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Abstract

The subject of airfoil design, in the context of wind turbines, is approached with the objective of
optimizing the geometry for the best aerodynamic and aero-acoustic trade-off. The work developed is
made up of four stages: the aerodynamic analysis module, which consists of two parts, one respon-
sible for airfoil design and parameterization and another dedicated to flow analysis; an aero-acoustic
module, based in the semi-empirical model from Brooks, Pope and Marcolini and the turbulent inflow
prediction scheme from Moriarty, Guidati and Migliore. The integration of both modules in one sin-
gle computational tool; and the development of a multi-objective optimization framework. The airfoil
geometry build tool is based on the mathematical description of Bezier curves and, the wind turbine
dedicated computational tool Rfoil has been used for boundary-layer modeling and inclusion of rota-
tional effects. The code developed integrated both developed modules in a single interactive shell in
Python. The Python module pyOpt was selected as the interactive development environment in which
the optimization took place. A genetic algorithm was selected to handle multiple local minima and
multi-objective problems. Several airfoil families, commonly used in the wind turbine technology, were
analyzed from the aerodynamic and aero-acoustic perspectives with the developed tools, and used as
reference for general comparison. Optimized airfoil geometries, that either minimize noise emission or
favour aerodynamic performance were obtained and classes of aero-acoustically optimized airfoils were
identified in the resulting Pareto fronts. Results show that very good aerodynamic performance can be

achieved with negligible increase in noise levels.
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1. Introduction

Wind turbine (WT) technology has been a subject
of increasing research and development in the last
30 years, for which rising environmental concerns
have contributed. Presenting major technical and
economical advantages, WTs have been the main
selected option of several countries and entities [19]
to answer to their energetic shortages or diminish
fossil fuel dependency. Such is the Portuguese case,
that has seen one of the biggest growths in avail-
able electrical power from wind farms in the world.
That general increase is responsible for the growing
exposure of people to WT noise, specifically habi-
tants of rural or less densely populated areas where
wind availability is bigger, with effects ranging from
simple inconvenience to severe health problems [4].
Noise presents itself as one of the main disadvan-
tage of WTs and should be subject to evaluation
from the engineering point of view.

The main objective to be achieved here was the
multi-disciplinary optimization of airfoils for wind
turbines, in the specifics of the aero-acoustic sub-
ject. The relation between changes in airfoil geom-

airfoil design, wind turbines, aero-acoustics, multi-objective optimization, multidisci-

etry and resulting noise emission and variations in
aerodynamic properties was to be studied to find
families of optimized airfoils that could deliver, if
possible, a better trade-off between noise and aero-
dynamic performance than other available airfoil
geometries known to be used in the context of wind
turbines technology. Several exercises, consisting of
varying several parameters used to simulate differ-
ent working conditions, were conducted and its ef-
fects on airfoil geometry, noise emission and aerody-
namic performance were analyzed simultaneously.

The work began with a bibliographic research on
the subjects approached here ranging from aero-
dynamics, aero-acoustics, numerical modeling and
several other subjects required for a complete and
thorough understanding of the subject.

The sequence of events began with the develop-
ment of the aerodynamic module, responsible for
the airfoil geometric design and/or parameteriza-
tion and flow analysis. Following this, the aero-
acoustic prediction scheme was developed and later
integrated in one single computational tool, along
with the previously developed aerodynamic module.



The code developed was integrated in an optimiza-
tion framework, capable of performing multidisci-
plinary and multi-objective analysis.

2. Background

In this section the theoretical background for the
specifics and details of the aerodynamic and aero-
acoustic modules are presented and briefly dis-
cussed.

2.1. Aerodynamic module

The aerodynamic module is responsible for, first,
designing and reshaping the airfoil geometries, re-
sorting to various mathematical definitions and,
secondly, for controlling the flow analysis param-
eters and features.

The subject of airfoil design is not new and sev-
eral methods exist that are commonly used for ob-
taining a geometry. The references for this are
the NACA airfoils, developed mainly for aviation
and aeronautics, but others are available for the
specifics of WT technology, such as the Riso [2] or
the DUDELFT [17] dedicated airfoils for WTs.

