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Abstract

Power production from wind energy has been increasing for the past few decades, with more areas
being used as wind farms and larger wind turbines being built. With this development, awareness of the
impact of wind energy on the environment and on human health has also increased. Much research has
been done to predict and reduce the noise generated by wind turbines. 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 based on the works of Brooks et al [2] and Amiet [1], and
using the XFOIL [6] panel code for the boundary layer computations. The aeroacoustic prediction code
developed was validated against measurement data of the NREL Phase II and AOC 15/50 wind turbines
and used in the optimization framework pyOpt, using the genetic algorithm NSGA-II [5]. The geometry
of the blade was parameterized using NURBS curves for the cross sectional airfoil shapes and Bezier
curves for the twist and chord distributions. Various optimizations were performed in blades of the two
previous turbines, both single- and multi-objective, totaling up to 62 design variables. The optimal
solutions are indicated in the obtained Pareto fronts and their geometries are discussed in detail. These
solutions ranged from an increase in annual energy production of 139.9% to a reduction in noise levels of
10.7%. It was demonstrated that significant 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 development, with larger wind turbines (WT)
being used and more wind farms being constructed.
This increase led to an increase in awareness of the
impacts of wind energy in the environment and hu-
man health, with many studies being performed on
this subject [3]. 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 generated noise make it
necessary to address the issue in the design phase of
wind turbines. The main objective of this work was
to develop a framework to perform multi-disciplinary
optimization of wind turbine blades, with respect
to their aerodynamic and aeroacoustic performance.
In order to do so, a bibliographic research on the
subjects required for a complete understanding of
the problem was performed. A wind turbine aerody-
namic prediction model was implemented and later
coupled to an aeroacoustic prediction model. A pa-
rameterization model of the geometry of a wind tur-
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bine blade was also developed. The final prediction
code was integrated in an optimization framework,
also developed in this work.

2. Theoretical Models

In this section, a theoretical background of the aero-
dynamic, aeroacoustic and parameterization models
is presented and briefly discussed.

2.1. Aerodynamic Model

The aerodynamic model, besides predicting the aero-
dynamic performance of the wind turbine, provides
the detailed results necessary for the aeroacoustic
model, such as radial distribution of relative wind
speed, Reynolds number and effective angle of at-
tack. A Blade Element Momentum (BEM) theory
model was implemented [9], with corrections for the
hub- and tip-losses and turbulent wake state.

The airfoil data used in the BEM iterations can be
corrected for 3D effects using the stall delay model
from Du and Selig [7], with the drag adjustments
from Eggers et al [8]. The data is extrapolated using
a method developed by Viterna and Janetzke [16].

The Annual Energy Production (AEP) of the
wind turbine is computed by assuming the proba-



bility density function of the wind to be a Weibull
distribution, modeled through of a scaling factor A
and a form factor k. The total annual energy pro-
duction (AEP) can then be estimated as the product
of the probability function and the power curve [9]

AEP = Nf 3 (P (Vi1) + P (Vi)
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where P (V;) is the power produced by the wind
turbine in a wind speed V;, f (Vi < Vo < Vi41) is
the probability of the wind speed lying between V;
and V;41 and the constant term refers to the number
of hours existent in a year.

2.2. Aeroacoustic Model

The aeroacoustic prediction model developed in this
work predicts both the turbulent inflow noise and
the five mechanisms of the airfoil-self noise. [I7]

Turbulent Inflow Noise The turbulent inflow
noise is predicted using the model developed by
Amiet [I] and modified by Lowson [12]. For the high
frequencies, it yields
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where p is the density of air, ¢y is the speed of
sound, d is the airfoil section span, L is the turbu-
lence length scale, I is the intensity of turbulence,
M is the Mach number, D denotes the effect from
sound directivity, r. is the distance from the ob-
server and k = k/k. is the wave number k = 27 f /U
normalized by the wave number range of energy-
containing eddies k. = 3/4L. U is the local inflow
velocity. For the low frequencies, a correction factor
is applied to the previous equation,

K.
= L[ + 10log g ———— (3)
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where K, is a low frequency correction factor. This
model, being based on experiments performed on a
flat plate by Amiet, does not account for the geome-
try of the airfoil, thus a correction factor developed
by Moriarty et al [13 [14] is applied to The
total turbulent inflow noise is then obtained with

(4)

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

Lp,airfoil = ALp + Lp,ﬂat plate + 107

The turbulence parameters I is computed as func-
tion of the surface roughness zy and height z,

;_ . In(30/z)
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where

v = 0.24 + 0.096log 20 + 0.016(log;020)°>.  (6)
Airfoil Self-Noise 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, Pope and Marcolini (BP&M)

