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Abstract

Noise prediction from streamlined bodies such as wind turbine blades can be
predicted accurately using CFD computations that use spatio-temporal turbulence
models at the expense of high computational power. In this work, empirical
methods proposed from BPM, Grosveld and Lowson are used to compute
numerically to analyse the influence of rotor solidity factor on broadband trailing
edge noise from a 2 MW horizontal axis wind turbine with a blade length of 37 m.
Inputs to acoustic solver are the velocity vector field and boundary layer data which
are obtained using blade element momentum and X-Foil. The outputs from acoustic
solver are directivity and far field sound pressure on a receiver located at distance of
120 m from tower base. The results have shown that for a wind speed of 10 m/s
measured at 10 m above ground, sound power level was found to increase between
mid-bands to high frequencies for all three methods. Rotor solidity effect was
illustrated at constant rotational speed of 17 RPM and receiver height of 0.5 m
located in downwind position. A minimum difference of 1.5dBA was found at f ~
100 Hz for Lowson method and maximum of ~ 2.8dBA at 1 kHz between two and
three blade rotor. For BPM and Grosveld methods however, the sound levels were ~
5dBA lower for two blade rotor than three blade rotor between f ~ 100 Hz and f ~ 1
kHz. The study also demonstrated that as number of blades increase by integral
multiples, the effect on noise radiation from trailing edge of blades increase by 2-
5dBA due to amplitude modulation.
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1 Introduction
In the past decade, size of wind turbines has grown considerably faster from a few

kilo-watt to multi megawatt type in order to produce power for various needs of the

society [1]. Installations of turbine sizes of order of 5MW are becoming increasingly

popular in developed countries like UK, Germany, US and other European countries.

With increase in turbine size, blade lengths of 68 m are obviously required in order to

produce higher power. As length of blades grows, the tip speed of the machine also in-

creases dramatically and leads to production of noise from rotating blades. Noise from

operating wind turbines contributes to annoyance, sleep disturbance and sometimes

speech interference to inhabitants living near them [1–4]. Several noise regulations ap-

plicable for different types of environments are prescribed by national and international
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authorities in order to put threshold levels for noise emitted during day or night times [1].

Community or occupational noise requirements are mentioned according to national or re-

gional standards that provide useful findings about how perception of noise is subjected to

indoor or outdoor conditions and time duration of measurement of noise levels. In addition,

noise regulation for onshore wind turbines is given by IEC 61400–11, ISO 9613-2 standards,

and based on wind speed that is measured at 10m above ground to determine the equiva-

lent continuous sound pressure level or apparent sound power level. It also recommends

validation procedures to conduct microphone measurements and standards pertaining to

acceptable acoustic data quality. Although flow induced noise in free field occurs due to

small scale pressure or density fluctuations, noise from wind turbine blades is an aspect re-

lated to aerofoil self-noise mechanism [5]. Many empirical and experimental studies on

aerofoil self-noise mechanisms have been conducted, which provided useful results that are

able to predict the noise from trailing edge surfaces in turbulent wind field [6]. In the past,

several researchers who conducted potential studies related to wind turbine noise have

demonstrated that main contribution from wind turbine noise occurs from trailing edge of

blade section and predominantly broadband in nature [2, 4, 7–10]. Further, empirical

methods have proven that major noise mechanisms occur due to the interaction between

turbulent boundary layer and the lifting surfaces such as aerofoils of a rotating blade. Rotat-

ing blades as found in a helicopter are similar to that of wind turbine but differ in their

orientation, for which trailing edge noise radiation is caused due to unsteady aerodynamic

loading when turbulent ingestion of air flows over outboard trailing edge sections of rotor

than inboard sections [2, 5]. It has been found that for low Mach number flows efficient

sound generation is produced when the turbulent boundary layer undergoes edge scattering

at the trailing edge surface [2–4, 7, 8, 11–13]. The intensity of such noise radiation depends

on the surface treatment as well as the geometry of trailing edge such as trailing edge thick-

ness, serrations or porosity [6–9, 14, 15]. In addition, the number of blades in a wind tur-

bine often has remarkable effect on sound generation process. Even though there are other

class of methods that can predict sound power levels (SPL) using rotor diameter, thrust co-

efficient, blade tip speed and nominal power of machine, they fail to provide comprehensive

understanding of the noise mechanisms from multiple sources. According to the authors'

knowledge, there has been no computational study performed previously which analysed

the effect of number of blades on noise levels from a horizontal axis wind turbine. This

paper attempts to analyse such effect and aims to predict the 1/3rd octave band sound

power level from a 2MW horizontal axis wind turbine with a blade length of 37m using

three different trailing edge noise models, viz. BPM (Brookes, Pope and Marcolini), Lowson

and Grosveld. Computer simulations are conducted to verify the impact of number of

blades in a wind turbine on sound power level. According to IEC 61400–11 standard, the

worst case microphone position is usually downwind and recommended distance equivalent

to hub height plus the half rotor diameter has been implemented for assessing the intensity

of sound level [4, 7–9, 11, 16].
2 Trailing edge noise prediction methods
2.1 BPM (Brookes, Pope and Marcolini)

Brooks et al. (1989) derived this model using data from wind tunnel experiments with

NACA0012 symmetric aerofoil with varying chord lengths up to 0.5 m in an anechoic
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chamber. Aerofoil is assumed as half-infinite flat plate with respect to far field observer.

