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Abstract Power production from wind energy has been
increasing over the past decades, with more areas being
used as wind farms and larger wind turbines (WTs) being
built. With this development, awareness of the impact of
wind energy on the environment and on human health has
also raised. There has been a large interest in develop-
ing fast turnaround WT blade design frameworks, capable
of predicting both aerodynamic and aeroacoustic perfor-
mance to handle ever stricter noise criteria constraints
dictated by site or local authorities. In this work, a blade
element momentum theory model is used to predict the
aerodynamic performance of a wind turbine, coupled to an
empirical aeroacoustic noise model and boundary layer cor-
rections. The aeroacoustic prediction code developed was
validated against measurement data of the AOC 15/50 WT
and included in an optimization framework using a genetic
algorithm. The blade shape was parametrized using NURBS
curves for the cross sectional airfoil shapes and Bézier
curves for the twist and chord distributions, totaling up to 62
design variables. Two multi-objective optimization cases,
both single- and multi-operating point, were performed.
Optimal solutions selected from the Pareto fronts are dis-
cussed in detail. These solutions ranged from an increase
in annual energy production of 15 % to a reduction in
noise levels of 9.8 %. It was demonstrated that substantial
noise reduction could be obtained at an expense of a minor
aerodynamic penalty.
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1 Introduction

For the past few decades, wind energy has seen a big devel-
opment, with larger wind turbines (WT) being used and
more wind farms being constructed. This led to an increase
in awareness of the impacts of wind energy in the environ-
ment and human health, with many studies being performed
on this subject (Stephens et al. 1982; Pedersen and Waye
2004; Colby et al. 2009). While there are no common inter-
national noise standards or regulations for sound pressure
levels, these are usually regulated by the legislation of each
country, which defines maximum noise levels according to
time of day and type of area. These limitations to gener-
ated noise make it necessary to address the issue early in the
design phase of wind turbines.

The main objective of the work presented in this paper
was to develop a fast turnaround WT blade design frame-
work that capable of handling noise criteria constraints dic-
tated by a specific customer or site location. That framework
should be able to predict both the aerodynamic performance
and noise emissions of a WT, with low computational cost,
and to optimize user-defined shape parameters of the WT
blade geometry to satisfy certain noise and aerodynamic
requirements. To accomplish that, a multi-disciplinary and
multi-objective optimization framework using low-fidelity
prediction codes was developed.

While published work aims at reducing WT noise either
by changing the 3D blade planform parameters such as
chord and twist distributions (Leloudas 2006) or by optimiz-
ing the 2D airfoil shapes (Schepers et al. 2007; Bizzarrini
et al. 2011; Coimbra 2012; Göçmen and Özerdem 2012),
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little literature exists on the simultaneous optimization of
both airfoil shapes and blade parameters. Petrone et al.
(2011) presents a similar approach to the one in this paper
but taking into account the uncertainty in the parameters and
therefore requiring the use of a high performance computing
environment.

This paper contains four main sections. In Section 2, a
survey of low-fidelity aerodynamic and aeroacoustic models
is presented. Section 3 includes the details of the implemen-
tation of the aeroacoustic analysis and shape parametriza-
tion tools, as well as the optimization framework. This
section ends with the validation of the aeroacoustic pre-
diction tool by comparison of numerical with experimental
data. Two optimization cases, considering single and mul-
tiple operating wind speeds, are presented and discussed in
Section 4. Finally, some conclusions and remarks about the
work presented can be found in Section 5.

2 Prediction models

In this section, the theoretical background of the aerody-
namic and aeroacoustic models is presented and briefly
discussed.

2.1 Aerodynamic model

The aerodynamic model, besides predicting the perfor-
mance of the wind turbine, provides the detailed data neces-
sary for the aeroacoustic model, such as radial distribution
of relative wind speed, local Reynolds number and effective
angle of attack.

A Blade Element Momentum (BEM) theory model was
implemented (Hansen 2008), with corrections for the hub-
and tip-losses and turbulent wake state. The airfoil data
used in the BEM iterations are corrected for 3D effects
using the stall delay model from Du and Selig (1998),
with the drag adjustments from Eggers et al. (2003). The
data is extrapolated using a method developed by Viterna
and Janetzke (1982). The boundary layer parameters used
in the noise prediction model are computed at each blade
element using XFOIL viscous-inviscid interactive code
(Drela 1989).