2l:

1. Turbulent boundary layer trailing edge noise,

[\

. 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 given by BP&M, in the form

§;MIDLD
Lyp,; = 10log, (73)

e

+F; (St) + G; (Re) ,

(7)

where §; can be either the boundary layer thickness
or displacement thickness, and f(i) a value which
depends on the noise mechanism. The terms Fj (St)
and G; (Re) are spectral shape functions based on
the Strouhal number St and Reynolds number Re,
respectively, which are different for each mechanism.
Trailing edge bluntness vortex shedding and Tip
vortex formation noises are also predicted in a similar
way, with the first using spectral shape functions
based on the trailing edge solid angle Wrp and
trailing edge thickness h.

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

N, Ivi
Lp,total = 1010g10 (_]\]’BZ 10 10 ) , (8)

where N, is the number of azimuthal positions at
which the blade is computed and Np is the num-
ber of blades. The Overall Sound Pressure Level



(OASPL) can be obtained by summing the noise
levels at every frequency,

Lp,j
OASPL = 10log,, | Y 10770 (9)

J

where L, ; is the total noise level at frequency j.

Boundary Layer Parameters The boundary
layer parameters used in the noise prediction are
computed at each element using the XFOIL [0]
viscous-inviscid interactive code.

2.3. Geometry Parameterization Model

The geometry of the blade was parameterized by a
set of control points defining the twist and chord
distributions, which were either linearly interpolated
or used to construct Bézier curves, and a set of con-
trol airfoil sections. After a survey on the most
commonly used methods in airfoil shape parameter-
ization, an approach using two NURBS curves, for
the upper and lower sides of the airfoil, was cho-
sen. The main advantages of this parameterization
include the direct connection between the parame-
ters and geometry, easy controllability of inflection
points and local approximation.

Each of the two curves is defined by seven control
points and a knot vector
U=1{0,0,0,0,%,%,2,1,1,1,1}.  (10)

The total number of available degrees of freedom of
the control points is 20, as schematically represented

in [Fig. 1
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Figure 1: NURBS airfoil parameterization control
points and respective degrees of freedom.

3. Implementation

In this section, a description of the developed pre-
diction tool is presented, followed by a description
of its implementation in a Multi-disciplinary Design
Optimization (MDO) framework.

3.1. WT Aeroacoustic Prediction Tool

The aerodynamic, aeroacoustic and parameteriza-
tion models described in the previous section were
implemented in an prediction tool, using C++ and
Python programming languages. The prediction tool

is robust and flexible, allowing the configuration of
the simulations in detail.

3.2. Optimization Framework

An MDO framework was implemented using the
Python module pyOpt [I5]. The chosen optimization
algorithm was the genetic algorithm NSGA-IT [5].

A convergence study was performed, in order to
gain insight of the minimum population size and
number or generations required to obtained a con-
verged solution. The evolution of the fitness of the
population of an optimization case with 8 design
variables is presented in where it can be seen
that, with a population size of 8 individuals, the
solution converges with much less function calls and
the optimal solution produces an AEP value with
a difference of about 1 % of the solution obtained
with a population size of 64 individuals.

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.
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Figure 2: Evolution of the fitness of the population
of an optimization case with 8 design variables (twist
+ chord).

3.3. Validation of the aeroacoustic prediction
code

The AOC 15/50 wind turbine is a downwind three
bladed wind turbine with a rated power of 50 kW. It
uses the NREL S821, S819 and S820 profiles, defined
at 40, 75 and 95 % of chord, respectively. The
measured and predicted power curves are presented
in[Fig. 3] where slight overprediction can be observed
up to a wind speed of approximately 14 ms~!. After
that it slighly underpredicts the maximum power
generated and fails to predict the loss in power due
to stall.

In the predicted noise spectrum of the
wind turbine is presented, along with measured data,
in a wind speed of 8 ms~!. The simulation was
performed assuming a trailing edge (TE) bluntness
of 1 % of the chord and a TE angle of 6 °. All
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Figure 3: AOC 15/50 predicted and measured power
curve (Measurements from Ref. [I1]).

noise mechanisms were considered and the observer
is located at a position of 32.5 m downwind of the
turbine. Besides not being able to predict the peak
below 1 kHz and underpredicting the noise levels
avove 2 kHz, the prediction tool can be said to
provide reasonable results.
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Figure 4: AOC 15/50 overall sound pressure level
measurement and prediction data at wind speeds of
8 ms~! (Measurements from Ref. [10]).