The turbulent boundary layer trailing edge noise (TBL-TEN) occurs from both suction

and pressure sides of aerofoil and is considered as common source of noise from wind

turbine blade. The turbulent boundary layer thickness, δ, displacement thickness, δ*,

local Mach number (M), length of blade segment (L), as well as the distance between

the observer and source (re) are important parameters to predict the acoustic field from

2D lifting surfaces [5, 6]. Eq. 1 and Eq. 2 are used to calculate the sound pressure in-

volving spectral functions, while Eq. 3 is used for angle dependent noise source, which

is based on flow separation over aerofoil caused at moderate to high angle of attack

(AOA) [4, 6, 9, 11]. Noise radiation occurs as result of interaction of turbulent bound-

ary layer with trailing edge surface of an aerofoil for an incident hydrodynamic pressure

field. To a large extent, this noise is radiated normal to surface of aerofoil and extends

upstream along chord length in form of a cardioid. The fluctuating pressure field affects

the incoming wind flow and causes shear stress in fluid, which leads to local pressure

rise higher than atmospheric pressure. The sound pressure levels are hence obtained by

adding all the components logarithmically for each blade section and given by Eq. 4

SPLp ¼ 10: log10
δ�pM

5LDh

r2e

" #
þ A

Stp
St1

� �
þ K1−3½ � þ ΔK1 ð1Þ
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10
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Where, x refers to the type of source component. The Strouhal number (St) is used for

describing oscillating flows, which involve center frequency as well as characteristic di-

mension of source. For flow over aerofoil, it is calculated using pressure and suction

side displacement thickness, given by Eq. 5

St ¼ χ f; δ�k;U;M
� � ð5Þ

Where k refers to the suction and pressure sides of aerofoil, δ∗ is the boundary layer

displacement thickness, f is 1/3rd octave center frequency. It can be noted that St1 is

related to oscillating flow over aerofoil and along downstream of trailing edge. It varies

with free stream velocity (U) and Mach number (M), while St2 is related to separation

noise in spectra given in [2, 9]. These parameters are set between 0.01 and 10 for low

Mach number flows and vary along span direction. The Reynolds number expresses the

relation between inertial and viscous forces in flow, measured along the chord direction

of blade, given by Eq. 6. This parameter is function of pressure side displacement thick-

ness and also chord length of aerofoil for calculating level adjustment function, ΔK1,

and amplitude functions, K1 and K2 respectively. For wind turbines, the blade experi-

ences moderate to high Reynolds number (Re) of order, Re – 3.5 × 106 to 1.2 × 107

flows and vary along the blade span. This type of source uses high and low frequency

directivity functions, given by Eq. 7
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Re ¼ ψ c; ϑ;U; δ�k
� � ð6Þ

Dh θ;∅ð Þ ¼
2 sin2

1
2
θ

� �
sin2 ∅ð Þ

1þMcosθð Þ: 1þ M−Mcð Þcosθð Þ2 ;DL θ;∅ð Þ ¼ sin2 θð Þ sin2 ∅ð Þ
1þMcosθð Þ4 ð7Þ

The boundary layer thickness (δ) and displacement thickness (δ*) are calculated as

function of the chord length of aerofoil, c, and angle of attack (AOA) for both pressure

and suction sides of aerofoil, as given in [6]. For all components of this source, the

acoustic pressure produced near trailing edge varies as fifth power of Mach number de-

pendence or M5 and exhibits broadband characteristics. Further, for low Mach number

flows, M ~ 0.2, noise radiated from pressure and suction sides of aerofoil depends upon

the spectral functions A and B, which are correlated with the aerodynamic and bound-

ary layer properties [2, 4, 6]. The spectral function A is related to turbulent boundary

layer-trailing edge noise and function B with flow separation noise and contributes to

low frequency noise. For non-compact sources and attached flows, high frequency di-

rectivity function (Dh) is used and given by sin2ðθ2Þ . The combined Doppler shift and

convective amplification terms use (1 +Mcosθ) [1 + (M – Mc cosθ)]
2 to show a cardioid

pattern of sound field near trailing edge, where Mc is the convective Mach number. For

stalled or fully separated flow on blade, the trailing edge noise source reduces to com-

plex dipole pattern and becomes a function of M6. Therefore, for such case, angles of

attack usually exceed 12.5°, for which low frequency directivity, DL is also used. The di-

rectivity angles, θ and ∅, are aligned in the azimuth and polar directions with respect

to rotor plane and shown by coordinate reference system in [2, 4, 6].

