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l. Noise generation

characterization of dynamic stall noise
measurement of stall noise in situ

modelling of wind turbine noise
amplitude modulations
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ll. Noise prediction

estimation of uncertainties related to sound
emission and sound propagation

experimental validation of the uncertainty
model.
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[1l. Noise reduction

research and design of systems that
minimize the generation of aerodynamic
noise at the blade level.

wind tunnel evaluation of these different
types of devices
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Wind turbine noise uncertainties
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Stochastic estimation of uncertainties

Input parameters Modelling Output (dBA)
A temperature
u| — nsampling n outputs %|/‘\
—‘-.—.—0—‘—' _ 'T 7 'T § M S;"L
wina @ 1 n
Vi Vo

PDF

S R B « SPL probability distribution
1] 9n | « SPL variability with distance, frequency, etc...

ground absorption

=>» Monte Carlo or quasi-Monte Carlo methods
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Wind farm modeling

e

For each parameters sample [pi] :

M(d,, 05, [pi]) _ o receiver | For each wind turbinej:
9'%"/" ‘f Ltot,i(dll 01' [pl]) l LWTj = M(d], 9]', [pl])
{b—s ’ Ltot,i= @j=1:n Lwr;
d1 ’,"" M(dli 01) [pl])
U(z)
- ,fxﬁ'l -> Ly Statistical distribution .
ﬁb—' -> statistics (mean, stdev, Cl ...) £

SPL

High computational cost

- Need to develop a fast surrogate (or meta) model to replace M
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Meta-Modelling for 1 WT. summary

T SE—

- Need to build a metamodel for downwind AND upwind conditions

~

Ref. models » Training sample »  Meta-model »  Validation

Emission model
- Turbulent inflow noise
- Trailing edge noise

Propagation model

Parabolic equation model :

- Atmospheric effects
- power law wind profile
- log temperature profile
- atmospheric scattering

- Ground effects
- Miki impedance model

- roughness model
W 6 09/06/2023




Noise emission & propagation
T e

Noise emission [1] : strip theory (divides the blade in S = 8 segments)

v' Complex blade geometry
v/ Non uniform incident flow along the blade

- Amiet theory: Turbulent inflow noise & Trailing edge noise

emission geo. spreading propagation effects

(—A—\ f—l—\ [ . !
SPLgeg(w, @) = SWL(w, ®) — 10log4nR{ + AL(w, P) — a(w)Ry

x = 1500 m

z =10m 35

30

o

25 O

©
.......................... . 20
z=4Um 15

[1] Cotté, B. (2019). Extended source models for wind turbine noise propagation. The Journal of the Acoustical Society of America, 145(3):1363-1371.
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The WAPE can take into account turbulence by perturbing refractive index, but the computational cost is too high.

We choose to use Harmonoise technique, that corrects AL with a scattering contribution.

SPLnoscatter SPLscatter)
)

AL = 10 log;o(10 50— 410 10

T
+ log1o—=

SPLscatter = 25 + 101logyo yr + 310810 100’

)
1000

Where w = 2nf,

r IS the source receiver distance -

yr IS the turbulence strength

—_
o

(@)

Example:

=
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SPL rel. to free field (dB)
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w
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Meta-Modelling for 1 WT. summary

L SE—

- Need to build a metamodel for downwind AND upwind conditions

4 R

Ref. models » Training sample »  Meta-model »  Validation
Emission model Super-computer
- Turbulent inflow noise - 1000 training maps
- Trailing edge noise per frequency

- 14 frequencies with

Propagation model
f €[50;1000] Hz

- Atmospheric effects

- Ground effects
~ 3 weeks calculations

- /
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o

Training sample
- —> 1000 X 14 maps (14/freq)

f = 50,63,80,100, 125,160, 200,250, 315, 400, 500, 630, 800,1000 Hz
R Parameters Description Value
[ o (kN.ssm—%) airflow resistivity € [50; 5000] ]
’ le (m) correlation length of roughness 0.5
op (m) standard deviation of roughness 0.025
hr (%) air humidity 80
’ / To (°0) surface atmospheric temperature €[—20;40]
at (K-m—1) thermic coefficient € [-0.5;0.25]
@ wind shear exponent € [0.05; 0.6]
Uret (m-s™1) reference wind speed € [3;13]
° 0 (O) propagation angle € [0; 180]

turbulence strength

€ [10-7;1074] )
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= 200 Hz

|~ I |-

! Output is not a scalar: 1 map = 100020 receivers

= Need to reduce output dimension before emulation

= Express each map into reduced subspace: PCA
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Meta-Modelling for 1 WT. summary

- Need to build a metamodel for downwind AND upwind conditions

-

Ref. models

Emission model
- Turbulent inflow noise
- Trailing edge noise

Propagation model
- Atmospheric effects
- Ground effects

JTAV 2023 — Aix en Provence

» Training sample

Super-computer
1000 training maps
per frequency

14 frequencies with
f €[50;1000] Hz

~ 3 weeks of duration

»  Meta-model

Principal Component Analysis

» Validation

Kriging interpolation

-

/
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Meta-modelling

Reduce the output dimension: ‘AF\

f =50Hz
- PCA of the training sample (1000 maps). it Premitre composante -
- 5 | Y
- Each noise map y can be expressed as a sum of — i . 1
principal component ¥: . w L I— 0 e
E o ¢
2 0 5 3
y E Rlooozo = allpl + azlpz + LR alS‘P15 : 3 Tromeme composante 1500 g
0.01
T | -
-0.01
_ : mm Mm
Distance (m)

Fast interpolation:

- For each new simulation, we only need to compute the weights a,
- We use kriging interpolation technique to do so.