4. Results

In this section, the results of the optimizations per-
formed on the NREL Phase IT and AOC 15/50 wind
turbines are presented and discussed.

All optimizations were performed assuming a wind
distribution represented by a Weibull curve with
the parameters A and k of 6.48 ms~! and 1.99,
respectively, corresponding to an average wind speed
of 6.11 ms~!. These parameters represent the wind
distribution in the Portuguese municipality of Vila
do Bispo, in the southwest of Portugal [4].

The performance of the turbine was predicted for
a wind speed range from 4 to 25 ms~!, in 1 ms~!
intervals. Due to this, the noise was predicted for
a wind speed of 6 ms™!, as it is the closest to the
average wind speed of the selected site. A ground
roughness value of 0.08 m was chosen. The boundary

layer parameters were computed using XFOIL.

4.1. Optimization of the NREL Phase II WT
Blade

The Phase II is a three bladed wind turbine devel-
oped in NREL for testing purposes. Each blade has
a radius of 5.03 m, a hub radius of 0.28 m, uses the
S809 airfoil with a constant chord of 0.452 m, and
has no twist.

Case 1: Chord and twist SO optimization
The first optimization case presented is the Single
Objective (SO) optimization of both the chord and
the twist of the blade. The chord was defined linearly
along the blade with two control points and the twist
with a 5" order Bézier curve, leading to a total of 8
design variables.

The AEP was used as the objective function to
be maximized and the following constraints were
applied:

Chord and Twist Both chord and twist were con-
strained so that there was a reduction of their
values towards the tip of the blade:

cp cp
T S wy

. . (11)
Y > yiﬁl

The optimization resulted in a increase of the
AEP up to 46.98 MW h, as summarized in

Case 2: Chord and twist MO optimization
This optimization case consisted in the Multiple Ob-
jective (MO) optimization of the problem described
in case 1. In order to do so, the OASPL was also
used as an objective function, where its minimization
was desired.

The initial and final populations of case 2 are
presented in where it can be seen that the
optimizer was able to obtain an optimal set of solu-
tions starting from a disperse set. The Pareto front
obtained is shown in detail in

It is visible from that figure that a reduction of
almost 2 dB(A) is possible, with no reduction in
performance. On the other hand, maintaining the
same noise level, an increase in AEP of 20 MW h
can be achieved. It is also visible from that
the reduction of noise levels can be achieved between
certain ranges of OASPL while maintaining almost
the same energy production.

Case 3: Airfoil Shape SO Optimization In
this case, the only design variables were the points
controlling the airfoil shape in two sections of the
blade, at the root hub and tip positions. The only
objective function was, like in case 1, the AEP.
The search space of the design variables was de-
fined around the initial airfoil shape variables with
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Figure 5: Initial and final populations in case 2.
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Figure 6: Pareto front in optimization case 2.

a range of £10% the initial value. The number of
design variables at each control section is 20, leading
to a total of 40 design variables.

The following constraints were used in this opti-
mization case, in order to guarantee the representa-
tion of realistic shapes by the NURBS parameteri-
zation.

Control Sections

x> %), upper curve (12)
¥ <x®,, lower curve

The optimization resulted in an AEP value of

39.22 MW h, as summarized in [Tab. 1}

Case 4: Airfoil Shape MO Optimization The
multi-objective optimization of the blade, regarding
the airfoil shape resulted in the Pareto front pre-
sented in[Fig. 7 Like in the Pareto front obtained in
case 2, this front shows a range of possible solutions
where the noise levels can be reduced with only a
small decrease in energy production.

In[Fig. 8] the three blade geometries corresponding
to the solutions highlighted in are presented
with the contour plot of the radial distribution of
generated noise levels. There is an evident reduction
in the noise levels in the outer region of the blade.
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Figure 7: Pareto front in optimization case 4.
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Figure 8: Comparison of the radial distribution of
generated noise on between various optimized blades
in case 4.

Case 5: Chord, twist and airfoil shape opti-
mization The last optimization case performed
on the NREL Phase IT wind turbine blade optimized
both chord, twist and airfoil shape distributions with
both AEP and OASPL as objective functions. The
constraints were the same as the previous optimiza-
tion cases:

Chord and Twist Both chord and twist were con-
strained so that there was a reduction of their
values towards the tip of the blade:

2P < 2P
< xl-‘rl (13)
P
Y = yi+1
Control Sections
x> x|, upper curve (14)
z? <z, lower curve

The Pareto front of this case is presented in detail
in where it can be seen that all optimized



blade geometries result in a reduction of the pre-
dicted noise level. It is also visible that a reduction
from 50 to 48 dB(A) can be achieved with almost
no variation in energy production.

