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What is the APM?

The Airfoil Performance Model estimates the aerodynamic
performance of an airfoil taking into account its surface status by
means of machine learning algorithms
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What is the APM?

The Airfoil Performance Model estimates
the aerodynamic performance of an airfoil
taking into account its surface status by
means of machine learning algorithms

General use, extrapolation to
airfoils not considered within the
dataset

Applicability to wind turbine
Blades, covering airfoils at the 25%
outermost part of the blade

Accurate prediction of the
aerodynamic performance of an
High fidelity results with smaller airfoil considered in the training

simulation time than CFD dataset
Capability to determine the

influence of the surface status on
the aerodynamic performance

AEP Losses stimations
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Training Dataset

Airfoils considered in the dataset

Airfoil names

— AG25 — DEFIANT - BL20 — EPPLER1098 — NACAG3 — 418 — 5827

— AHT9 - 100 — DFVLR — R4 — ESA40 — NACAG63 — 421 — 5828

— AH93 -K -132 — DU00 — W212 — HUGHES — HH - 02 — NACA64 - 618 — TSAGII2

— AH9 - W - 301 — DU9IW2250 — LATITtunel — OAF139 — VR-3

— ARAD20 — DUI3W210 — L6T9tunel — PW75 — WB-135-135

— B29 — DUIWIS0 — LWK — 80— 100 — RONCI1046 — WORTMANN — FX082
— BQM34 — DUIGWIS0 — MH93— 16 — 8809 — cal0121bte300

— CLARK - YMIR — DUITW300 — MS1-0313 — S84

0.1

Funded by
the European Union

39 airfoils

Simulated using CFD for clean, rough
and erosion conditions (3465
simulations per airfoil)

Thickness limited to 7,5% - 30%
Reynolds from 6 to 12 million

NACA 63-418 rough zones ==

' ' = Clean
iUy g = Roughness upper side
) = Roughness lower side
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Training Dataset

Bezier parametrization

CA00121 parametrization — Original — Approach 2
« Based on XFoil coordinate file Camber curve _ = Approach |
with 345 points "
» Camber and thickness curves 0.1 ‘

obtained following the British

convention 0.0 7&/ \.

« Camber and thickness curves | 7
fitted to n-th degree Bezier

—0.1

control points Thickness curve
* Restrictions:
First and last points coincident with 0.1
the curve
Second point of the thickness curve i 3
forced to be on the vertical ' B
direction of the first point 8 .2 02 D6 & 1.0
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Training Dataset

Geometrical Parameters distribution

Bezier parameters statistics
Values of parameters in X direction
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Values of parameters in Y direction
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.|

Funded by
the European Union

1 L 5
o o]
ycl yc2 ye3 ycd ytl yt2 yt3 ytd Yt
6

&‘"b,‘
kl:ipr




ML algorithm selection

Robustness to overfitting due to ensemble Can be computationally intensive for very large
averaging datasets

Capability to handle large datasets with
different types of variables (categorical,
numerical ...)

May require significant memory for storing
multiple trees

-

Random Forests, RF

Less effective for extrapolating beyond the

Less need for extensive feature engineering range of training data

Good performance with minimal tuning
Provides feature importance, aiding in model
interpretability

H1gh flexibility In modelling complex and non-. Requires large amounts of data for effective
linear relationships training

Predictions can be less smooth compared to
continuous models

Can handle very large and high-dimensional May require specialized hardware and can be
datasets effectively computationally intensive

TG L o] Suitable for capturing interactions between Prone to  overfitting  without proper

variables regularization

Potential to achieve high accuracy with proper Require extensive hyperparameter tuning and
tuning and sufficient data are challenging to interpret
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ML algorithm selection
(NACA 2421 not included in the training dataset)
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NACA2421 Source=CFD Type=Fully turbulent hr=0 0 Ir=0.0 ur=0.0 he=0.008 le=0.04 ue=0.04 Re=12000000.0
RMSE=0.032027
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Final models

* Neural networks are employed

« One model trained for each coefficient and condition resulting in 6 models
» 3465 simulations per airfoil

» Include clean, rough and eroded conditions

Roughness Lift 4 512
Drag 4 512
Efficiency 2 200 and 100
Lift 2 500 and 250
Drag 2 500 and 250
Efficiency 2 500 and 250
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Three tests selected

Test 1: three airfoils used for the training are tested at

different rough conditions and Reynolds numbers from the ones
used to create the dataset

Test 2: six new airfoils stimated with the rough model 3 of them

are high thickness and complex thickness and camber curves)

Test 3: 26 airfoil tested with the erosion model for conditions
excluded from training and validation phases




TeSt 1 (three airfoils used for the training are tested at different rough
conditions and Reynolds numbers from the ones used to create the dataset)

curves
0.1 0.1 9

DU95W180 7.5,8,10 0, 2e-4, 3.5e-
4

DU97W300 7.5,8,10 0.1 0.1 0, 2.5e-4, 9
3.5e4

NACA63-418 7,9, 11 0.13,0.18 0.13,0.18 0, 2e-4, 3.5e- 27
4

Mean Minimun

Mean values of R-squared Minimum values of R-squared
e : e —
o h " _
05984 0.986 0988 099 0992 0.994 0996 0598 1 0.9 091 092 093 0.94 095 0.96 0.97 0.98 0,99 1 1.01

Lift Drag Efficiency Lift Prag Efficiency

BNACA63-418 0998208884 0.989077664 0.997425285 BNACAG3-418 0.996085082 0.939085307 0996552777
®DUITWI00 0991778936 0992844225 0991126094 = DUITW300 0980528924 0979049168 0982704325
=DUISWLED 0.998850103 0998292554 0.996917673 =DUISWIBD 099842055 0996382824 0994667577