2.2 Grosveld method

In this model, noise is produced due to turbulent boundary layer attached to trailing

edge surface of an aerofoil. It is similar to BPM model and based on scaling law predic-

tion for trailing edge noise spectrum [2]. Since a wind turbine blade is tapered and

twisted, the individual blade segments of length (l), encounter different local free

stream velocities and experience unsteady blade lift and drag forces. However, this

model assumes linearly tapered rotor and ignores twist, hence does account for correc-

tions in the angle of attack over individual blade segments as in the case of BPM. For

uniform 2D lifting flows, the trailing edge noise for an isolated aerofoil can be

approached with Eq. 8 [2, 17].

SPLtotal ¼ 10: log10
BδU5LDh

r2e
:KK2

� �
þ C ð8Þ

where KK2 is the frequency dependent scaling function, given by Eq. 9

KK2 fð Þ ¼ 10: log10
St0

Stmax

� �4
( )

St0

Stmax

� �1:5

þ 0:5

" #−4" #
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where: Stmax is the peak Strouhal number set to ~ 0.1; and St’ is the Strouhal number

as function of boundary layer thickness –δ; B is the number of blades; U is the free

stream velocity scaled to U5, Empirical constant C − 5.44 dB.
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Grosveld model uses the high frequency directivity function (Dh) proposed by Fink

[18], which is similar to Eq. 7. For turbulent flows, the thickness and displacement

thickness of turbulent boundary layer for aerofoil are given by the empirical curve fit-

ting function dependent on chord length (c) of aerofoil and angle of attack (AOA) and

given by Eq. 23 and Eq. 33 in [2]. It must be noted that no blades and geometric prop-

erties determine the turbine rotor solidity. Hence this model also considers the rotor

solidity factor in order to estimate the sound pressure level from a turbine. The Dop-

pler shift and convective amplification term as discussed in BPM model is set equal to

0.8 times the Mach number to include the effects of dipole radiation of sound along

the blade chord [2, 7, 8]. The overall 1/3rd octave band far field sound pressure level is

obtained by logarithmic integration of individual contributions of blade elements for

each blade.

2.3 Lowson method

In this model, the far field sound pressure level is predicted based on empirical equa-

tions similar to BPM method; however, the directional nature of sound is ignored [6,

17]. Sound pressure calculation involves the spectral function G6, which depends on

the Strouhal number, Mach number, boundary layer thickness, distance between source

and receiver, as well as empirical constant. The empirical constant takes into account

the turbulent wind field behavior and is evaluated using mathematical gamma function.

In addition frequency dependent scaling factors are used in order to determine the

sound pressure level and given by Eq. 10 and Eq. 11

SPLtotal ¼ 10: log10
δM5L
r2e

:G6 fð Þ
� �

þ 128:5 ð10Þ

G6 fð Þ ¼
4 f

fmax

� 	2:5

f
fmax

� 	2:5
þ 1

� �2 ð11Þ

where: fmax is peak frequency and dependent on free stream Mach number M and

boundary layer thickness δ. The boundary layer thickness is also approximated accord-

ing to the Eq. 23 and Eq. 33 given in [2]. L-span segment length (re) is the distance be-

tween the source and receiver, in m.

It is known that acoustic fluctuations are significantly smaller compared to aero-

dynamic flow variables, and classical acoustic analogy as proposed by Lighthill demon-

strates that source terms are function of aerodynamic field variables [19, 20]. This

analogy is based on density gradient which utilises perturbation component of density

or pressure as fundamental flow field quantity. Direct simulation of this analogy re-

quires high computational power for high Reynold number flows. The drawback with

this approach is that the attenuation effects due to reflection and refraction are not in-

cluded in the source term represented by Lighthill’s stress tensor given by Eq. 1 in [21].

Turbulent source modelling of Lighthill’s stress tensor is represented by self-noise term

which is product of perturbation velocity components uiuj, while the shear noise term

is represented by product of mean value of flow velocity and perturbation velocity Uui.

The entropy fluctuations and viscous stresses are however included into source term,

which means fluid outside the source region is assumed ideal and therefore sound field
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remains spatially invariant. Further, it is known that attenuation affects due to refrac-

tion on the acoustic pressures measured in upwind, downwind and cross wind direc-

tions are possible but for all three methods implemented in current study, the

attenuation factors due to atmospheric refraction are not taken into account [10].
2.4 Computational set up for noise prediction method

Figure 1 shows the data driven approach implemented for the noise prediction methods

described in sections 2.1 to 2.3. The algorithm for blade element momentum (BEM)

and acoustic solver has been developed in MATLAB 2019 environment. The BEM al-

gorithm utilizes the affine transformation techniques to describe the point to point cor-

relation of velocity vector on blade during one rotation [3]. Aerofoils selected for

approximating blade geometry are NACA 0012, NACA 6320 and NACA632xx and the

look up table data for those aerofoils are used as input for deriving the relative velocity

field over blade surface. The boundary layer data is obtained for selected aerofoils up to

25° angle of attack using X-Foil. The program for X foil is obtained online from [22].