The Annual Energy Production (AEP) of the wind tur-
bine is computed by assuming the probability density func-
tion of the wind to be a Weibull distribution (Fig. 1),

h (x;A, k) =
{

k
A

(
x
A

)k−1
e−(x/A)k x ≥ 0,

0 x < 0,
(1)

modeled using a scaling factor A and a form factor k.

Fig. 1 Example of Weibull wind distribution curve

The AEP can then be estimated as the product of the
probability function and the power curve (Hansen 2008),

AEP =
N−1∑
i=1

1

2
(P (Vi+1)+ P (Vi))

×f (Vi < V0 < Vi+1)× 8760, (2)

where P (Vi) is the power produced by the wind turbine at
a wind speed Vi , f (Vi < V0 < Vi+1) is the probability of
the wind speed lying between Vi and Vi+1, and the constant
term refers to the number of hours in a year.

2.2 Aeroacoustic model

The aeroacoustic prediction model implemented predicts
both the turbulent inflow noise and the five mechanisms of
airfoil-self noise (Wagner et al. 1996). The Sound Pressure
Levels (Lp) are computed for 1/3 octave bands.

Turbulent inflow noise is predicted using the model devel-
oped by Amiet (1975) and modified by Lowson (1993). For
the high frequencies, it yields

LH
p,inflow = 10log10

⎛
⎜⎝ρ2c4

0d

2r2
e

LI 2 M5k̂3D̄(
1 + k̂2

)7/3

⎞
⎟⎠+78.4, (3)

where ρ is the density of air, c0 is the speed of sound, d is the
airfoil section span, L is the turbulence length scale, I is the
intensity of turbulence, M is the Mach number, D̄ denotes
the effect from sound directivity, re is the distance from the
observer and k̂ = k/ke is the wave number k = 2πf/U
normalized by the wave number range of energy-containing
eddies ke = 3/(4L). U is the local inflow velocity. To
account for the low frequencies, a correction factor is added
to (3) leading to

L
flat plate
p,inflow = LH

p,inflow + 10log10
Kc

1 +Kc

, (4)

where Kc is a low frequency correction factor. This model,
being based on experiments performed on a flat plate, does
not account for the geometry of the airfoil, thus a correction
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factor developed by Moriarty et al. (2004, 2005) is applied
to (4). The total turbulent inflow noise is then obtained as

Lp,inflow = �Lp + L
flat plate
p,inflow + 10, (5)

where �Lp is the correction for the geometry of the airfoil
and the term 10 is a correction to match with NRL data.

The turbulence intensity I in (3) is computed as a function
of the surface roughness z0 and height z as

I = γ
ln(30/z0)

ln(z/z0)
, (6)

where

γ = 0.24 + 0.096log10z0 + 0.016
(
log10z0

)2
. (7)

Airfoil self-noise is produced when an airfoil encounters
a steady non-turbulent flow field. It can be split into five
mechanisms, as described by Brooks et al. (1989):

1. Turbulent boundary layer trailing edge noise,
2. Separation-stall noise,
3. Laminar boundary layer vortex shedding noise,
4. Trailing edge bluntness vortex shedding noise,
5. Tip vortex formation noise.

The 1/3 octave noise spectrum produced by the first three
mechanisms can be predicted by semi-empirical scaling
laws in the form

Lp,i = 10log10

(
δiM

f (i)LD̄

r2
e

)
+ Fi (St)+Gi (Re) , (8)

where δi can be either the boundary layer or displacement
thickness, and f (i) is a value that depends on the noise
mechanism. The terms Fi (St) and Gi (Re) are spectral
shape functions based on the Strouhal number and Reynolds
number, respectively, which are different for each mecha-
nism. Trailing edge bluntness vortex shedding and tip vortex
formation noises are also predicted similarly, with the first
using spectral shape functions based on the trailing edge
solid angle �TE and thickness h, and the second also using
a spectral shape function based on the Strouhal number.

WT rotor noise prediction The total noise produced by the
WT rotor is computed by dividing the blade in n elements.
The two-dimensional noise prediction is performed for each
element i, resulting in

Lp,i = Lp,inflow +
5∑

k=1

Lk
p,self noise , (9)

and the total sound pressure level generated by the rotor
is the result of a summation of the noise from each blade
element,

Lp,total = 10log10

(
NB

Naz

∑
i

10
Lp,i

10

)
, (10)

where Naz is the number of azimuthal positions considered
for noise prediction and NB is the number of blades. The
Overall Sound Pressure Level (OASPL) can be obtained by
summing the noise levels at every frequency,

OASPL = 10log10

⎛
⎝∑

j

10
Lp,j

10

⎞
⎠ , (11)

where Lp,j is the total noise level at frequency j.