©

T T T
J- Maxpower ]
a o~ _
233 ﬂrade—oﬁ
55.0

545} ’ -

540 ]
535 T
525 _
52.0 Min Noise | 1 1 1 1

53.0
46 47 48 49 50 51 52 53
OASPL (dB(A))

56.5 T T
560 | b Final

AEP (MWh)

Figure 9: Pareto front in optimization case 5.

The chord and twist distributions of the three
different optimized blades are presented in
and respectively. The three solutions (see
IFig. 9) were chosen similarly to the ones in the
previous cases (the one generating the minimum
noise, the one maximizing energy production and a
solution in between the previous two.

Regarding the chord distribution, the three so-
lutions are very similar, with a chord practically
constant and equal to the upper limit of 0.754 m
along the blade. Although the maximum power
blade presents a slightly higher reduction of chord
towards the tip, it is only of about 4 cm.

The twist distribution is similar to the ones ob-
tained in the previous cases and the three solutions
are very similar between them.
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Figure 10: Chord distributions of optimized blades
in case 5.

The initial and optimized airfoil shapes at the root
and tip positions are shown in [Fig. 12| and [Fig. 13|
respectively. Similarly to the shapes obtained in the
previous cases, there is a slightly more accentuated
s-tail in the optimized airfoils. In the root region,
the three airfoils are very similar to each other, with
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Figure 11: Twist distributions of optimized blades
in case 5.

the exception of the upper side of the minimum
noise airfoil. At the tip, the differences between the
airfoils are more visible, with the trade-off airfoil
having a lower curve similar to the maximum power
airfoil and an upper curve similar to the minimum
noise one.
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Figure 12: Initial and optimized airfoil shapes at
the root in optimization case 5.

0.15 T T T T
0.10
0.05
o 0.00
~
>
—-0.05 ) .
—— Min Noise
—-0.10 —— Trade-off
—— Max Power
—-0.15 | | | 1
0.0 0.2 0.4 0.6 0.8 1.0
x/c (-)

Figure 13: Initial and optimized airfoil shapes at
the tip, obtained in optimization case 5.

presents the noise field generated by

each of the three optimized blades, where it can
be seen that higher noise levels are generated when



the blade is descending. By comparing the three
solutions, it can be seen that the maximum power
solution presents much higher noise values than the
other two and that the reduction in noise from one
solution to another happens mostly in the outer part
of the blade.

Summary of NREL Phase IT optimization re-
sults The summary of the AEP and OASPL values
obtained in all the previous described optimization
cases are presented in where it can be seen
that with increasing number of variables used in the
problem, the optimal solutions presents lower noise
levels and higher energy production levels.

Case AEP OASPL
[MW h] [dB(A)]

Initial 23.6 52.18

1 46.98 53.28
Min. Noise 16.7 50.22

2 Trade-off 38.04 51.08
Max. Power 46.74 52.28

3 39.22 52.11
Min. Noise 28.83 47.22

4 Trade-off 35.61 47.84
Max. Power 39.01 51.38
Min. Noise 52.01 46.61

5 Trade-off 55.54 48.11
Max. Power 56.49 52.13

Table 1: Summary of the optimization cases per-
formed on the NREL Phase II wind turbine blade.

4.2. Optimization of the AOC 15/50 wind
turbine blade

Due to the simplicity of the NREL Phase II blade,
high aeroacoustic improvements were expected to be
achieved. The results showed that reduction in noise
levels is possible without much, if any, reduction
in aerodynamic performance. The previous results
also showed that if not properly constrained, the
solution might converge to geometries that might
have unwanted structural characteristics. With this
in mind, an optimization was performed on the AOC
15/50 turbine blade and is presented in this section.

Design Variables The AOC 15/50 airfoil shape
is defined at 4 stations, being the first at the hub con-
sidered to be circular. At each control section, the
coordinates of 10 control points were used as design
variables (the same as in the previous optimization
cases minus the y-coordinates of control points 0 and
12), resulting in 54 variables (18 per control section).
The twist was defined using a 5" order Bézier curve,
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Figure 14: Overall sound pressure level across the
rotor for various optimized blades from case 5.

resulting in 6 design variables. The chord defined
by linear interpolation of 3 control points, resulting
in 2 design variables. The search space of the con-



trol section variables was defined as £10% in the
x-direction and +20% in the y-direction, relative to
the initial control points. The chord variables search
space was defined as 4=20% of the initial chord values
and the twist as +30% in the x-direction and and
+10% in the y-direction. This resulted in a total of
62 design variables.