The results of X-Foil program are boundary layer data for the aerofoils, viz. boundary

layer thickness and displacement thickness which are used as input to acoustic solver
Fig. 1 Block diagram of computational setup of noise prediction method
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and hence allows to reduce the computation time in the acoustic simulation process.

For investigating rotor solidity effect, the rotational speed of machine is kept constant

at 17 RPM, other things being same, i.e. the blade geometric properties are kept con-

stant both for three and two blade rotor. Further, for both cases the source height, re-

ceiver distance and position are also same. Figure 2 (a) shows the geometric properties

of 37 m blade. The maximum chord length of blade is 3.22 m while the twist angle is

13°. The blade pitch angle is set to ~ 4°. Fig. 2(b) illustrates the 3D model of wind tur-

bine blade developed using NuMAD software (https://energy.sandia.gov/energy/renew-

able-energy/wind-power/rotor-innovation/numerical-manufacturing-and-design-tool-

numad/). It can be seen that outputs from Grosveld and BPM models produce both di-

rectivity and acoustic data while Lowson model produces only acoustic data as this

method ignores the directivity. It must be noted that acoustic data is obtained after

considering the acoustic pressure data over blade azimuth direction as well as number

of blades for rotor in turbine model. Figure 3 shows the placement of microphone pos-

ition around the turbine relative to the direction of prevailing wind. It also depicts the

microphone distance equivalent to sum of source height (HH) and half the rotor diam-

eter from the tower centre. Figure 4(a) illustrates the rotor solidity from a wind turbine

rotor with three blades as seen from upwind direction. Figure 4(b) depicts the rotor so-

lidity for two blades at a constant hub height.

Further, from Fig. 3 it can be seen that R is the effective or slant distance between

the hub centre (source height) to the microphone placed on ground. According to IEC

61400–11 standard, the recommended distance for placing the microphone must be

equivalent to HH+ D/2, where HH is the hub height and D – rotor diameter, in m.

The microphone is located in downwind position relative to turbine rotor which ac-

counts for the sound wave amplification and is considered as the worst case position.

Therefore, the equivalent continuous A –weighted sound power level, LwA can be de-

rived using the 1/3rd octave band equivalent continuous sound pressure. LAeq and geo-

metric spreading factor account for acoustic wave propagation within source region. In

addition, the total attenuation factors account up to 6dBA in environment [16]. It is

given by Eq. 12
Fig. 2 a Geometric properties of 37 m blade length used for computational study (b) 3D model of wind
turbine blade developed using NuMAD
software (https://energy.sandia.gov/energy/renewable-energy/wind-power/rotor-innovation/numerical-
manufacturing-and-design-tool-numad/)

https://energy.sandia.gov/energy/renewable-energy/wind-power/rotor-innovation/numerical-manufacturing-and-design-tool-numad/
https://energy.sandia.gov/energy/renewable-energy/wind-power/rotor-innovation/numerical-manufacturing-and-design-tool-numad/
https://energy.sandia.gov/energy/renewable-energy/wind-power/rotor-innovation/numerical-manufacturing-and-design-tool-numad/
https://energy.sandia.gov/energy/renewable-energy/wind-power/rotor-innovation/numerical-manufacturing-and-design-tool-numad/
https://energy.sandia.gov/energy/renewable-energy/wind-power/rotor-innovation/numerical-manufacturing-and-design-tool-numad/


Fig. 3 Illustration of microphone position surrounding the source located in centre as well as the
microphone measurement distances and position according to IEC 61400–11 standards with respect
to source

Fig. 4 Illustration of rotor solidity of a wind turbine (a) three blades (b) two blades
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LwA ¼ LAeq þ 10 log10
4πR2

S0

� �
−6 ð12Þ

S0 is the reference area, 1 m2; LAeq is the far field equivalent continuous A-weighted
sound pressure level evaluated using the noise prediction methods discussed in sections

2.1 to 2.3.

It must be noted that blade solidity parameter is the ratio of blade plan form area to

the swept area of rotor, and for a wind turbine blade, it can be expressed in terms of

local chord length, c, and blade radius, r, given by Eq. 13

σb ¼ Nc
2πr

ð13Þ

Where, N – is number of blades in rotor. Towards the outboard section of blade, the

chord length and surface area reduce gradually and hence local solidity, while for inboard

region of blade where chord length is found maximum, the local solidity increases.

2.4.1 Implementation of blade element momentum (BEM) algorithm

Figure 5 shows the flow chart for BEM implementation in the computational set up il-

lustrated in the beginning of section 2.4. As mentioned earlier in the section, velocity

field outputs from BEM are coupled to the boundary layer data obtained for each of

models in order to evaluate sound pressure level.

