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Profile: Aeroacoustic Group at UdeS

Aerodynamic noise prediction and minimization:

Experimental Computational Analytical
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Motivation: airfoil trailing-edge noise (1/2)

* Why important? * How generates?
DNS of Controlled-Diffusion profile
/Applicationsm Air flow Hao Wu, PhD thesis, Université de Sherbrooke (2019)

Wind turbines Drones Fans

noise source

l

ok Defines minimum level of noise
, 10e01 005 ) 005
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Motivation: airfoil trailing-edge noise (2/2)

* How to reduce? Halimi et. o, AIAA 2018

Chaitanya et al., AIAA 2016

SiN — G 'D) OPRWET

% Don’t fly/rotate/move (speed \ )

@® Modify geometry
(serrations) m—)

Many shapes, but no one seems the best

Goal of the study:
Find the optimal shape of the trailing-edge
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Motivation: practical problems

Noise-only optimization: Aerodynamic effect:

NR
1.00

0.16
0.14] Maxim
B 0.12 hoise r
0.10
0.08 .
o Too large serrations
0.04 4 \/
0.050 0.075 0.100 0.125 0.150 0.175
/ . .
i drop in [aerodynamic] performance...
maxe == minl l
and no practical limit... ——— Cannot produce! Cannot fly/rotate/move!
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Motivation: constrained optimization

Combine the acoustical and aerodynamical optimum

Acoustics: analytical model Aerodynamics: 3D CFD model

A (¥
SN observer
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Noise reduction

ffmax SgpLserr df
NR = fmi" Moment
f max SPLClean df C serr
min - m

m = clean
Cim
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Problem statement and parameterization

Local shape: B-spline with 2 knot points (4 parameters) . | 0.2
|
0.2
Global size: depth & wavelength (+2 parameters) ol PN /d X 0.1
.1+ ' i
N o | I !
Aerodynamics: 2 constraints (lift/drag ratio, moment) < oot aR | = oo
. . . . . |
Objective function: Noise reduction -o1 | : 0.1
o | :
‘Z| Technigue: |Surrogatefbased optimization # - | Options: |G\c-bal search intensity: <Parameter> | |§‘ 00 v0.2i Y S I 03 10 —0.2
Variables + | | = e e =
Name Type Size Lower bound Upper bound Levels Constant Value
p11 Continuous 1 0.0 0.2500 O
p12 Continuous 1 -0.2500 0.2500 E
p21 Continuous 1 0.2500 0.5000 N
- oo |+ [soom | oo = Find X = {p1, p, & 1}" such that
‘ L o - minimizes noise reduction (NR)
o = {0.0,-0.25)7 < p; <{0.25,0.25}7
MNumber of designs: ¥ | Hints: |i‘
Responses + | = . . {0.0' —O,ZS}T S pz S {O.ZS,O-ZS}T
Name Type Size Lower bound Upper bound Value Function Blackbox SU bJeCt to Constralnts:
NR Min mization 1 Generic 0.01 < S/C < 0.2
LDR Constraint 1 0.9500 1.0500 Generic
moment Constraint 1 0.9500 1.0500 Generic
0.95 < LDR < 1.05; 001 < ljd=01
T T 77 t5%tolerance
0.95<C,, <1.05
e ,S. Moreau UNIVERSITE DE .
‘2| |£| | Run options | | Ports and parameters | OK ‘ | Cancel | | Apply ‘. Confe rence 2020 SHERBROOKE



Pre-generate all DoE samples (118 pts)

* Acoustics: cheap (<1 s / point) mm) direct evaluations & solve on a cluster

* Aerodynamics: expensive (~2 h / point) mmmm) needs a surrogate model

» Generate samp..
* Design spacee...

(aerodynamics)

RSM model |

f:t‘ Approximation... D g;l‘?(l;p samples
‘ enerator

Compute the Compute LDR
constraints e PythonScript

‘ Define the problem
“ese® DSE

Surrogate model COI‘]StI"UCt a SU rl‘Ogate mOdel l

o 3 @ read json e Compute En e

Text PythonScript

Runner Compute the Read inputdata Solve analytical model
h noise (analytica)

Composite
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DoE for aerodynamics

