURBINE ROTOR

This section demonstrates an exemplar of predicting TE noise in 3D spae® fentire wind-turbine rotor based on
the proposed BPMM-PVII model. The model wind turbine considered lethe NREL (National Renewable Energy
Laboratory) UAE (Unsteady Aerodynamic Experiment) Phase-\assh wind turbine [25]. It was a two-bladed stall-
regulated wind turbine with a rotor diameter of 10.058m, a hub height.4BP2n, zero tilt and a rotational speed of 71.63
rpm (the velocity due to rotation alorié.,, = 37.7m/s at the blade tips). The blade cross-section changes fromea circ
to a S809 aerofoil within the first 1676 of the span from the root, and the S809 is maintained outboard. Furtresrthe
blades are tapered and twisted. Figure 16 shows the planform of theasiddbe S809 aerofoil. The current study only
considers an upwind configuration with zero cone angle, zero yawrandiform incident freestream velocity. With these
simplifications, the aerodynamic states of a blade are independent dattedzimuth. Figure 17 shows the global rotor
coordinate system and the definition of the local blade coordinate denptstl. b

UAE Phase VI Blade Planform

0.2

$809 Aerofoil

Figure 16. NREL UAE Phase VI wind turbine blade planform and the S809 aerofolil

In the current approach, the aerodynamic properties of the rotatidgdbre calculated by Prandtl's nonlinear lifting-
line theory. The current code assumed a helical wake shed frombézad. The radius of the helical wake is assumed
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Figure 17. Global coordinate system and the definition of the local blade coordinate y

constant in the streamwise direction downstream of the rotor. Each bladedslled by a straight lifting line which
consists of N control points, where the aerodynamic properties areatstimEach control point is half-way between its
adjacent helical wake filaments. So for N control points on a blade, #rerl horseshoe vortex systems and N+1 helical
wake filaments, which are discretised into many straight-line elements.sBuenad helical wake geometry is shown in
Figure 18. The velocity induced by all the elements of the helical wake filtsrghed from all blades on each control
point is estimated using the Biot Savart Law. For a helical wake with congtéincirculation, the velocity induced by an
element of a helical wake filament on control paintis given by

1 (r1 +r2)(r1 x 73)
A rira(rire + 71 - 75 + 0212)]

Uelemen{™) = (31)
wherer; andrs are the distances between the two element end-points (denoted by 1 esuk2tively) and the control
point, 71 andr3 are the distance vectors from the element end-points to the control pasnthe length of the wake
element and) = 0.1. The 6212 term is added to avoid singularity as separation tends to zero. Then theeleshental
contributions are summed for all filaments, including that from the otheiebl@he induced velocity at control point is

given by
N

wj(m) = Zr [@;(m,i+ 1) —a;(m,i)], (32)

7

where the subscript = 1, 2 and 3 represents the global streamwise, vertical and lateral directispsativelyl’; is the
circulation of thei*” horseshoe vortex system, afg{m, ©) is a velocity component induced at control painty the;*"
unit-strength helical vortex filament.

An iterative loop is started by first setting the induced velocity to zero. Theemttial angle of attack is simply

a; = arctan[Uso /(ys w)] — g — ap,

wherey; is the radial location of th¢” control point along the blade; = 7.50rad/s is the blade angular velocity, and
«y,, are the geometric twist angle and the blade pitch angle respectively. Fiimitial angle of attack, the lift coefficient
C;,; at each control point can be estimated. For the current calculationxpiegimentally-measured lift curves for the
S809 aerofoil from tests taken at the Colorado State University and tloeSPdte University as stated in the 2003 NREL
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Figure 18. The assumed wake geometry

report by Jonkman [26] are used. Then the circulation at‘theontrol point of a blade is given by
1
I = Eci(UresuItaniz‘)Cl,z‘, (33)

wherec; is the local chord length and,es,itany; is the local resultant velocity. After estimating the induced velocity using
the Biot Savart Law as outlined before, a new guess to the effective ahgttack at each control point can be derived,
followed by new estimates t0;,; andT’;. The solution is considered converged when

ITs, 541 — Ti,s] < 10°°

between iterative steps+ 1 ands for all the control points.