3 Implementation

In this section, the developed aeroacoustic prediction tool
is presented, followed by the description of its implemen-
tation in a Multidisciplinary Design Optimization (MDO)
framework.

3.1 WT aeroacoustic prediction tool

The aerodynamic and aeroacoustic models described in
the previous section were implemented using C++ and
Python programming languages. The tool is robust and
flexible, allowing the configuration of the simulations in
detail. A representation of the tool structure is presented in
Fig. 2. The following classes were implemented in Python:
Blade, Rotor, Analysis, Polars and BLayer. The
first deals with the definition of the geometry of the blade
and the second, besides including an instance of a Blade
class, also contains information about the rotor, e.g. hub
height. The Analysis class performs the aerodynamic
and aeroacoustic analyses of a given rotor. It uses the
Polars and BLayer classes to obtain aerodynamic data
to be used in the BEM and aeroacoustic models, which is
computed by XFOIL or RFOIL (Montgomerie et al. 1997)
codes. The BEM and acoustic (NOISE) models are imple-
mented in C++ and the Analysis class calls them through
the use of SWIG (Beazley et al. 1996), an interface compiler
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Fig. 2 Structure of the WT aeroacoustic prediction tool
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Fig. 3 NURBS airfoil parametrization control points and respective
degrees of freedom

that connects programs written in C and C++ with scripting
languages such as Python.

3.2 Shape parameterization

The shape of the blade was parametrized by a set of con-
trol points defining the twist and chord distributions, which
were either linearly interpolated or used to construct Bézier
curves, and a set of control airfoil sections.

After a survey on the most commonly used methods in
airfoil shape parametrization (e.g. Hicks-Henne/Legendre
Function, Spline/Bézier curves), an approach using two
Non-Uniform Rational B-Splines (NURBS) curves, for
the upper and lower sides of the airfoil, was chosen.
NURBS curves have been used in airfoil and blade shape
parametrization by Bentamy et al. (2002), Ivanović et al.
(2009) and Bazilevs et al. (2011). The main advantages of
this parametrization include the direct connection between
the parameters and geometry, easy controllability of inflec-
tion points and local approximation (Piegl and Tiller 1997).
Each of the two curves is defined by seven control points
and a knot vector. The total number of degrees of freedom
of the control points is 20, as schematically represented in
Fig. 3. Points 0 and 12 are only allowed to move in the
y-direction to ensure that the airfoil has unitary chord. In

Fig. 4 Approximation of the DU 91-W2-250 airfoil shape using the
NURBS curves parametrization

the optimization problems described in this paper, the y-
coordinates of these two points are set to zero, and the
Trailing Edge (TE) thickness of the airfoil, only considered
in the noise prediction is assumed to be 1 % of the local
chord.

This parametrization was found adequate as it was capa-
ble of accurately representing WT airfoil geometries, such
as the DU 91-W2-250 airfoil (Timmer and Van Rooij 2003),
as demonstrated in Fig. 4.

3.3 Optimization framework

A multi-objective optimization problem, where the values
of certain objective functions fi are to be minimized, can be
stated as

minimize fi(x) i = 1, . . . , I, (12)

subject to gm(x) ≤ 0, m = 1, . . . ,M,

hn(x) = 0, n = 1, . . . , N,

xLk < xk < xUk , k = 1, . . . , K, (13)

where x is the vector of design variables, and gm and hn
are the inequality and equality constraints, respectively. Pos-
sible objective functions would be the AEP and OASPL
values of a wind turbine.

A MDO framework was developed using the Python
module pyOpt (Perez et al. 2012) as the optimizer and the
previously described WT aeroacoustic prediction tool and
geometry parametrization modules. Their connectivity is
illustrated in Fig. 5.

The Non-dominated Sorting Genetic Algorithm NSGA-
II (Deb et al. 2002) was chosen as the optimization algo-
rithm, since it solves non-convex, non-smooth single and
multi-objective problems. NSGA-II has been used in the
optimization of wind turbine blades by Petrone et al. (2011)
and Wang et al. (2011). The GA parameters used in the opti-
mization are presented in Table 1. They are the probability

Fig. 5 Flowchart of the optimization framework
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Table 1 GA parameters used in the optimization

Parameter Value

P(Crossover) 0.6

P(Mutation) 0.2

ηc 10.0

ηm 20.0

Seed 0.0

of occurrence of crossover and mutation and distribution
indexes for the same two operations.