The subject of airfoil parameterization is a com-
pletely different topic as several mathematical de-
scriptions can be used to introduce either local or
global changes, in the shape of the airfoil under con-
sideration [16]. A survey on the most famous meth-
ods for doing this kind of procedure was conducted
being the possibility of performing both local and
global changes, with bigger or smaller effect and,
simplicity in the description compatible with code
implementation, were the selection factors.
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The mathematical description of the Bezier curves,
described in the form of a 3"¢ order curve in Eq.(1),
stood out from the rest [9] presenting major advan-
tages for this application and with positive feedback
presented by other authors [6], [18]. The interpre-
tation of the method was done here using four 3"¢
order Bezier curves that form an airfoil geometry in
the form of four connected sectors, which are con-
trolled by their respective control points (CP), as
shown in Fig.1. The connections between curves
present a major concern in the modeling tool as the
first CP of a curve coincides with the last CP of the
previous curve and connectivity agreement must be
accounted. Also the coordinates of the CPs are the
soon to be design variables related with the geome-
try parameterization, apart from the points that sit
in the LE and TE positions which are fixed.

The simulation of the working conditions of the
airfoil were achieved using the Rfoil software [11], an
upgraded version of Xfoil [8], which was responsible
for Boundary-Layer (BL) modeling and for includ-
ing the rotational effects inherent to WT standard

Figure 1: Airfoil surface built with four Bezier

curves

operation. The input parameters for accounting the
rotational effects are computed and selected using
the blade element momentum theory (BEM). These
will be used as test variables in the several opti-
mization tests conducted. The aerodynamic mod-
ule successfully integrated this software within the
main code developed.

2.2. Aero-acoustic module

The aero-acoustic prediction scheme developed for
application in this work consists of two sub-
modules. The first is based on the works devel-
oped by Brooks, Pope & Marcolini (BP&M) [3] on
the subject of airfoil self-noise. The second deals
with modeling the interaction of the turbulent in-
flow with the shape of the LE of the airfoil, as de-
scribed in the works of Moriarty, Guidati & Migliore
(MG&M) [13], [14].

The work of BP&M consists of a series of aero-
acoustic experimental tests of the NACA 0012 air-
foil geometry, with which data the researchers were
capable of developing a semi-empirical model for
the noise prediction of five noise mechanisms, with
results presented as sound pressure levels at the ob-
server as a function of frequency for the 1/3 octave
spectra. The original model could not be applied to
other geometries as it only had present BL formula-
tions for the NACA 0012 airfoil. But the integration
of the aerodynamic and the aero-acoustic module
here developed overcomes that obstacle. The five
noise mechanisms are

1. Turbulent boundary-layer trailing edge noise,
Separation-stall noise,
Laminar boundary layer vortex shedding noise,

Tip vortex formation noise,
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Trailing edge bluntness vortex shedding noise.
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Since only 2D flow is to be simulated, the tip vortex
formation noise mechanism was discarded for little
relevance in final results here intended.

SPL; = 10log ( @)



The scaling laws for the different mechanisms are
all of similar form, as represented in Eq.(2), where
0f is the BL displacement thickness, Ma is the
Mach number, f(i) is the raised power which de-
pends on the particular noise mechanism considered
1 (1 =1,2,3,4,5), d is the airfoil section semi-span,
D is a sound directivity function that can take two
forms for computing high or low frequency values
and r. is the source-observer distance. The addi-
tional terms F;(St) and G;(Re) represent the many
spectral shape functions of the Strouhal number St
and the Reynolds number Re, respectively, that dif-
ferentiate the many noise mechanisms.

The work of MG&M present the proceedings of
a numerically more detailed scheme on the subject
of turbulent inflow noise prediction for any airfoil
geometry, where the authors identified a linear re-
lation between the Strouhal number and the differ-
ence in Sound Pressure Level (SPL) values (ASPL)
relative to the known test case of a flat plate pre-
sented by Amiet [1], from the analysis of thickness
and camber distribution of several tested airfoils.
Relative thickness, at 1% and 10% chord, of the
LEs of the tested airfoil geometries were used to
yield a simple formulation responsible for comput-
ing the ASPL values which, when coupled with the
improved expressions of Amiet by Lowson [10], al-
low for the computation of absolute SPL values of
any airfoil geometry considered. Equations (3) and
(4) deliver the SPL values in function of the fre-
quency 1/3 octave spectra.
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These expressions introduce several parameters re-
lated with the properties for the turbulent inflow
noise, which are too much to describe in detail
here, such as turbulence intensity and turbulence
length scale, which are ultimately related with the
height above ground and ground roughness consid-
ered [20].