EmNACA63-418 mDU97W300 m=mDU95W180 mNACA63-418 mDU97W300 mDU9I5SW180
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Te St 1 (the worst stimation is shown and it is more than satisfactory)

Worst stimation obtained

cled o) | pred_cicd (*)

s

-50 -25 00 25 50 15 100 125 150
Apha

HACAS 418 SourcemCHO Typembuy turoulent hemd 1.0 urmd 0 fem! 1000000 0
RMSE=000354

d (o) | pred_cd ()
s

cl (o) | pred_cl (*)

NACA63-418 Source=CFD Type=Fully turbulent hr=0.0 Ir=0.0 ur=0.0 Re=11000000.0
RMSE=0.037511
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Te St 2 (six new airfoils stimated with the roughness model)

curves
3

L5T14Tunel
5820 |

ca00318bte30

0
ca00224bte30 [§C)
0

12

O O OO

6

L,

0.1,0.2 0.2 0, 2.5e-4

0.2 0.1, 0.15 0, 5e-4 3

0.15 0.15 0, 2.5e-4 4

0.2 0.2 0, 1e-4, 2.5e- 4
4, 5e-4

0.1 0.1 0, 1e-4, 2.5e- 4
4, 5e-4

0.1,0.2 0.1,0.2 0, 2.5e-4 5

Mean values of R-squared

3
.|

Poor stimations for some

the European Union
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== T FTAWSS60 due to the high thickness
taft - CAs airfoils due to extreme thickness and
|
\ : . camber
l(:\UllSyleh.-.‘Uil 0. ‘.N:ilrl)?] 2 UJ?:’:’]‘EIL{',‘H 17 ”;‘:::]'2:?2( -— F FAW3 2 1 1 : W hy?
LI 224bte300 0.886919666 0 ]
LB 0.994294528 0.948996333 0975770311
® L5T 1 4tunel 0989712891 0977125208 096395155
® FFAW3360 0 o ]
mFFAW3211 0.63625896 0.624075622 0.709308772
mca00318bte300 mca00224bte300 mWS820 mWL5T14tunel WFFAW3360 ®FFAW3211
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Te St 2 (six new airfoils stimated with the roughness model)

Geometry Parameters Distrubution
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Comparing with the database statistical analysis of geometry parameters:
- FFAW3360 due to the high thickness

- CAs airfoils due to extreme thickness and camber

- FFAW3211: is out of the wishkers of the database TRIANGLES
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Te St 2 (six new airfoils stimated with the roughness model)

L5T14 good stimation considering that this airfoil
was not considered inside the training dataset !

L5T14tunel Source=CFD Type=Fully turbulent hr=0.0005 Ir=0.1 ur=0.2 Re=9000000.0

RMSE=0.040168
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TeSt 3 (testing the erosion model for 26 random erosion conditions
excluded from the training and validation phases)

[Name  |he [le Jue [Re | =TT
m 0.001 0.04 0.02 6000000
ca00121bte300 |
AH 0.004 0.01 0.04 9000000
WB-135-35
N N A T —
R i B se14 |
GL0FTa 0004 001 002 12000000 5809 |
DFVLRR 0001 002 001 6000000 RONC104¢ |
L 00 001 004 12000000 NACA64-615
B 0o: 0o 001 6000000 NACA63-421
weg-——————————————— —————————— 1
0001 004 001 9000000 HAGADS41E
0313
DU96W180 0.004  0.04 001 9000000 Mrjllquiz Good
193-16 - | ]
R N N L Torune ! | agreement!
EPPLERTOSS Wl o (me e LAT17cunc |
(AU g 0004 002 002 9000000 HUGHES-HH-02 -
TIOLTCRE 0008 002 004 12000000 EPPLER1095 |
0001 002 001 6000000 DU97W300 |
L 0 00 002 5000000 DU96W 160
REGEEN 0® 002 004 6000000 DU9sW150 |
N
NACA63-418 0.004 0.02 0.02 9000000 DUISWLLD
DU9TW2250 |
0.001 0.04 0.04 12000000
DFVLR-R+ |
Dbt I I B s DEFIANT-BL20 | e
pelelne I I I ez CLARK-YM 15 |
0008 002 002 6000000 e
EZI oo 002 001 12000000 AH79-100 |
EZB ' 0 001 9000000 AG2s
w 0.004 0.02 0.04 6000000 @ = L o5 o8 ! 12
PETPALICEC G 0.008  0.01 001 9000000 ®Efficiency WDrag WLift
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TeSt 3 (testing the erosion model for random erosion conditions)

Mild erosion condition

DU91W2250 Source=CFD Type=Fully turbulent he=0.004 le=0.01 ue=0.04 Re=12000000.0
RMSE=0.034534
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TeSt 3 (testing the erosion model for random erosion conditions)

Mild erosion condition

15 se 15
Apha [deg]
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DU91W2250 Source=CFD Type=Fully turbulent he=0.004 le=0.01 ue=0.04 Re=12000000.0
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Neural networks perform Accurate predictions

better than random forest on new cpndiFioqs
for existing airfoil

 r——r—— >

39 airfoil considered 6 models developed: Accurate predictions if
2 per condition, 3 per new airfoil parameters
coefficient considered within

dataset range
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Advanced study of |
the atmosphericflow
integrating real |

climate conditior

. AIREproject@cener.com