Lift/Drag ratio Moment

Couelaton: | [HEEIEEI M | Correlation: | Pearson - ‘
Rows: | DoE_p11; DoE_p12; DoE_p21; DoE_p22; DoE_e; Dok | M | Rows: | DoE_p11; DoE_p12; DoE_p21; DoE_p22; DoE_e; DoE_| A ‘
Columns: | DoE_Lift-to-drag M | Columns: | DoE_moment - ‘
Term pair Top coefficients p-value Term pair Top coefficients p-value
DoE_p22 = Dok Lift-to-drag os: N 00200 ] 46%10 DoE_e = DoE_moment 077 N || 21e27
DoE_| = DoE_Lift-to-drag 045 NN | 28627 DoE_p22 = DoE_moment 041 [N ]| 0.00000274
DoE_e = Dok Lift-to-drag 042 DN ]| 0.00000193 DoE_| = DoE_moment 020 (DN | | 0.00147
DoE_p12 = DoE _Lift-to-drag -034 (I | | 0.000174 DoE_p12 = DoE_moment 013 [N | | 0.0536
DoE_p11 = DoE_Lift-to-drag 012 (N ] | 0.0449 DoE_p21 = DoE_moment 014 [N ]| 01143
DoE_p21 = DoE_Lift-to-drag 015 [ ]| 0.103 DoE_p11 = DoE_moment 0.081 | ]| 0.382
Model statistics Model statistics
* Effective sample size: 118 = Effective sample size: 118
s Duplicate points: 0 = Duplicate points: 0
s Ambiguous points: 0 * Ambiguous points: 0
Errors Train accuracy Internal validation Errors Train accuracy Internal validation
RRMS 014 020 RRMS 0.05 0.07
Max 015 0.21 Max 0.00 0.00
Qo9 0.07 011 Q99 0.00 0.00
Qs5 0.07 009 Q95 0.00 0.00
Median 0.02 0.03 . Median 0.00 0.00
Mean 0.02 0.03 Mean 0.00 0.00
<+— Quadratic dependency —
RA2 0.98 0.96 RAZ 1.00 0.99
Feature importance Feature importance
07 - -
0.354 e W sole effect
0.65 1 | | intelact\uﬂs_
0.6
0.3+
Important |
mportant parameter
parameters
0.2+ 0.4+
0.354
0.15 0.34
0.25+4
0.1 0.24
0.154
0.05 0.14
. 0.05 .
o] o] — [ |
Dok _pi1 DoE_p2 DoF_p21 DoE_p22 Dof_ Dok _pi DoE_pi2 Dok _p2i Dok p22 Dok DeEL
S
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Fixed local shape: tends to deep and sharp serrations

Fixed global size: optimal shape for each size

o
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Acoustics:
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Surrogate model: Gaussian Process (GP)

sawtooth ogee Iron-shape
0.0 0.2 0.4 c 0.6 0.8 10

pl = (0.125,0.125); p2 = (0.375,-0.125)

0.04 0.06 0.08 010 012 014 016 018
efc

pl = (0.125,0.200); p2 = (0.375,0.000)

0.04 006 0.08 010 012 014 016 0.18 0.04 0.06 008 010 012 014 016 018
efc
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Optimization (1/3)

- constraints ~

* Surrogate-based optimization i e g
228 evaluation steps -_3;,_['{: R
IS R R
+ GPI = 50 (25,75 tested) SRR
1“ N B 075 E solution . E
=Rl TPRe | oL
= IR W 070 | |
‘!s"ﬁ]“ oesl ‘ ‘ ‘ - ‘
;i‘ l“’ \j “‘ ’ 0.96 0.98 1.00 L]l)g?. 1.04 1.06 1.08
L/ 0.5 S RA -‘E— solution
s Z S 2 i
‘Constraint on moment is harder to respect ‘
P. Kholodov, S. Moreau UNIVERSITE DE
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Optimization (2/3)

Global Optimization: Optimal values

ps pr | p5 | p¥ | e/c | l/d | NR | LDR | C,
01521 025|051 025] 012 ] 003 | 085 | 0.995 | 0.95

NR .
00 100 Optimal shape
0.18 0.95
0.16 0.90 0.2
0.14 0.85
0.80 0.11
) 0.12
0.10 1) Tends to minimize [ (smaller impacton C,,,) | \if——
0.08 2) Reduces the noise (singular point)
o 0.60 02
0.04 55
0.050 0.075 0.1 /125 0.150 0.175 ' . ' ' ; —
ol unconstrained 0.0 0.2 0.4 . 0.6 0.8 1.0
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Conclusions

acoustical & aerodynamical
optimization

A C
RN observer
IIA ’

reduce the noise
&
preserve the performance

Design of Experiments

Optimization

0.0 0.2 0.4 0.6 0.8 1.0
4

iron shape wins

Serration depth is
the most important

Moment constraint limits

LDR change is smaller the noise reduction

than C,,
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More information: Pavel.Kholodov@usherbrooke.ca

e P. Kholodoyv, S. Moreau. Optimization of serrations for broadband trailing-edge noise reduction using an
analytical model. 25" AIAA/CEAS Aeroacoustics Conference. Delft, The Netherlands, 2020. AIAA2019-2655.
https://doi.orq/10.2514/6.2019-2655