3. Implementation

In this section, a description of the general work se-
quence is presented. Major focus will be given to
the formulation of the multi-objective optimization
framework and test parameters selected to run sev-
eral optimization tests. The computational tools
used and developed are briefly discussed.

3.1. Genetic algorithms applied to airfoil design

A survey of several optimization methods for ap-
plication was conducted in the context of the prob-
lem approached here. Many authors choose to use
mainly gradient-based optimization methods in air-
foil design, whereas others present works that re-
sorted to evolutionary based methods. In conclu-
sion to the survey taken on some works that focused
on airfoil optimization [7], no mandatory rules exist
on how to correctly approach an airfoil design op-
timization problem, which means it all depends on
the nature of each problem and what is required to
be done.

The strategy followed here needed to account
for the possibility of multi-objective optimization
(MOO), which was one of the main objectives,
meaning that a method like genetic algorithms
(GA) seems to be more suitable. These algorithms
are based in the process of natural selection ob-
served from biological life, following heuristic search
patterns. The main advantages of using these al-
gorithms is the possibility for multi-objective opti-
mization, developing solutions that search for the
global minima, instead of the local minima, which
is more suitable in the context of airfoil design
and, the good performance delivered for optimiza-
tion defined with a low number of constraints. On
the downside, evolutionary algorithms may be time
consuming as they require a large number of func-
tion evaluations.

3.2. Optimization test parameters

The test parameters used for the optimization pro-
cedures performed are selected in function of the
main parameters that are expected to deliver rel-
evant effect on the overall evolution of the opti-
mized geometries or the values of the aerodynamic
coefficients or SPL. For a correct selection of these
parameters, three airfoils integrated in one of the
blades of a WT were considered. The immedi-
ate parameters that will help perform a sensitiv-
ity analysis of these effects are chord length, air-
foil span, maximum relative thickness, velocity ra-
tio and chord-to-radius ratios. The values summa-
rized in Tab. 1 were estimated based of information
available on real WTs.

Parameter / Airfoil #1 #2 #3
Chord (c [m]) 3.6 1.4 0.8
Airfoil Span (L [m]) 7.2 2.8 1.6
Max. rel. thick. (t/c [%]) 40 18 18
Radial position (r/R) 0.10 0.65 0.90
Velocity ratio (x) 0.70 4.55 6.30
Chord/Radius (¢/R) ~ 0.08182 0.03182  0.01818

Table 1: Airfoil parameters considered for optimiza-
tion purposes



Figure 2: Example of search space and freedom of
movement of the CPs

3.3. Optimization framework
The optimization problem discussed here follows
the general description presented in Eq.(5).

minimize  f(z) (5)

by varying x € R"

subject to  hy(z) =0, p=1,2,...,N,
gm(z) >0, m=12,...,N,

The main difference is that two objective functions
are to be considered, one that maximizes the C;/Cy
ratio (f1) and another which works to minimize to-
tal SPL values of the airfoils (f2). The decision
variables introduced in the optimization formula-
tion, correspond to the x and y-coordinates of the
CPs that define the overall surface of the geometry,
along with the angle of attack. The constraints con-
sidered are mainly related with geometric issues, in
order to maintain the relative positions of each CP
to each other in a way that an aerodynamic body
is always designed and no irregular shapes are con-
sidered. Relative maximum thickness is limited to
either 18% or 40%, depending on the radial posi-
tion considered. The design space of each decision
variable is set for each individual test case, but in
general follow the schematics shown in Fig.2. The
development of a GA purposefully for this optimiza-
tion problem would create a too extensive thesis
so, instead available computational tools were used.
The Python module pyOpt [15] provided for the
interactive development environment to create the
optimization framework and integrate the code de-
veloped in a simple optimization flow, as illustrated
in Fig.3.

4. Results

A selection of the main results of the many opti-
mization tests performed, along with a discussion of
the same, is presented. For simplicity, the code and
optimization framework developed in this work, will
be referred to, using just the name of the code AA-
coustic. The verification and validation of the code
developed is briefly presented, followed by a survey

Figure 3: Optimization flow diagram

and aero-acoustic analysis of some reference airfoils
usually integrated in a modern WT. Finally, the
results and discussion of the effects of the main pa-
rameters in the final airfoil geometries is presented
along with the main MOO evaluated in the work.