A convergence study was performed to gain insight of
the minimum population size and number of generations
required to obtain a converged solution. The optimization
problem consisted in maximizing the AEP produced by the
blade of the NREL Phase II (a rectangular and untwisted
bladed wind turbine) (Simms et al. 1999) by varying its
twist and chord. The twist was defined by a Bézier curve
with four control points, similarly to what is schematically
represented in Fig. 10, which resulted in six design vari-
ables. The chord was varied linearly along the blade with
two control points, defined at the hub and tip of the blade.
As such, a total of eight design variables were considered.
The evolution of the fitness (best AEP of the population)
throughout the optimization is presented in Fig. 6. It can be
seen that with a population size of 64 individuals, the opti-
mization converges in about 50 fewer generations than with
a population of 8 individuals, with the difference between
the two optimal solutions being less than 1 %. However,
this lower number of generations required to achieve con-
vergence does not mean a faster optimization, as the number
of function calls per generation is equal to the popula-
tion size. Based on this and other results, it was concluded
that a population size between n and 2n, with n being the
number of design variables, is able to provide an accurate
solution while maintaining the computational costs of the
optimization low.

Fig. 6 Evolution of the fitness of the population of an optimization
case with 8 design variables (twist + chord)

Fig. 7 AOC 15/50 predicted and measured power curve (Measure-
ments from Jacobson et al. 2003)

3.4 Validation of the aeroacoustic prediction code

The AOC 15/50 is a downwind, three bladed turbine with a
rated power of 50 kW and a blade length of 7.5 m (Seaforth
Energy 2010). It uses the NREL S821, S819 and S820
profiles, defined at 40, 75 and 95 % of the blade span,
respectively. The measured and predicted power curves are
presented in Fig. 7, where slight over-prediction can be
observed up to a wind speed of approximately 14 m s−1.
After that, the numerical model slightly under-predicts the
maximum power generated and fails to predict the loss
in power due to stall. This is a known limitation of the
BEM model and its implications are minimized by choosing
operation conditions where stall does not occur.

In Fig. 8, the predicted noise spectrum of the wind turbine
is presented, along with measured data, at a wind speed of
8 m s−1, and the difference between the predicted and mea-
sured data. The simulation was performed assuming a TE
bluntness of 1 % of the chord and a TE angle of 6◦. All noise
mechanisms described in Section 2.2 were considered and
the observer is located at ground level, 32.5 m downwind of
the turbine (in the direction aligned with the turbine rotation
axis). Although it is not able to predict the peak below 1 kHz
(with an absolute error of about −12 dB(A)) and underpre-
dicting the noise levels above 2 kHz (frequency at which
the absolute error is about 6 dB(A)), the prediction tool can

Fig. 8 AOC 15/50 overall sound pressure level measurement and
prediction data at wind speeds of 8 m s−1 (Measurements from Ref.
Huskey et al. 1999)
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be said to provide good qualitative results, sufficient for the
conceptual design framework that it is intended for.

4 Results

In this section, the results of two optimization cases per-
formed on the AOC 15/50 blade are presented. The multi-
objective optimization problems aimed the simultaneous
maximization of the annual energy production and the
minimization of the overall noise produced by the wind
turbine.

The simulations were performed assuming a wind dis-
tribution represented by a Weibull curve with parameters
A = 6.48 m s−1 and k = 1.99, presented in Fig. 9. These
parameters represent the wind distribution in the Portuguese
municipality of Vila do Bispo, in the southwest of Portugal
(Costa 2004).

The performance of the turbine was predicted for wind
speeds ranging from 4 m s−1 to 25 m s−1, in 1 m s−1 inter-
vals and the noise was computed assuming the observer at
ground level, 96 m (three times the height of the tip of the
blade at its higher position) downwind of the turbine, in
the direction of its rotation axis. The ground roughness was
taken as 0.5 m, corresponding to a type of terrain with many
bushes and obstacles. Both boundary layer parameters and
airfoil polar data were computed using XFOIL. The TE was
assumed to have a thickness of 1 % of the chord and a con-
stant angle of 6◦. Due to the non-aerodynamic shape of the
sections up to 40 % of the blade span, the noise was only
computed in the 60 % outer part.