Following are the steps that are solved iteratively in the BEM approach.

1. Initialize a and a’ with starting values as zeros

2. Evaluate the inflow angle,

3. Compute the local angle of attack, α

4. Read aerodynamic force coefficient data vs angle of attack, Cl (α) and Cd (α)

5. Compute normal (Cn) and tangential (Ct) force coefficients

6. Calculate axial and tangential induction factors, a and a’

7. Specify tolerance criteria for a and a’ as convergence limit; else go to step 2

8. Calculate the tip correction factors, Prandtl model

9. Compute the local forces on the blade till the stall angle of attack (typically range

for α values are from 14° up to 30°)

It must be noted that aerodynamic force coefficients Cl and Cd for the present study

consider 2D profile lookup table data. This data is interpolated for each blade station

during each revolution of blade to estimate lift and drag coefficients necessary for

evaluating normal and tangential load coefficients. Linear interpolation has been done

due to its simple procedure. The local loads between any radius, ri and ri + 1 are evalu-

ated using interp1 function in MATLAB. However the mathematical form for evaluat-

ing linear interpolation of a given parameter is given by Eq. 6.25 to Eq.6.27 given in [8].

The individual expression for differential torque over an infinitesimal part of blade of

length dr is given by Eq. 6.28 in [8]. It shows that total main shaft torque or the tangen-

tial load varies linearly between any two points, ri and ri + 1 along the blade span length.

Further, for simulation of the acoustic field, flow along the spanwise direction is as-

sumed to be quasi-uniform and incompressible between individual span segments. This



Fig. 5 Flow chart for implementing blade element momentum (BEM) algorithm
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also means there is partial dependency of aerodynamic flow field parameters such as lift

and drag coefficients of profiles for individual blades so that the total aerodynamic load is

equal to sum of all contributions of one blade multiplied by number of blades in rotor.
2.4.2 Evaluation of boundary layer parameters

According to BPM model [6], the boundary layer parameters for the aerofoil surfaces

are evaluated as function of chord length of aerofoil and angle of attack. The boundary
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layer thickness parameters at the trailing edge are obtained from curve fitting expres-

sions for the experimental data for NACA symmetric aerofoil at zero and non-zero

angle of attack conditions. These are determined for both the pressure side and suction

side when the boundary layer is attached, separated at trailing edge or separated at

enough distance upstream of chord to produce stall [4, 6]. The boundary layers can be

tripped if the flow separation over the surface of aerofoil is made to occur by introdu-

cing grit or rime or by placing tapes along span for a given chord location. Boundary

layer thicknesses for tripped condition transform the flow into turbulent state much

earlier than natural flow transitions, while for un-tripped cases it remains undisturbed.

For zero angle of attack conditions, the boundary layer thickness, displacement thick-

ness and momentum thickness are given by Eq. 14 to Eq. 16

δ0
c
¼ 10 1:657−0:9045 logRcþ0:0596 logRcð Þ2½ � ð14Þ

δ�0
c
¼ 10 3:0187−1:5387 logRcþ0:1059 logRcð Þ2½ � ð15Þ

θ0
c
¼ 10 0:2021−0:7079 logRcþ0:0404 logRcð Þ2½ � ð16Þ

For non-zero angle of attack on aerofoil, the boundary layer thickness, displacement

thickness and momentum thickness of the pressure side of aerofoil are same for tripped

and untripped conditions and a function of Reynolds number.

δp
δ0

¼ 10 −0:04175αþ0:00106α2½ � ð17Þ

δ�p
δ�0

¼ 10 −0:0432αþ0:00113α2½ � ð18Þ

θp
θ0

¼ 10 −0:04508αþ0:000873α2½ � ð19Þ

The suction side boundary layers expressions for non-zero angle of attack and

untripped condition are given by

δs
δ0

¼ 10 0:03114α½ �for 0≤α≤7:5 ð20Þ

0:0303:10 0:2336α½ �for 7:5≤α≤12:5

12:10 0:258α½ �for 12:5≤α≤25

δ�s
δ�0

¼ 10 0:0679α½ �for 0≤α≤7:5 ð21Þ

0:0162:10 0:3066α½ �for 7:5≤α≤12:5

52:42:10 0:258α½ �for 12:5≤α≤25

θs
θ0

¼ 10 0:0559α½ �for 0≤α≤7:5 ð22Þ

0:0633:10 0:2157α½ �for 7:5≤α≤12:5
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14:977:10 0:258α½ �for 12:5≤α≤25

As mentioned in section 2.1, the spectral amplitude functions K1 and K2 and adjust-

ment function ΔK1 are expressed in terms of chord wise Reynolds number, and Reyn-

olds number dependent on the pressure side displacement thickness; angle definitions

are dependent on convective Mach number, Mc. The Strouhal number dependent on

angle of attack is given by Eq. 23 to Eq. 25

St2 ¼ St1 for α < 1:33 ð23Þ

St2 ¼ St1 � 100:0054 α−1:33ð Þ2 for 1:33 < α < 12:5 ð24Þ
St2 ¼ 4:72� St1 for α > 12:5 ð25Þ