4.1. Code verification and validation

Code AAcoustic makes up for the platform where
the aerodynamic and aero-acoustic modules are in-
terpreted. The most susceptible to interpretation
of the two, is the aero-acoustic module and for that
reason emphasis in its verification is done here. A
brief discussion of the BL parameter results from
Rfoil and the original expressions from [3] is per-
formed, regarding the main test case considered
for the NACAO0012 reference airfoil. The algorithm
used for implementing the turbulent inflow predic-
tion scheme, based on the works of [14], is also val-
idated and presented.

Comparison with BP&M work: The works of
BP&M are based on wind tunnel experiments and
the original paper provides an extensive amount of
data that can be used for verification of the code.
The same work presents a set of test cases of the
model for the NACA 0012 airfoil, under the work-
ing conditions displayed in Tab. 2. where O, and

Airfoil NACA 0012
cm] 0.3048
L[m] 0.4572

re [m] 1.22

O.[deg] 90.0

D [deg] 90.0
aldeg] 1.516

Ufms ! 713

Table 2: Test parameters used for reference airfoil

®. are the observer angles relative to the x and y-



axis, respectively, « is the angle of attack and, U
is the mean wind speed. The same conditions and
airfoil were used with AAcoustic. The considered
noise mechanisms are the TBL-TE, separation and
LBL-VS sources and were computed discarding the
effects of bluntness and tip noise mechanisms, as
suggested in the original work. The resulting to-
tal 1/3 octave spectra of the main test case consid-
ered is presented in Fig.4, for the two algorithms
developed for this purpose: the first being based in
the original expressions of BP&M for BL properties
computations and the second which replaces those
original expressions with the results from the Rfoil
software for the same properties. Although both

Figure 4: Results for the SPL computation of the
NACA 0012 airfoil, for all airfoil self-noise mecha-

nisms

curves follow similar trends, it is notorious the dif-
ference from the semi-empirical method (Original
BPM line) to the computational tool (Code (Rfoil)
line), especially in the low frequency range, which
can only be related with the difference in results for
the BL parameters. Nevertheless, the code devel-
oped does interpret correctly the original method,
as seen from the agreement in the corresponding
lines which means that, since the original expres-
sions cannot be used for other airfoil geometries, like
the ones that are designed here, the use of the Rfoil
software does not compromise severely the results
obtained from the code, with considerable accuracy.

Turbulent inflow scheme: The validation of
the original method is still a subject of study nowa-
days and a reliable verification is quite difficult. The
authors of the original method developed a code [12]
in which the noise related to turbulent inflow can
be estimated. This software was used as compari-
son for validating the algorithm here developed, but
these results should be considered only in a simple
qualitative form and not as absolute. The verifi-

cation is processed in both codes for the same test
case performed previously for the BP&M method,
now accounting for only turbulent inflow noise, as
illustrated in Fig.5. The results show that the code

Figure 5: Results for the SPL computation for tur-
bulent inflow noise, of the NACA 0012 airfoil

under-predicts the turbulent inflow noise, but with
general good agreement apart from the major dif-
ference in very low frequency values, This could be
related with possible different methods used in both
codes to compute the required parameters of the
method (namely relative LE thickness of the airfoil
and the interpretation of the works of Amiet).

4.2. Reference airfoils

The selected airfoil geometries to represent the main
airfoil families typically used in the context of WT
technology are the FFA-W3-211[2], NACA4421 and
NACA63415, [5]. The geometries of these airfoils
are displayed in Fig.6. These airfoil geometries

Figure 6: Geometries of the selected reference air-
foils

were considered as if integrated in a real WT and
subjected to the most interesting test conditions
to either maximize C;/Cy ratio or minimize SPL
value. Put very simply, the optimum angles of at-
tack of the airfoils were found for the conditions
U = 20[m.s~!] and r. = 250[m]. The most relevant
considered parameters and results for these airfoils
are displayed in Tab. 3 for those conditions.

4.3. Effects of the radial position

The results for the optimized geometries in re-
gard to their radial position relative to the blade
are presented and discussed from the aerodynamic



Airfoil FFA-W3-211 N4412 N63415
/R 0.10 0.65 0.90
¢ [m] 3.6 1.4 0.8
x 0.7 4.5 6.3
L [m] 7.2 2.8 1.6
t/c 0.21 0.12 0.15
T[deg] 16.3 15.6 14.4
C;/Ca(a*[deg])  165.9 (6.4°)  143.8 (9.1°)  125.7 (2.2°)
SPLr(a*[deg])  33.8 (13.8°)  62.0 (0.8°)  64.2 (0.1°)

Table 3: Aerodynamic and aero-acoustic properties
of several reference airfoils

and aero-acoustic perspectives. To assess the ef-
fect of considering the optimized geometries in dif-
ferent radial positions, the flow speed was set at
U = 20[m.s~!] and the source-observer distance is
fixed at r. = 250[m], as summarized in Tab. 4.