The shape of the blade was defined by four control sec-
tions (see Fig. 10), being the first at the hub considered
frozen as a circle. At each of the other three sections, the
coordinates of 10 control points were used as design vari-
ables (the y-coordinates of control points 0 and 12 were kept
constant see Fig. 3), resulting in a total of 54 variables (18
per control section).

The twist was defined using a 5th-order Bézier curve,
resulting in 6 design variables. The chord was defined by

Fig. 9 Weibull wind distribution used in the optimization

Control Sections

Chord Control Points

Twist Control Points

Blade Top View

Fig. 10 Blade control sections and design variables used in the
optimization

linear interpolation of 3 control points being the first fixed
at the hub, resulting in 2 design variables. This resulted in
a total of 62 design variables. The initial variable values are
presented in Fig. 11.

The search space of the control section variables was
defined as ±10 % in the x-direction and ±30 % in the y-
direction, relative to the initial control points. The search
space of the chord variables was defined as the initial chord
values minus 0.3 m and plus 0.6 m. The twist values were
allowed to vary from −15 to 15◦. This defined the lower
and upper bounds of te vector of design variables xL and xU

respectively.
The optimization was subject to a set of constraints to

impose feasible geometries. The first set regards the chord
and twist distributions and imposes a reduction of their val-
ues towards the tip of the blade (excluding the root chord).
This can be expressed as

ztwist or chord
i ≤ ztwist or chord

i+1 (14)

and

y twist or chord
i ≥ y twist or chord

i+1 . (15)

The control points of each control section j were also subject
to a set of constraints to ensure that they would not cross
each other,

x
cp,j

i ≥ x
cp,j

i+1 , on the upper curve

x
cp,j

i ≤ x
cp,j

i+1 , on the lower curve (16)

Fig. 11 Initial twist and chord control points and resulting
distributions
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and to avoid unwanted inflections on the upper and lower
curves:

y
cp,j

3 ≥ y
cp,j

4 +
(
y
cp,j

2 − y
cp,j

4

) x
cp,j

3 − x
cp

4

x
cp,j

2 − x
cp,j

4

, (17)

y
cp,j

9 ≤ y
cp,j

8 +
(
y
cp,j

10 − y
cp,j

8

) x
cp,j

9 − x
cp,j

8

x
cp,j

10 − x
cp,j

8

. (18)

The two optimization cases differ from each other in
the computation of the noise generated by the turbine. In
the first one, the noise was predicted for a wind speed of
6 m s−1, which is the closest to the average wind speed
of the selected site. In the second case, the noise was pre-
dicted for wind speeds of 6 and 8 m s−1, by averaging the
OASPL for each wind speed. These two optimization cases
correspond to single-operating and multi-operating point
conditions, respectively, and can be posed in standard form
as

minimize f1(x) = −AEP

and f2(x) = OASPL, (19)

subject to g(x) ≤ 0,

xL < x < xU , (20)

where g is a set of 56 constraints, given by (14), (15), (16),
(17) and (18).

From the results of the optimization described in
Section 3.3, the population used in the two optimization
cases contained 68 individuals. The first optimization case
was allowed to run for 140 generations and the second, due
to the increased computational cost and time constraints,
was only allowed to run for 70 generations.

4.1 Single Operating Point Optimization

The Single Operating Point (SOP) optimization resulted in
the Pareto front presented in Fig. 12, where the evolution of
the population of solutions throughout the GA generations
run can also be visualized.

Three solutions selected from the final population are
presented in Fig. 13. They represent the ones that produces

Generations

Fig. 12 Evolution of the population during the SOP optimization

Fig. 13 Pareto front for the SOP optimization

the lowest noise levels (Min. Noise), the higher value of
AEP (Max. AEP) and a trade-off between the previous two.

The geometry of each of the three selected solutions is
presented in Fig. 14, along with a contour of the noise
generated in the blade.

The chord and twist distributions of these selected solu-
tions are presented in Figs. 15 and 16, respectively.

The differences between the three solutions are visible, as
are the differences in the shape of the blade. The maximum
AEP geometry shows a much higher tapper towards the tip
of the blade than the other two solutions. This contradicts
the expectations, as the noise is produced mainly near the
tip and is proportional to the chord of the blade. A possible
explanation is the reduced loading of the blade due to the
cross-sectional shape of the airfoils near the tip.