Interpolated values at each point on the aerofoil surface are obtained by comparing

with the reference Reynolds number and corrected angle of attack. The reference Reyn-

olds number according BPM model is given by Eq. 26 and Eq. 27

Rc0 ¼ 10 0:215αþ4:978ð Þ for α < 3 deg ð26Þ

Rc0 ¼ 10 0:12αþ5:263ð Þ for α > 3 deg ð27Þ

The ratio of boundary layer thickness to boundary layer displacement thickness, R
¼ δ
δ� , is utilized to calculate the boundary layer displacement thickness at each blade

segment iteratively for all the azimuthal and observer positions for both suction and

pressure sides of aerofoil. The output from the boundary layer and displacement thick-

ness is required to evaluate the Strouhal number as well as the sound pressure level

from pressure, suction and flow separation noise components. The peak Strouhal num-

ber of 0.1 for the spectral functions A and B is found according to [6], for which sound

levels reach maximum value. The interpolation factors were used to scale the spectral

functions at each point along the blade span segment length and also to check if Reyn-

olds number at a span station is higher than critical or reference Reynolds number

criterion.

3 Results & discussion
3.1 Sound power level

From Table 1, it can be seen that for a three blade rotor, the maximum sound power

level (SPL) of 97dBA is found between 200 Hz and 1 kHz in case of BPM model, while

for Grosveld model too, the maximum SPL of 91.6 dBA is found. In case of Lowson,

the peak is found at 200 Hz and equal to 95.1 dBA. This difference suggests that Gros-

veld model under-predicts trailing edge noise level compared to BPM and Lowson

methods. For a two blade rotor, the maximum SPL of 92 dBA is obtained using BPM

model, while for Grosveld and Lowson models, it is found to be 86.4 dBA and 91.9

dBA respectively. Obviously, it can be inferred that the maximum difference in sound

levels between three blade and two blade rotor is in order of 5 dBA between 63 Hz and

8 kHz for all three methods. Since the human perception is sensitive to certain band of

frequencies, the A-weighted filter correction was used for SPL values of trailing edge

noise dominant between 1 kHz and 5 kHz. However, it is also known that wind turbine

blades produce low frequency broadband noise during operation and tend to propagate



Table 1 Comparison of change in computed sound power level, LwA for three and two blade
rotors of a 2 MW wind turbine rotor blades at U10 = 10 m/s using BPM, Grosveld and Lowson
methods

Frequency (Hz)

63 100 200 400 800 1000 2000 4000 5000 8000

BPM

SPL [dBA]3,blade 61.3 73.0 88.6 97.0 94.9 94.3 89.7 82.4 79.4 72.0

SPL [dBA]2,blade 56.3 68.0 83.6 92.0 89.9 89.3 84.6 77.3 74.3 67.0

Δ dBA 5.0 5.0 4.9 5.0 5.0 5.0 5.1 5.1 5.1 5.1

Grosveld

SPL [dBA]3,blade 77.2 84.4 90.2 91.6 89.2 87.8 81.7 74.0 71.0 64.3

SPL [dBA]2,blade 72.9 79.4 85.0 86.4 84.1 82.6 76.6 68.9 65.9 59.2

Δ dBA 4.2 4.9 5.3 5.2 5.1 5.1 5.1 5.1 5.1 5.1

Lowson

SPL [dBA]3,blade 83.2 90.3 95.1 94.5 89.8 87.6 79.3 69.6 66.0 57.9

SPL [dBA]2,blade 81.8 88.7 93.0 91.9 87.0 84.8 76.6 66.8 63.2 55.2

Δ dBA 1.4 1.6 2.1 2.6 2.7 2.8 2.8 2.8 2.8 2.8
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larger distances than tonal or impulse noise sources [1, 10–12]. Since A-weighting filter

underestimates low frequency noise levels, a G-weighting filter is recommended, which

takes into account the infrasonic, i.e. f < 20 Hz, and low frequency noise components,

i.e. 20 Hz < f < 200 Hz.

Table 2 shows the comparison of local rotor solidity along the blade span for three

blade and two blade rotor. The solidity factor is found to be high towards the inboard

region where the chord length is widest while reducing towards outboard region due to

decreasing chord length. Local solidity factor is hence a function of the chord length

and blade segment radius at a given span section. This effect is continuous regardless

of turbine size but dependent upon the operating speed of the turbine [10, 23, 24]. The

rotational speed of machine also affects the blade passing frequency while the number

of blades affects swept area of rotor that comes in contact with prevailing wind. The

slower running machines tend to possess high power density (W/m2) and produce

more power compared to machines which rotate faster and are smaller in size. Further,

large scale studies conducted by [10] have shown that perceived sound pressure levels

vary with microphone placement indoor in houses with windows closed or open. Data

for machines of different sizes ranging from 200 kW to 2.5MW were obtained and

studied at different operating conditions. Their findings have revealed that for two

blade rotor, the impulsive noise source dominates for downwind configuration with

blade passage frequency (BPF) of ~ 0.77/1.17 Hz for MOD-1 with a nominal rating of 2