U = 20[m.s~ 1] re = 250.0[m]
Parameter/OptFoil 3 7 15 19 27 31

r/R 0.10 0.65 0.90
¢ [m] 3.6 1.4 0.8

X 0.7 4.5 6.3
L [m] 7.2 2.8 1.6

Table 4: Constant parameters used for obtaining
OptFoils 3, 7, 15, 19, 27 and 31

The resulting geometries that favour aerodynam-
ics are illustrated in Fig.7 It is immediate that

Figure 7: Optimized geometries, to assess the effect
of radial position on aerodynamic performance

C}/Cy ratios are higher for the thicker airfoils that
are likely to be considered at the near root region,
which is not surprising as the relative thickness ac-
cepted to constrain the optimization for the airfoils
in this position was of 40%, whereas the airfoil ge-
ometries considered for the mid-span and near tip
region of the blade developed less camber and fixed
the point of maximum relative thickness closer to
the LE. It is apparent as well that the near tip re-
gion airfoils are likely to deliver higher SPL values
and that improvement in aerodynamics in compari-
son to the airfoils placed at mid-span is achieved by
the decrease of thickness distribution near the TE,
on the suction side.

The selected geometries that represent the effect
of radial position, optimized to minimize SPL values
are presented, in Fig.8.

Again, thickness distribution is of great relevance

Figure 8: Optimized geometries, to assess the effect
of radial position on noise levels

and the thicker LE of the airfoils placed at the near
root region could help explain how these airfoils ra-
diate the least amount of noise, since this section of
the geometry is directly related with one of the most
relevant noise sources, turbulent inflow. More rele-
vant to the matter are the optimized geometries for
the mid-span and near tip regions, which when even
optimized, deliver much greater SPL values than
the root airfoils. It is apparent that geometries for
these positions are very similar, with equal similar-
ity in SPL values and it is relevant to point out the
major decrease in aerodynamic performance, with
very little decrease in noise emission when compar-
ing to the previous airfoils optimized to favour the
C;/Cy ratio.

This first analysis is useful to identify that the air-
foils integrated in the near tip regions are critical,
which was apparent from the results for the refer-
ence airfoils, as these are likely to be the noisiest
airfoils of all positions considered in the optimiza-
tion tests. This is to be expected as rotational ef-
fects inherent to the flow around a WT are felt with
increasingly effect as we consider the most exterior
radial positions, relative to the root of the blade.
For this reason, the following sections present the
same kind of aerodynamic and aero-acoustic discus-
sion for the near tip region radial position, where
local flow speeds are certain to be higher and more
interesting results may be achieved.

4.4. Effects of flow speed

r/R=0.90 r.=250.0[m]
Parameter/OptFoil 25 29 27 31
U 15 20
¢ [m] 0.8
X 6.3
L [m] 1.6

Table 5: Constant parameters used for obtaining
OptFoils 25, 29, 27 and 31

The resulting geometries from the variation in
flow speed, with the objective function set for max-
imizing C;/Cy are presented in Fig.9. The distance
source-observer is fixed here at 250[m], and the re-
maining conditions are as seen in Tab. 5.



Figure 9: Optimized geometries, to assess the effect
of flow speed on aerodynamic performance

The difference in geometric properties are no-
torious between the airfoils displayed, being once
more the geometry with bigger thickness distribu-
tion the one with higher C;/Cy ratio, even at a lower
flow speed considered. The increase in 5[m.s™!]
from OptFoil 25 to OptFoil 27 aggravates the to-
tal noise level, with no gain in aerodynamic perfor-
mance. Geometrically, OptFoil 27 presents a maxi-
mum thickness point closer to the LE, but the pres-
sure side of the airfoil seems to allow the creation
of negative aerodynamic effects in that section. In
conclusion, the increase in flow speed affected neg-
atively aerodynamic performance and SPL value.