The profiles of the three active control sections for the
three selected solutions are presented in Fig. 17. The ini-
tial airfoil shape is shown in dashed lines. At 40 % of the
blade, there is a slight increase in camber, specially in the
trade-off and maximum AEP geometries and in the front
part of the airfoil. This increase in camber is also visible
at 75 % of the blade, again for the trade-off and maximum
AEP geometries, while the minimum noise airfoil presents
a slight decrease in camber. At this station, a decrease in
airfoil thickness is also visible for all the three geometries.

Minim
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ade-o

ff

Maxim
um A

EP

OASPL 
(dB(A))

50
45
40
35
30
25
20
15
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5
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Fig. 14 Comparison of the three selected optimal blade geometries of
the SOP optimization
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Fig. 15 Chord distribution of optimized AOC 15/50 blades for the
SOP optimization

The optimal airfoil shapes of the section located at 95 % of
the blade are very similar to each other and both present an
increase in camber.

Figure 18 presents the difference of noise generated by
the blades in the rotor plane between the baseline and the
three selected Pareto solutions. The non-symmetric behav-
ior is visible as the noise levels are higher in between 90◦
and 180◦, corresponding to the blade downward movement.
This is due to the observer not being located in the axial
axis of the turbine. The minimum noise and trade-off solu-
tions present lower noise levels in the majority of the rotor
plane, and the maximum AEP solution, although presenting
some regions with a higher generation of noise, also pro-
duces lower noise levels in the outer region of the blade
when compared to the baseline blade.

In Fig. 19, the distribution of the power produced by the
initial and the three optimized blades is presented for the
turbine operating at a wind speed of 6 m s−1. There is an
overall decrease in the loading of the blade, which can also
be seen in Fig. 20, where the aerodynamic power generated
by the turbine as a function of wind speed is presented. At
6 m s−1, the power production of the optimized blades is
lower than the initial – a result of the reduction of the noise
emission levels. However, the AEP values are kept higher
than the initial ones due to the higher power production for
wind speeds of 10 m s−1 and above (as seen in the Weibull

Fig. 16 Twist distribution of optimized AOC 15/50 blades for the SOP
optimization

Control section at 40% of blade span

Control section at 75% of blade span

Control section at 95% of blade span

a

b

c

Fig. 17 Initial and optimized airfoil shapes for the SOP optimization

curve of Fig. 9, the main contribution to the AEP is between
0 and 15 m s−1).

4.2 Sensitivity analysis of the SOP case

The sensitivity of the functions of interest to the design vari-
ables was investigated for the trade-off solution of the SOP
optimization case. The derivatives are presented in graphi-
cal form in Figs. 21 and 22, where the vectors represent the
direction where the control points of each section should
move to either increase the AEP or decrease the OASPL,
respectively. It is visible from the figures that the func-
tions of interest are much more sensitive to the shape of
the control sections closer to the tip of the blade (note the
different scales of the plots). This is an expected result, as
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Fig. 18 Differences in overall sound pressure level across the rotor for the three selected optimal blade geometries of the SOP optimization case,
using the baseline blade as reference

the outer part of the blade is where the majority of the torque
and noise is produced. The compromise between noise
and energy production is also visible on the sensitivity of

Fig. 19 Local power distribution on initial and optimized blades for
the SOP optimization

control points 4 and 8 (among others), whose derivatives
differ in sign of their x-component (between the AEP and
OASPL sensitivities). At the inner section, an increase in

Fig. 20 Initial and optimized power curves for the SOP optimization
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20

Control section at 40% of blade span

20

Control section at 75% of blade span

20

Control section at 90% of blade span

a
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c

Fig. 21 Sensitivity of AEP with respect to the cross-section shape
control points of the SOP optimization

aft loading (point 11 going up and right and point 1 going
left and down) would both increase the AEP and reduce the
OASPL, which is in conformance with the results presented
in Fig. 17. At the other two sections, both the AEP and
OASPL present a large sensitivity to the position of these
two points, indicating that the aft part of the blade is very
important to the aeroacoustic performance of the turbine.