MW, while for upwind configuration, the blade passage frequency is 0.59 Hz at 17.5

RPM. For the present study, the blade passage frequencies for three blade and two
Table 2 Blade solidity factor along blade span

# of
blades

r/R

0.03 0.06 0.09 0.12 0.15 0.32 0.41 0.67 0.95

2 Blade 0.57 0.32 0.26 0.22 0.19 0.08 0.05 0.02 0.01

3 blade 0.86 0.48 0.38 0.33 0.29 0.12 0.08 0.03 0.01



Nukala and Maddula Advances in Aerodynamics            (2020) 2:15 Page 14 of 20
blade machines are 0.85 Hz and 0.57 Hz respectively. The blade passing frequency for a

rotor can be evaluated according to Eq. 28

BPF ¼ ωN=60 ð28Þ

Where ω is angular speed in RPM, and N is the number of blades. This suggests that

rotational harmonics is a function of number of blades in a machine or its integral mul-

tiples, which produce strong impulses when rotor is mounted downwind direction of

wind [10]. Radiated noise from trailing edge of blade surface is therefore sensitive to ro-

tational harmonic noise components and subjected to short duration load fluctuations

due to wind speed deficit when blade passes the aerodynamic wake of tower and leads

to amplitude modulation of sound waves. The impulse noise produced is transient in

nature with a phase change of 180° when the blades move past the tower wake. The

amplitude of impulse decays with time for low Mach number flows and is affected by

the free stream wind velocity [7, 8, 10]. In the current study, the impulsive noise com-

ponent is ignored as the turbine rotor is assumed to be upwind. The hub height or

source of turbine is 80 m above ground, for which the rotor inflow velocity gradient is

assumed due to wind shear across the rotor. Hence a wind shear correction has been

added to the acoustic data obtained from numerical computations using each of the

three models. All numerical computations have been carried out using MATLAB

2019b software. Figure 6(a) depicts the aerodynamic load over the blade section of fi-

nite length, L. This load typically acts along the quarter chord line where the aero-

dynamic centre is located. Figure 6(b) illustrates the acoustic directivity pattern of

trailing edge noise from an aerofoil that resembles cardioid. This shows that for low

Mach number flows, the sound pressure level scales with fifth power of Mach number

and exhibits dipole behaviour. The aerofoils are treated as point source in source region

and blade as line source in near field. As mentioned in sections 2.1 to 2.3, the sound

waves undergo convective amplification downstream of chord length due to edge scat-

tering of turbulent boundary layer with aerofoil surface [12].
Fig. 6 Schematic diagram of (a) blade section showing aerodynamic load (b) acoustic directivity patterns in
form of a cardioid, dipole and quad-poles surrounding the trailing edge of an aerofoil for a flat plate
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Also it can be noted that numerator in directivity function given by Eq. 7 shows a di-

pole like behaviour as shown in Fig. 6(b), when the sound pressure is scaled to sixth

power of Mach number. This is due to compact nature of source when the wavelength

of acoustic waves exceeds the characteristic dimension of source. In case of wind tur-

bine, the noise is radiated in outward normal direction to chord length with distinct

lobes on both pressure and suction sides of aerofoil and extends into upstream direc-

tion of chord length; however, for subsonic Mach number flows, the blade loading in

rotor plane exhibits a cardioid pattern as shown in Fig. 6(b), [7, 10]. Further, the direc-

tivity pattern can also be seen as quad-pole in nature for volume sources and function

of acoustic wave number [18, 19]. For a wind turbine, unsteady aerodynamic flow over

the blade produces lift and drag forces and undergoes dynamic stall during its oper-

ation due to flow separation occurring over blade surface [3]. Most of commercial large

scale wind turbines operate at high Reynolds number and the turbulent boundary layer

flow over blade causes stall separation to occur at high angle of attack, α > 16° and re-

sult in unsteady blade loading. It must be noted that the separation stall noise given by

Eq. 3 according to BPM increases the amplitude of sound power level by ~ 10 dB and is

not accounted by Grosveld, Lowson methods [9].

From Fig. 7(a), it can be noted that for frequencies f < 400 Hz, the BPM model shows

that two blade rotor produces higher noise level compared to rotor with 3 blades. How-

ever, for mid band to high frequencies between 250 Hz < f < 5 kHz, a difference of ~ 5

dBA can clearly be seen.