Figure 10: Optimized geometries, to assess the ef-
fect of flow speed on noise levels

The geometries obtained to minimize noise are as
presented in Fig.10. The geometries present very
similar overall shapes, acquiring an almost tear like
surface and, presenting a similar evolution in geom-
etry to that observed previously when accounting
for the effects of radial position. Ultimately, with
increasing speed flow, so do SPL values increase.
Both geometries develop very similar low aerody-
namic properties, but the most interesting aspect
is the direct comparison to the previous geometries
displayed in Fig.9. There is a general agreement
when comparing f; and f, values for the corre-
sponding geometries working under the same flow
speed conditions. The difference from considering
aerodynamically to aero-acoustically optimized air-
foils, seems to translate in a major loss in lift (a
relative difference of —90%) and a slight increase in
drag (around 10% more) for a maximum minimiza-
tion of SPL values in the order of 4 dB(A), when
considering these working conditions.

4.5. Variation of the source-observer distance

The variation of the source-observer distance affects
only the total SPL values computed, so only fs is
here analyzed, but its sensitivity analysis and effect
observed in the final optimized geometries will al-
low to assert how the airfoil geometries evolve when
minimizing fo and help to account for any consis-
tencies. For the fixed parameters r/R = 0.90 and
U = 20.0[m.s~!], the test conditions are summa-
rized in Tab. 6.

r/R=0.90 U = 20.0[m.s 1]
Parameter/OptFoil 31 32

Te 250 1000
U 20

¢ [m] 0.8
X 6.3

L [m] 1.6

Table 6: Constant parameters for airfoils 31 and 32

Figure 11 shows the effects of considering r. =
250 and 1000[m].

Figure 11: Optimized geometries, to assess the ef-
fect of source-observer distance on noise levels

The main conclusion we can take from this effect,
apart from the obvious fact that greater distances
considered deliver smaller values of SPL, is that the
overall geometries of the airfoils optimized to min-
imize fo follow a very similar trend in evolution of
geometry, maintaining from one effect analysis to
the next a tear like shape, quite symmetrical with
a slight S-tail shape of the TE. This last feature
may be related with TE bluntness noise, as it re-
quires that the TE wedge angle to be as small as
possible, which does not allow the optimizer to de-
velop a completely symmetrical airfoil. In any case,
this detail in geometry evolution is good represen-
tation of the commitment of the optimizer in mini-
mizing SPL values, since TE bluntness noise is not
expected to be of major relevance in comparison to
other noise mechanisms. This leads to the conclu-
sion that this type of geometries are the ones to
more likely develop smaller amounts of SPL values
in complete detriment of aerodynamic performance.

4.6. Multi-objective optimization

After careful deliberation on the effects of the main
parameters that can exert influence in the opti-
mized geometries, it is of great relevance to study



how the airfoil geometries evolve when considering
the option to both maximize aerodynamic perfor-
mance and minimize noise levels. For that a MOO
was performed.

OptFoil 38 39 40 41 42
t/c 0.18 0.18 0.18 0.16 0.16
T[deg] 9.9 11.6 15.6 12.6 10.4

C 0.3837 0.9796 1.2546 1.2853  1.3696

Cq 0.0068 0.0071  0.0079 0.0066  0.0066
SPLr[dB(A)]  61.5 61.7 62.3 63.6 63.9
ot 0.22 4.97 7.18 7.59 8.57

fr 56.6 137.4  159.2  195.9  207.2

£ 61.5 61.7 62.3 63.6 63.9

Table 7: Optimization results for OptFoils 38 to 42

From the optimization performed, the Pareto
front was built as illustrated in Fig.12 and five ge-
ometries were selected to analyze the best compro-
mise between both objective functions as summa-
rized in Tab. 7.

Figure 12: Pareto front for the MOO with U =
20[m.s~1], r. = 250.0[m] and /R = 0.90

It is clear from Fig.12 that two classes of air-
foil geometries can be distinguished, being one in
the lower region of the curve, where SPL values are
kept minimal but a great increase in C;/Cy ratio
can be achieved, and another region where higher
SPL values must be considered for corresponding
higher C;/Cy ratios.  The geometries that com-

Figure 13: Pareto front for the MOO with U =
20[m.s~1], r. = 250.0[m] and /R = 0.90

prise the first region are presented in Fig.13. The
major geometrical difference between them is the
variation in the TE region, specially for the suction
side as the thickness distribution in that sector of
the airfoil, seems to be bigger for the geometries

Figure 14: Pressure distribution of the optimized
airfoils that minimize SPL value

that present an increase in f; whereas the thin-
ner airfoils in that section deliver lower SPL values.
That slight difference in aerodynamic performance
is better acknowledged in the pressure distribution
of the said geometries, as seen in Fig.14. The 1/3

Figure 15: 1/3 octave spectra for the optimized ar-
foils that minimze SPL values

octave spectra of these geometries is presented in
Fig.15 where the major difference seems to occur
in the frequency range from 200 to 3000 Hz, which
suggests a relation with the separated flow over the
TE.