1

Control section at 40% of blade span

1

Control section at 75% of blade span

1

Control section at 90% of blade span

a

b

c

Fig. 22 Sensitivity of OASPL with respect to the cross-section shape
control points of the SOP optimization

4.3 Multi operating point optimization

The previous optimization case only considered the noise
generated at a particular wind speed. With the aim of obtain-
ing a blade geometry better fitted for a wider operating
range, representing a multi-operating point (MOP) case,
many more wind speeds need to be considered in the com-
putation of the OASPL. As this would result in much higher
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Fig. 23 Pareto front for the MOP optimization

computational cost, only one more wind speed was consid-
ered and the noise was computed for wind speeds of 6 and
8 m s−1. The objective function relative to the noise is a
weighted average of the OASPL at different speeds, defined
as

f2 =
10 log10

n∑
i=1

hi10OASPLi/10

n∑
i=1

hi

, (21)

where hi are weight factors based on the Weibull distri-
bution of the wind speed (see Fig. 9). All other operating
conditions of the turbine were the same as the previous
optimization case.

The Pareto front obtained in this case is presented in
Fig. 23, where, similarly to the SOP case, three optimal
solutions are highlighted.

The chord and twist distributions of the three highlighted
solutions are presented in Figs. 24 and 25, respectively.
It can be seen that, similarly to the previous case, the
maximum AEP blade has a much greater tapper than the
other two blades. This is probably due to the fact that the
optimizer uses the control section profiles, which have a
stronger input on power and noise, to meed the goals.

The profiles of the three active control sections at 40, 75
and 95 % of the blade span, for the three selected solutions,
are presented in Fig. 26. As reference, the initial shapes are

Fig. 24 Chord distribution of optimized AOC 15/50 blades for the
MOP optimization

Fig. 25 Twist distribution of optimized AOC 15/50 blades for the
MOP optimization

shown in dashed lines. Starting with the section at 40 %
span, it is visible that the trade-off geometry is much more
similar to the maximum AEP than to the minimum noise.

Control section at 40% of blade span

Control section at 75% of blade span

Control section at 95% of blade span

a

b

c

Fig. 26 Initial and optimized airfoil shapes for the MOP optimization
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Table 2 Optimized AEP and OASPL values obtained in the SOP and
MOP optimization cases

AEP [MWh] OASPL [dB(A)]

SOP Baseline 116.74 55.33

Min Noise 115.45 −1 % 50.38 −9.8 %

Max AEP 134.76 15 % 53.19 −4 %

MOP Baseline 116.74 55.39

Min Noise 119.58 2 % 50.97 −8 %

Max AEP 133.36 14 % 55.02 −1 %

The first two present a reduced thickness, compared to the
original shape, while the minimum noise airfoil presents
a higher maximum thickness. At 75 % span, the same as
described previously is also observed, with the exception

that the minimum noise airfoil does not exhibit a maxi-
mum thickness to chord ratio (t/c) higher than the initial
airfoil. In the last section, at 95 % span, the trade-off solu-
tion is more similar to the minimum noise, particularly for
x/c > 0.6, where, in these two solutions, the upper surface
is much higher than the original. This fact probably occurs
due to the noise being mainly generated in the outer part
of the blade. For x/c < 0.6 the shape of the three solu-
tions is very similar, with a t/c higher than the initial airfoil
shape.

4.4 Comparison between optimal SOP and MOP blades

Table 2 presents the AEP and OASPL values of the opti-
mal blades selected in the previous sections, as well as the
baseline configuration.
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Fig. 27 Differences in overall sound pressure level across the rotor for selected optimal blade geometries of the SOP and MOP optimization
cases, using the baseline blade as reference
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The SOP case presents better results (lower OASPL and
higher AEP values), specially for the maximum AEP blades,
when compared to the MOP case. This is due to the MOP
case taking into account higher operating wind speeds when
computing the OASPL (21).

In the minimum noise solution, in the SOP case, a maxi-
mum reduction of 9.8 % of noise levels was achieved, along
with a 1 % reduction of the AEP, whereas, the MOP case
was able to reduce the OASPL in 8 % and still increase the
AEP by 2 %.

Comparing the two maximum AEP solutions, the SOP
optimization resulted in an increase of AEP by 15 % and
a reduction of OASPL by 4 %. The MOP optimization
achieved similar results regarding the AEP value, with an
increase of 14 %, while still achieving a marginal noise
reduction of 1 %.

These results can also be observed in Fig. 27, where the
differences in OASPL across the rotor between the baselines
and the optimal solutions are presented.