In Fig. 7(b), the Lowson model predicts a maximum SPL value of 95 dBA at 200 Hz

and shows a difference of 1.5dBA between two blade and three blade rotor for 63 Hz <

f < 8 kHz. In Fig. 7(c), the Grosveld model shows a similar trend with a difference of ~

4.8dBA for the frequency range 100 Hz < f < 5 kHz. Although 2 dB increase in threshold

sound level cannot be perceived highly in outdoor noisy environments such as open

land, it can be regarded that human perception plays an important role in establishing

threshold limits for noise measurements in urban or remote living conditions [1, 10].

Figure 8(a) to (c) shows the contour plot of sound power level, Lw for hub height vel-

ocities up to 12m/s using each of the trailing edge noise models. Apparently at 1 kHz,

the BPM model shows a peak in form of broad hump close to 1 kHz due to the ampli-

tude modulation from suction side of blade, while for Grosveld and Lowson models, it

extends a little further towards the low frequency.
3.2 Validation

In this section, the computed sound power levels are validated using the experimental

data of three blade GE 1.5sle turbine with a rotor diameter of 77 m at 10 m/s. From

Fig. 9, it can be said that when N = 3, the experimental values of GE 1.5sle rotor agree

well with BPM model between 250 Hz and 8 kHz, however in the low frequency region,

for 63 Hz < f < 200 Hz, the Lowson model agrees well with experimental results of GE

15sle rotor, but the Grosveld model for trailing edge noise under-predicts the sound

power levels compared to BPM and Lowson model. The Grosveld model shows a dif-

ference, ΔdBA of 4-5dBA in case of two and three blade rotors, while ΔdBA with re-

spect to measured results of GE 1.5sle shows up to 7dBA between 1 kHz and 8 kHz. In

Fig. 10, it is also evident that computed sound power level of turbulent inflow model



Fig. 7 Comparison of sound power level [dBA] for TBL-TEN source, using three trailing edge noise methods
for a 2 MW wind turbine rotor with two and three blades at U10 = 10 m/s. a BPM (b) Lowson (c) Grosveld
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Fig. 8 Contour plot of Lw [dB] for three blade and two blade rotor using (a) BPM (b) Lowson (c) Grosveld
trailing edge noise methods

Nukala and Maddula Advances in Aerodynamics            (2020) 2:15 Page 17 of 20
by Moriarty P, Migliore P (2003) agrees well with respect to measured results of GE

1.5sle turbine with three blade rotor. The turbulent inflow noise for two and three

blade rotor was computed at ambient turbulence intensity of 8% and length scale of

0.5 m. This shows that computed results of sound power level for turbulent boundary

layer trailing edge noise (TBL-TEN) vary with blade tip speed of machine as well as the
Fig. 9 Validation of computed sound power level from BPM, Grosveld and Lowson methods for 2 MW wind
turbine with a rotor diameter of 76 m and three blades, with measured data of GE-1.5sle wind turbine with
three blades and a rotor diameter of 77 m at wind speed, U10 = 10 m/s



Fig. 10 Computed sound power level for turbulent inflow noise with two and three blade rotors in
comparison with turbulent boundary layer trailing edge noise outputs from BPM, Grosveld and Lowson
methods at wind speed of U10 = 10m/s
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number of blades in rotor. From 400 Hz < f < 8 kHz, an uncertainty of 9-11dBA can be

observed between the measured and computed result for three blade rotor using both

Grosveld and Lowson methods. However for BPM method, the uncertainty of < 10

dBA can be seen in case of three blade rotor, which suggests that BPM model predicts

TBL-TEN fairly accurately than other two methods.

Finally, it can be noted that for constant turbine operating conditions, an uncertainty

of 5.4% in sound power level is found for BPM model due to change in number of

blades in rotor, but for Grosveld and Lowson model, it is 5.6% and ~ 3% respectively.

This suggests that BPM model predicts the trailing edge noise levels fairly accurate be-

tween 400 Hz and 2 kHz than the remaining two models.
4 Concluding remarks

� In the present work, the turbulent boundary layer trailing edge noise mechanisms

from wind turbine blades according to models proposed from BPM, Grosveld and

Lowson were evaluated. A computational study was conducted to verify the

influence of number of blades on trailing edge noise output from the 2MW

horizontal axis wind turbine with a blade length of 37 m.

� The study revealed that for constant operating conditions of the turbine, the

maximum prediction uncertainty in trailing edge noise levels increased as much as

~ 5% when number of blades in rotor increased from two to three. A change of
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5dBA in sound power level was observed for BPM and Grosveld methods but

Lowson method showed an increment of 2.5dBA.

� This prediction uncertainty also varied according to 1/3rd octave band frequency.

For low frequency region, f < 100 Hz, where inflow noise is dominant, the difference

in trailing edge noise level is found to be very high for BPM model than Grosveld

and Lowson models. It suggests that Lowson model is more suitable for predicting

inflow noise level than BPM and Grosveld methods.

� In case of three blade rotor, an overall change of 9dBA-11dBA for trailing edge

noise was found using Grosveld and Lowson methods while for BPM method it is

~ 2 dBA with respect to experimental data of GE 1.5sle turbine.
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