* P. Kholodov, S. Moreau. Numerical study of optimized airfoil trailing-edge serrations for broadband noise
reduction. AIAA AVIATION Forum, 2020. AIAA2020-2541. https://doi.orq/10.2514/6.2020-2541

* P. Kholodoy, S. Moreau. Optimization of trailing-edge serrations with and without slits for broadband noise
reduction. Journal of Sound and Vibration, 115736, 2020. https://doi.orq/10.1016/].jsv.2020.115736
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Noise reduction due to serrations

1) “breaking coherence”
- Reduces the scale of interactions

2) “destructive interference”
- Tips and roots emit their own
wavelengths that destruct each other

P. Kholodov, S. Moreau UNIVERSITE DE
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Acoustics: Analytical model

‘Trailing-edge noise model for serrated airfoil ‘ Ayton, JFM 2018
Lyu & Ayton, AIAA2019-2674

Sanjosé et al., AIAA2019-2450

observer
(r,0,z)

Zero-thickness flat plate at 0" AoA

Semi-infinite in x

Spanwise-periodic

Frozen turbulence

P. Kholodov, S. Moreau UNIVERSITE DE 17
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Acoustics: Analytical model

‘Trailing-edge noise model for serrated airfoil ‘ Ayton, JFM 2018
Lyu & Ayton, AIAA2019-2674

Sanjosé et al., AIAA2019-2450

_ . 2
. k - k1 — w, cosf)e
ST, w) ~ ——— | (w, ks)|IE ( ? ) X observer
cost) 4
. / (r,0,2)
acoustic directivity wall-pressure —_ jiation integral
wavenumber spectral density

o Ily(w, k3): }Nall-pressure spectrum|+ spanwise correlation length

(Sanjosé et al., AIAA 2019-2450)

Iy (k3, w) = 4@, (W), (w. k3)| | Wall pressure: Controlled-Diffusion airfoil, 8°
(Ecole Centrale de Lyon, France)
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Acoustics: Analytical model

‘ Noise reduction ‘

fmax serr
s flrex sprser df
SPL = 101log; pp/ ) I NR = —Zmin NR~1
Pref ffmax Sgpjclean df

min

the noise gain is
oS omnidirectional

2m
1
1
V4
/
(o)
o
[o]

-

I;» M | 1 - 0
SPL. dB —-60 —50 —40 —-30 —20 —10

P. Kholodov, S. Moreau UNIVERSITE DE 19
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Aerodynamics: CFD RANS model

* 3D periodic model * no roundings included

e 2 wavelengths (except the roots)
e constant width at the trailing edge

periodic
Z
Z '
0.000 0.020 0.040
P. Kholodov, S. Moreau UNIVERSITE DE
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Aerodynamics: CFD RANS model

P, = 97kPa

* ANSYS Fluent 2019R2
* Incompressible

e Steady-state

* k — w SST model

e 21 grder scheme

P, = 97kPa

P. Kholodov, S. Moreau UNIVERSITE DE -
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DoE for aerodynamics

Model statistics

s Effective sample size: 118

* Duplicate points: 0 . .

B Surrogate model: Gaussian Process (GP)

Errors Train accuracy Internal validation
RRMS 0.14 0.20
Max 0.15 0.21 H H .
qeo Model statistics:
Qes 0.07 0.09
Median 0.02 0.02
Mean 002 002 R? | RMS (rel.), % | Max error (rel.), %
RMS 0.03 0.04
RA2 0.98 0.96 6 inputs | 0.9742 0.33 0.69
Feature importance 4 inputs | 0.7980 0.89 1.74

- P — ﬂ Accuracy statistics of the surrogate models for the prediction of the lift-to-drag ratio.
B interactions « .
| | ~17% of precision loss |
0.3-

R? RMS (rel.), % | Max error (rel.), %
0.25 6 inputs | 0.9975 0.42 0.92
4inputs | 0.9776 1.33 2.16
0.2- Accuracy statistics of the surrogate models for the prediction of the moment coefficient.
x3 larger error with 4 variables
0.1

# Use 6-input model for the optimization

DATADVANCE User Conference 2020
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