The chord and twist distributions of the minimum noise
and maximum AEP blades of both the SOP and MOP cases
are presented in Fig. 28. The minimum noise geometry of
the two optimization cases differ from each other quite sig-
nificantly. At r/R = 0.4, while the MOP blade presents the
higher chord value of the solutions presented, the SOP has
the lowest. At the tip of the blade, the situation is different,

Chord distribution

Twist distribution

a

b

Fig. 28 Optimized AOC 15/50 blades for SOP and MOP optimization
cases

and the SOP case blade presents a higher chord value than
the MOP. Comparing the maximum AEP geometries of both
cases, the differences are not as evident as for the minimum
noise blades. Although the inversion previously described
also exists (with the MOP case having a higher chord value
at r/R = 0.4 than the SOP, and lower at the tip), the chord
distributions are very similar. Regarding the twist distribu-
tion, the inverse occurs between the SOP and MOP cases.
In the minimum noise blades, the twist angle varies almost
linearly along the blade for the two optimization cases, with
the MOP blade twist angle being always slightly larger. In
the maximum AEP blade, the twist distributions are not as
similar and, with the exception at r/R ≈ 0.7 where the two
blades have the same twist angle, the MOP blade presents
slightly lower twist angles.

The airfoil shapes at 75 % and 95 % span of the blades
presented in Fig. 28 can be seen in Fig. 29. At r/R = 0.75,
it is noticeable that the maximum AEP airfoils have a lower
t/c ratio when compared to the minimum noise airfoils. It
can also be seen that the minimum noise airfoil obtained
from the SOP case has a lower t/c than the one obtained
from the MOP case, specially at x/c ≈ 0.4. The airfoil
shapes at r/R = 0.95 are all very similar to each other,
except for the maximum AEP (MOP) one, that does not
have the increased camber in its aft part as all the others
have. In general, at this outer station, the optimized airfoils
present an increase in t/c and camber.

Control section at 75% of blade span

Control section at 95% of blade span

a

b

Fig. 29 Initial and optimized airfoil shapes for the SOP and MOP
optimization cases
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Fig. 30 Comparison of the computational time between SOP and
MOP optimization cases

The comparison of computational time required between
the SOP and MOP cases is presented in Fig. 30, along with
an extrapolation for the case of MOP with four operating
points. The MOP case requires about 1.8 times the com-
putational time of the SOP case. A value below but close
to 2 was expected, as the only extra computations executed
in the MOP case, compared to the SOP one, are the ones
related to the aeroacoustic analysis (the aerodynamic analy-
sis remains as it already takes into account a set of operating
conditions). Even so, the aeroacoustic analysis are the most
computational demanding, thus, increasing the operating
points would greatly increase the computational time. For
a given number of operating points, n, the time required
would be k times larger than for the SOP case. From a linear
fit of the data presented in Fig. 30, k can be approximated
as k ≈ 0.8n+ 0.2.

5 Conclusions

The preliminary aeroacoustic design of WT blades to
address maximum noise emission regulations was success-
fully achieved. By altering an initial blade geometry, the
developed WT optimization framework was able to find
a set of optimal blade shapes that minimized noise emis-
sion while maintaining, to some extent, their aerodynamic
performance.

Low-fidelity WT aerodynamic and aeroacoustic predic-
tion models were successfully implemented and validated
against experimental data. A geometrical model of the wind
turbine blade was also developed, that used NURBS and
Bézier curves for the definition of the cross sectional air-
foil shapes and twist and chord distributions, respectively.
The NURBS parametrization proved to be able to reproduce
various different airfoil shapes commonly used in wind tur-
bines. These modules were successfully implemented into
an optimization framework, that demonstrated being able
to produce optimal solutions in the various performed test
cases.

Nowadays, tools like the developed framework should be
used in the design phase of any wind turbine to increase
its performance to the maximum possible extent. As the
geometries of the blades are already highly manually tuned
by the designers, the use of such automatic tools might give
the wind turbine manufacturers a competitive edge. The rel-
ative small computational requirement of each optimization
is a key factor, as it allows for a greater diversity of geome-
tries and configurations to be analyzed, thus increasing the
probability of obtaining an overall better solution.

The design of after market blades to conform to site
specific noise regulations is also a possibility, where the
installed blades already have a specific geometry and the
only option is to add material, to change the its shape. This
is envisioned through the use of skins made of composite
materials that can be glued to the outer surface using struc-
tural adhesives. The developed design framework can be
easily adapted to address this specific problem.
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