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Robust Optimization for Windmill Airfoil Design under Variable Wind Conditions
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Robust design of windmill airfoils is carried out
in the presence of uncertain environmental conditions.
The formulation follows a multi-objective optimization
approach, where the mean aerodynamic performance
is maximized while sensitivity to changes in wind
conditions is kept to a minimum. Due to the complex
nature of the physical processes involved, a non-
intrusive collocation approach is used to quantify
uncertainties, coupled with a RANS solver for the
fluid flow. A robust design optimization framework is
thus assembled, where Genetic Algorithms are used to
iteratively evolve section parameters toward optimal
designs. Expectations and variances are computed with
a Smolyak sparse grid approach combined with nested
Clenshaw-Curtis quadrature, leading to a minimization
of the number of deterministic solutions needed. The
results show the potential applicability of the proposed
methodology to the robust design of industrial devices.
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Fig. 1 Schematic representation of velocity triangle
for windmill airfoil section
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Table 1 List of parameters used in PARSEC and o, M
ID Description & &
I Radius of leading edge 0.005 0.02
Xup X at crest of upper surf. 0.3 0.7
Zyp Z at crest of upper surf. 0.12 0.18
Zevup Curv. of upper surf. -0.4 0.0
Xio X at crest of lower surf. 0.2 0.6
Z Z at crest of lower surf. -0.07 0.02
Zexlo Curv. of lower surf. 0.3 0.9
Zre Z at trailing edge -0.01 0.05
are Camber gradient at -13.0 -3.0
trailing edge
AZze Thickness at trailing 0.0 0.0
edge
Bre Wedge angle at trailing 4.0 8.0
edge
a Angle of attack 8.0 12.0
M Mach number 0.2 0.3
A 4 ZXXup

ZXXIa

Fig. 2 Graphical representation of input parameters
for PARSEC
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Fig. 3 Change in airfoil configuration as a result of
adjusting zre (top) or zo + z, (bottom)
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Fig. 4 Pressure levels for unconstrained optimal
airfoil design under certain wind conditions
(a, M) = (10, 0.25)
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Fig. 5 Pressure levels for constrained optimal airfoil
design under certain wind conditions
(o, M) = (10, 0.25)
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L7z, fRHENHCS A2 5T A WE, Taylor O X S
Te— % 7 Z AR & B U C, Chebyshev ZIEAUL[E
ClEPIRE TRV %2 5425 Z 08T 5.

GA7NATY) ZALTIZETOMEIZT, ZORKHE%EH
W (9), (10) T/RTEMEREEIRE S, IUER ST
% (Fig. 6). BYEREDRHIRFD & 512, £ RO PO
32 MR, fESRZAE R ORI A SRR RO BRI 2 8401 >
BB, 2O EAZ MR RICOWLN” LI, KAF%E
TOH|% Table 2 D EEHZRY. 72 £(E, y7) DMl
72912, G 2 b ASEW RANS @M #9204 5 720, Bl
FER AR T N2 Pl a7 O 729121, m/hROG
ST £ (& y") ORHiiA 4TS BEN D 5.

AFHETIE, ZOMEEROINMNAE S R OHNI
* LT, nested Clenshaw-Curtis >KFE%1Z Smolyak 27 5—
ZMET HMAEDE D Z LT, AEEHMOEMN 21T - 72
(Table 2 TEY). SlulFk 4%, 13 MORFME2 D T
® Smolyak 23— 21 ZHW7z. Fig. 712 Ca-M

Table 2 Increase in multivariate quadrature points
with dimensionality for fixed one-
dimensional polynomial accuracy

Dimension 1 2 3 4 5 n

Full grid 5 25 125 | 625 | 3125 5"

Smolyak | 5 | 43 | 33 | 89 | 253 | 3+2n

sparse grid

Tl CHEIR N5 RBE T 287, kg0, 1, 20
B, Zhehl, 5, 13 O E &,
RFBISMHERN A ZHEFIC/H LT, CFD VLN
WEEMA D BENENZ EXEFMTHE. 2D LT
RANS ORGSR A, BETRBNTREB G2 —EmTH D
HWONTHBHZ LY IS,

Step.1 Select the initial population of individuals at random.
(1-1) Select PARSEC parameters &* uniformly within the design space.
(1-2) Select quadrature locations for angle of attack and Mach number.

Step.2 Evaluate the fitness of each individual in that population.
(2-1) Calculate E{f (&%, y)}, o{f (&, y)} for each individual.

Step.3 Repeat on this generation until termination.
(3-1) Select the base-fit individuals for reproduction.
(3-2) Breed new individuals through crossover and
mutation to give birth to offspring.
(3-3) Evaluate the individual fitness of new individuals.
(3-4) Replace least-fit population with new individuals.

~Teminas? =
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End

Fig. 6 Genetic Algorithm
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Fig. 7 Two-dimensional Smolyak sparse tensor quadrature

grid up to order 2 accuracy. Level 0 (O), Level 1 (CJ)
and Level 2 (2) incremental grids are shown.
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Table 3 Sensitivity of optimal design to GA parameters

Population size 20 50 100
Optimal C,/C, 38.20 37.70 39.22
Cross probability 0.2 0.4 0.6
Optimal C,/C, 37.94 39.23 39.22
Flip probability 0.002 0.004 0.02
Optimal C,/C, 39.22 39.58 38.22
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WIS, PEROEEAL L aN 2 b I & B Rk
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T, OIZ& > ORENAERFHICK D RELEh
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T HREEIN X BB TH 5. KIIRS AT %+
OZEEEN T TR SERER, E(f (&7, y)) = 30.46 B K,
o{f(&Er,y)} =253 TH -7z (Table 4 EFY). 22T, i,
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Fig. 8 Individuals generated by GA for single-objective
optimization not accounting for variability
in wind conditions. The optimal constrained
design (O) is highlighted.

Table 4 Comparison of results for traditional and
robust optimizations

Design Statistic C,/C,

" Mean 30.46
Traditional

A Max C,/C, SD 2.53

optimizations SK 045

Maximum Mean 32.68

average SD 1.64

efficiency SK -0.40

Robust Minimum Mean 15.96

optimizations combined SD 0.24

P metric SK -0.04

Minimum Mean 2.35

sensitivit SD 0.10

Y SK 0.12

SD: Standard Deviation, SK: Skewness
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Fig. 9 Efficiency-sensitivity tradeoff resulting from
robust optimization. Designs with maximum
average efficiency (O), minimum combined
metric (4) and minimum sensitivity ((J) are
highlighted.
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