The constraints used in this optimization case
were the following:

Chord and Twist Both chord and twist were con-
strained so that there was a reduction of their
values towards the tip of the blade (not counting
with the chord at the root):

i’ <z

i+1
cp > cp (15)
Y ZYim
Control Sections
z¥ > x®,,  upper curve
z? <af¥,,  lower curve (16)
cp cp
Yo 2 Y3

cp cp
Y10 = Yo

Run Conditions The TE thickness was assumed
to be 1% of the chord, with a constant angle of 6 %.
Due to the non aerodynamic shape of the sections up
to 40 % of the blade, the noise was only computed
in the 60% outer part.

Results The resulting Pareto front is presented
in where three solutions are identified, simi-
larly the previous optimization cases. A reduction
in OASPL of more than 4 dB(A) is possible, rela-
tive to the initial blade, without any loss in energy
production. On the other hand, while maintain-
ing the noise levels, an increase of 14 MW h can
be achieved. The Pareto front ranges between an
OASPL of 56 dB(A) to about 63 dB(A) and from
about 57.5 dB(A) to 63 dB(A) the AEP varies very
little. The AEP and OASPL values of the initial
blade and the three solutions identified in
are presented in

Figures[I6] and [I7] present the chord twist distribu-
tions, respectively, of the three solutions indicated
in [Fig. 15| The chord was maximized to the upper
bounds at 0.4 and 1.0 /R in the three solutions,
with the exception of the minimum noise solution,
where the chord is slightly smaller than the other
solutions at 0.4 r/R. Regarding the twist distribu-
tions, the three solutions present higher twist angles
than the initial values allover the blade, with the
exception of the tip region, where the twist change
rate increases and the twist angles are lower than
the initial values.
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Figure 15: Pareto front in AOC 15/50 blade opti-
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Table 2: Summary of AEP and OASPL values i
AOC 15/50 optimization case.
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Figure 16: Chord distributions of optimized AOC
15/50 blades.

The airfoil shapes of the three solutions are pre-
sented in Figures [I§ to [20] The same behavior of
previous cases is observed in these results regard-
ing the differences between the airfoil shapes of the
different solutions. While at 40% and 75% of the
blade, the Trade-off airfoil shape is a mixture of the
other two, at 95% of the blade it is much closer to
the Minimum Noise airfoil shape, particularlly the
upper side. This comes as a result of the previously
mentioned fact that the noise is mainly generated
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in the outer region of the blade.
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Figure 18: Initial and optimized airfoil shapes at 40%
of the blade in the AOC 15/50 blade optimization
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Figure 19: Initial and optimized airfoil shapes at 75%
of the blade in the AOC 15/50 blade optimization

The three solutions are also compared in
where the radial distribution of generated noise in
each optimized blade is presented. It can be seen
from that figure that the reduction of noise from
the maximum power solution to the minimum noise
occurs specially in the outer part of the blade.
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Figure 20: Initial and optimized airfoil shapes at 95%
of the blade in the AOC 15/50 blade optimization
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Figure 21: Comparison of the radial distribution
of generated noise on between different optimized
AOC 15/50 blade geometries.

5. Conclusions

In the present work, a wind turbine aerodynamic
and aeroacoustic prediction model was successfully
implemented and validated against experimental
data.

A geometrical model of the wind turbine blade
was also developed and implemented, using NURBS
curves and Bezier curves, for the definition of the
cross sectional airfoil shapes and twist and chord
distributions, respectively. The NURBS parameter-
ization of the airfoil shapes proved to be able to
reproduce various different airfoil shapes commonly
used in wind turbines.

The code was successfully implemented into an op-
timization framework, being able to produce optimal
solutions in the various performed test cases. In the
optimizations performed on the NREL Phase IT wind
turbine, a maximum increase in AEP of 139.4 %
and maximum reduction of OASPL in 10.7 % was
achieved. These large relative improvements showed



that this particular blade was far from being op-
timal. In contrast, using another blade, from the
commercially available AOC 15/50 wind turbine, it
was possible to assess more realistically the potential
of the optimization framework. In this case, the op-
timization resulted in a maximum improvement in
AEP of 12.4 % and a maximum OASPL reduction of
7.6 %. However, these results were not achieved in
the same blade geometry, and the trade-off between
noise generation and energy production is visible in
the results of the optimizations.

Nowadays, tools like the framework developed are
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 tools might give the wind turbine a competitive
edge. The relative small computational requirement
of each optimization is a key factor, as it allows for
a greater diversity of geometries and configurations
to be analyzed / optimized, thus increasing the
probability of obtaining a better solution.
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