To validate the current rotor aerodynamic calculation, the spanwisdivaria effective angle of attack is computed
and compared with the experimental measurement obtained by NREhisawind turbine in the NASA Ames Research
Centre [25]. Four cases with freestream velodity, of 7, 10, 13 and 15m/s are studied, and the results are plotted on
Figure 19. Note that for each blade, only the part with the S809 aeraftlileacross-sectional shape (i.e. the outer%3.5
span of a blade) is modelled. It can be seen that the current resultsgoed agreement with the corresponding NREL
measurements, especially ok, = 7m/s and 10m/s. Fa/.. = 13m/s and 15m/s, relatively larger discrepancies to the
NREL measurements betweeyb of approximately 50 and 90 can be observed compared to the other two cases. These
discrepencies could be due to measurement inaccuracy [26] andsimmations taken in the current rotor aerodynamic
model, which might be improved by better simulating the effects of flow regioa, tip vortices, incident freestream
velocity profile, blade wake and blade deflections.

The current wind turbine aerodynamic code is then linked to the currBiNB-PVIlI TE noise model. The case
with U, = 7m/s is considered since the maximumis less thanl0° for this case, and is below the S809 stall angle
of approximately20°. Hence only pre-stall noise model formulations, such as Equationsabd34 associated with
the high-frequency directivity function of TE noise (Equation 5), aredu§ he location of the observer on the ground
level at a distance of one hub-height downstream of the wind turbinepistdd in Figure 20. The computed 1/3-octave
SPL spectra from five different spanwise stations for a blade at theuttziof 135° (0° aligned with the globalZ,
direction) are presented in Figure 21. It can be seen in the figure thdtdqwency (order of 10 to 100Hz) components
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Figure 19. Spanwise effective angle of attack distributions for four different freestream velocities (y is the spanwise location, b is the
blade span)
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Figure 20. The location of the downwind observer

are delivered mainly from the inboard section of a blade whereas th@ardttsection is responsible for the higher
frequency components. This spanwise variation in the sound spectrdueito the increasing resultant flow velocity
and the decreasing effective angle of attack moving towards the tip. A sispitaawise shift in noise source peak location
with frequency has also been observed by Cho et al. [27] in their windeftexperiment with a scaled model of the NREL
Phase-VI wind turbine.

The rotor sound-pressure-level contour plots for four differeegidencies (50, 100, 1000 and 2000Hz) predicted at
the same observer location are shown in Figure 22. The hub and theimttexded area which is not based on the S809
aerofoil are excluded in the calculation. The blades rotate clockwise iniévisfkom downstream of the rotor. In addition
to confirming that high frequency noise is mainly emitted from the outbcestics) of the blades, it can also be seen from
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Figure 21. SPL spectra from five different spanwise positions along a blade at the azimuth of 135° observed at (Xo, Yo, Zo) =
(12.192m, 0.0m, -12.192m)

Figure 22 that much of the noise perceived by the observer is due towrendird movement of a blade. This is due to the
high-frequency TE noise directivity function used [9], which leads ta@&nnoise radiated towards the local blade section
upwind direction. Hence if an observer is located above the wind turbia@asition of (o, Yo, Zo) = (12.192m, 0.0m,

12.192m), more noise would be perceived by the upward movenhertilade.
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Figure 22. SPL contour plots for four different frequencies radiated from the rotor plane to an observer located at (Xo, Yo, Zo) =
(12.192m, 0.0m, -12.192m)
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The current rotor noise estimation methodology which utilises the progdB&M-PVIlI model forms a good basis
for further developments which would benefit the wind-turbine industryttieir design optimisation process aimed at
high aerodynamic performance and low noise. Improvements sutttedscorporation of convective amplification and
Doppler-shifted frequency will make the current method more reteeareal wind turbine rotor noise estimation.

6. CONCLUSION

In the current study, improvements to the semi-empirical BPM TE noisdeimbave been proposed based on the
wind-tunnel-measured aeroacoustic data for aerofoils used on maded turbine blades. The two current enhanced
models are denoted as BPMM-PVII and BPMM-BL, where the former uses a panel method with viscous-inviscid
interaction implemented and the latter employs a two-dimensional Reyneddaeged Navier-Stokes model for boundary-
layer calculations. It has been shown that the SPL spectra predicteatheibhanced BPM models are much closer to
experimental measurements than those by the original BPM model, @vaerbfoils whose measured data have not been
used in the derivation of the improved formulations. Both enhanced BBNEta also out-perform two recent anisotropic
TNO models for many test cases analysed. Among the six TE noise ntedild, the predictions by the current BPMM-
PVII model show the closest agreement to the experimental measotenthe BPMM-PVII model has been integrated
with a wind turbine rotor aerodynamic code based on Prandtl’s nonlingagliine theory. The current aerodynamic code
has shown reasonably good agreement with experimental results ineiflietipn of spanwise effective angle of attack.
With some further improvements, the current methodology will be ablediitédae the process of wind-turbine design
optimisation aimed at high aerodynamic performance and low noise.
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