In another analysis of the second region identified
in the Pareto front, the geometries shown in Fig.16
that maximize aerodynamic performance present
more differences in shape between them than be-
fore, with emphasis in the x-coordinate of the max-
imum relative thickness point, being further away
from the LE and an obvious decrease in overall
thickness distribution.  The shape of the LE is
very relevant to point out as the decrease in rela-
tive thickness may have had negative effects in to-
tal SPL value, namely through a bigger influence
from turbulent inflow noise. The pressure distri-
bution shown in Fig.17 shows that both geometries
develop similar aerodynamic properties, but the dif-
ference in area towards the previously analyzed air-
foils is sufficient for an increase in C;/Cy ratio. Con-
sidering the opposing geometries selected from the
Pareto front, the C;/Cy ratio is increased in 72%



Figure 16: Optimized airfoils that maximize C;/Cy
ratios

Figure 17: Pressure distribution for the optimized
airfoils that maximize C;/Cy ratios

at the cost of a relative SPL increase of nearly 4%.
Figure 18 shows similar behavior developed by the

Figure 18: 1/3 octave spectra for the optimized air-
foils that maximize C;/Cy ratios

previously analyzed geometries, with the main dif-
ference in SPL values being observed in the range of
500 to 3000 Hz, again possibly related with bigger
influence from turbulent inflow noise.

The MOO presented is a major source of infor-
mation on the optimized geometries. If one wants
to minimize noise levels as much as possible, a ge-
ometry from the first region of the Pareto front is
more suitable, with no significant penalization in
the total SPL value, when changing the TE sec-
tion. If instead, the gain in C;/Cy is to be favoured,
then a geometry taken from the second region of
the same Pareto front is more adequate, with bet-
ter corresponding total SPL values as changes are

introduced in the LE and upper rear half section of
the airfoil.

5. Conclusions

The work developed completed all proposed main
objectives with general satisfactory results. The
main achievements that stand out are the airfoil
geometric modeling tools, the use of Rfoil for BL
parameter computation in the context of noise pre-
diction, the integration and coupling of the aero-
dynamic and aero-acoustic modules developed in
one single computational tool and, finally the op-
timization framework. As final remarks, the work
presented has provided for a reliable tool for the
multi-disciplinary objectives proposed, through the
development of new software for creating new air-
foil geometries and making use of reliable available
computational tools and referenced semi-empirical
aero-acoustical models. The integration of all com-
ponents into one single structure, that is both sim-
ple and complete, provides a significant amount of
information and help in the design stages of a WT.

The main results demonstrate that airfoil geome-
try design has a direct relation with several parame-
ters that can be studied and analyzed to achieve the
most satisfactory aerodynamic and aero-acoustic
trade-off, depending on the objective intended. The
noise prediction scheme and optimization frame-
work is not considered to be computationally too
demanding, without compromising the reliability of
the results. In conclusion, the work presents itself
as a robust tool for aero-acoustic noise prediction
and provides a good source of information on air-
foil geometries for use in conceptual design.

As reference for future work, the effects on the
evolution of the optimized airfoil geometries due to
BL tripping and variation in the turbulence inflow
related parameters are left as possible exercise. An
additional upgrade of the main code would be inter-
esting to account for data-bases containing several
airfoil geometries and cross-reference those with the
optimized geometries, in real-time. The possibil-
ity to use gradient-based optimization algorithms
for local refinement is an interesting addition, since
very small changes in airfoil geometry can develop
big differences in objective function values. A di-
rect follow up of this work that makes complete
sense is the progression to the 3D domain to ac-
count for the entire blade geometry, in the context
of the same multi-disciplinary and multi-objective
optimizations performed. The inclusion of other
disciplines such as structure analysis considerations
or the assessment of airfoil geometry changes in final
electrical power output of the WT are a possibility.
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