More details about the methodology in: Kayser, B., Gauvreau, B., Ecotiere, D., and V., Mallet (2022). Wind turbine noise uncertainty quantification for downwind conditions using metamodeling.
The Journal of the Acoustical Society of America, 151(1): 390-401
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Meta-Modelling for 1 WT. summary

- Need to build a metamodel for downwind AND upwind conditions

Ref. models » Training sample »  Meta-model »  Validation
Emission model Super-computer Principal Component Analysis
- Turbulent infl ' - 1000 traini .
Jroden ing ornese 1 raining maps Comparison with initial model
- Trailing edge noise per frequency

Kriging interpolation

14 frequencies with
f €[50;1000] Hz

~ 3 weeks of duration \ /

Propagation model
- Atmospheric effects
- Ground effects
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Validation

" reference map
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Wind farm modeling

M(dz, 92, [pi]) . receiver
d’Z",,—""' ,'?1 Ltot,i(db 01) [pl])
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For each parameters sample [pi ] :
| For each wind turbinej:

| Lwr, = M(d;, 6;,p:)

Ltot,i= j=1:n LWT]- i

-> Lo Statistical distribution
-> statistics (mean, stdev, Cl ...)

PDF

SPL
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o Online free app (R shiny)

Input parameters
Receiver height [m]:

| % Dispersion ¥ ‘

Wind speed U, [m/s]:

| % Dispersion ¥ ‘

Wind direction [°]:

| €2 Dispersion ¥ ‘

Shear factor ar [m/s]:

| % Dispersion ¥ ‘

Atmospheric turbulence yr :

| L Dispersion ¥ ‘

Temperature T [°Cl:

| £ Dispersion ¥ ‘

Temp Gradient Tj,q [°C.m]:

| L Dispersion ¥ ‘

Ground absorption o
[kN.s.m™:

| L Dispersion ¥ ‘
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Wind farm geometry

Coordinates type @ Receiver GPS Receiver GPS
GPS Latitude Longitude
|| Cartesian ‘
GPS Coordinates Fild®  Turbine GPS Turbine GPS (]
input Latitudes Longitudes
& Browse.. | win ‘
Input parameters
Receiver height [m]: )

o] T
£ Dispersion ¥ e

T e

05 15 25 35 45 55 65 75 85 0510

Wind speed U, s [mls]:

X Dispersion ¥
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WIND FARM GEOMETRY

Results Tutorial Read Me
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Outputs
= Sound level distributions

Input statisti Results Tutorial Read Me Wel ¥ Input statisti Resul Tutorial Read Me

ACOUSTIC RESULTS

Source

ACOUSTIC RESULTS
Acoustic range Source Acoustic range

Gobal [dB(A) - v ALL - Gobal [dB(A)]  ~ v

0.
mean = 0 [dB] w1
02—gg = 0.2 [dB] | owr2
CI 66% = + 0.2 [dB] W owrs
CI95% = +0.41 [dB] W owTa
CI99% = + 0.61 [dB]
0.15
— 0.15 oo
L) —_ W wTs
~ £ WT 7
£ = wTs
4a =
® 01 5 01
E .g
T
£
0.05

-0.2 0
SPL dispersion [dB] -11 -10 -9
SPL dispersion [dB]

= Statistics properties (mean, st deviation, ClI...)
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Welcome Geometry Input statistics Results Tutorial Read Me

INPUT PARAMETERS DISPERSIONS
Input Parameters Dispersions

04, 06
03,
04
02,
01 02
4 5

Mic Height

Wind speed

Wind direction

Shear Factor
Atmospheric turbulence
Temperature
Temperature Gradient
Ground absorption

2.5 0 80 100 120 140

1
% 5.5 6

0.2 0.25—1 .5 a 0.5

500
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o Validation against field measurements
= Experimental data: 400 days long-term campaign [Ecotiére et al, Internoise 2022]
-> Forum Acusticum 2024, Torino [Bianchetti et al, Forum Acusticum 2023]

o WINndTUNE online (free access) at the beginning of 2024
= anr-pibe.com/projet/productions
= umrae.fr/productions/logiciels-applications-et-methodes-de-calcul

JTAV 2023 — Aix en Provence 18 09/06/2023



Thank you for your attention
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