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One important element in aerodynamic design of wind turbines is the use of specially
tailored airfoils to increase the ratio of energy capture and reduce cost of energy. Thiswork
is focused on the design of thick airfoils for wind turbines by using numerical optimization.
A hybrid schemeis proposed in which genetic and gradient based algorithms are combined
together to improve the accuracy and the reliability of the design. Firstly, the requirements
and the constraints for this class of airfoils are described; then, the hybrid approach is
presented. The final part of this work is dedicated to illustrate a numerical example
regarding the design of a new thick airfoil. The results are discussed and compared to
existing airfails.

Nomenclature
a = angle of attack [deg]
c = airfoil chord [m]
Cq =  airfoil drag coefficient [-]
Cimin = minimum airfoil drag coefficient [-]
G = skin friction coefficient [-]
G = airfoil lift coefficient [-]
C. = slope of the lift curve [de
Cimax = maximum airfoil lift coefficient [-]
Cns =  airfoil moment coefficient referred to the quamdé chord [-]
F =  objective function
Ixx = sectional moment of resistance
k =  weighting parameter [-]
L/D =  aerodynamic efficiency [-]

local radius [m]

I. Introduction

ESIGN of airfoils specifically suited for wind ture blade applications is important in the contirui
development of wind turbines. Because of the isidrrequirements in terms of design point, off-gasi
capabilities and structural properties, new aisfaledicated to wind turbine application have beevetbped™.
However, most of these airfoils were designed ffier duter part of the blade where the aerodynangjgimements
have higher priority compared to the structuralsone
Timmer*, Hoerne?*® , van Dam, Mayda and Chamade significant research on thick airfoils. Hoeraed van
Dam in particular, investigated the potentialitafshaving relatively large trailing edge thickngss called blunt
trailing edge or flat-back airfoils) in order to pmove the airfoil's performance in terms of lifto authors also
illustrated a way to generate thick airfoils: bystgmatically cutting part of the trailing edge myiaccording to
Hoerner, or by smoothly increasing the thicknesthatrear part of the airfoil according to van Daks.example,
the thick geometries of the FX77-W-XXX airfoil'srfaly have been designed by using Hoerner’s approach
From numerical point of view, this class of geornestris challenging, due to their intrinsic charast&s and
the lack of experimental data to validate the nucakpredictions.
In the next section, the requirements for thisslafsairfoils are presented, then the used apprizaekplained.
Finally, the design of the new airfoil is descrilmwt the results are discussed.
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1. Airfoilsfor thelnner Part of the Blade

Airfoil characteristics include both aerodynamiaastructural requirements. For the inner part efttlade, the
structural requirements have higher priority thanthe sections in the outer part of the bladeartfer to guarantee
the needed structural strength and stiffness, ittf@ila at the root have large values of momentesfistance; this
means large values of thickness and sectional &rehis perspective, flat back airfoils are helpfu improve the
structural properties.

From the aerodynamic point of view the most impurtparameter for the tip region is the aerodynamic
efficiency (/D). In order to obtain good turbine performance, #eeodynamic efficiency should be as high as
possible, but, at the same time, other considerattiould be taken into account.

For the inner part of the blades, the lift coe#fidi C) itself is very important as well as the stall &elour. This
is because in normal operating conditions, thellangle of attack can be quite high. Good value§,gf and good
stall characteristics can help to keep high aeradyao performance and prevent structural problemghi blade.

Another consideration is related to presence ofsyukhe local angle of attack can rapidly changethere
should be a “safety” margin between the designean§lattack and the stall angle in order to avbat the airfoil
works in stall or across the stall region that ke to fatigue problems.

Also, wind turbines should be efficient in dirty ratitions as well; this means that the sections rteede
insensitive to roughness.

For the outer part of the blade, the connectioméeh aerodynamic performance and structural regpohthe
blade (i.e. blade torsion) is a crucial elementirduthe design; for the inner part, this connectstiould be still
taken into account, even if with lower priority. ddmplete discussion about requirements for winditer airfoils
can be found in Ref. 8 by the present author.

I11. Design Approach

As mentioned in the introduction, Hoerner and vamDproposed a way to generate thick airfoils witmb
trailing edge. However, in general both proceduraenot be used as design procedure in the sensdhtha
characteristics of the final airfoil cannot be yulontrolled and these characteristics are realyeddent on those
ones of the initial geometry.

In the present work, a numerical optimization bagpproach has been used in order to have an effidesign
method able to deal with multiple requirements aamfrom different disciplines.

A. Optimization Scheme

In this research, a hybrid scheme has been impladén which genetic algorithms (GA) and gradieasdd
algorithms (GBA) are combined together to improlie aiccuracy and the reliability of the design. Htiohary
algorithms are less sensitive to local minima, thety are time consuming and constraints have tmdladed as a
penalty term to the objective function. On the othand, GBA can lack in global optimality but allamultiple
constraints and are more robust, especially foblpros in which a large number of constraints aesgnibed.

GA are used at the beginning of the design procesaler to explore large domain with less problesgarding
local optima. The optimal solution found by the @&Athen used as initial configuration for the GB#at aims to
reach a more accurate optimal solution in a smapace. The two algorithms are independent frorh etfrer, so
separate runs are necessary to complete a sirgignd@he reason of this choice is that GBA casdssitive to the
initial geometry; in order to avoid possible locallutions, each optimization performed through GB#s been
repeated several times (typically 3) by selectisgiratial solution, the best individual of GA but different
evolution stages (typically at beginning, internaddistage and final stage ).

The GBA implemented in this work is the sequentgadratic progrmming method developed by
Schittkowsky, with the gradients approximated by finite diffeces.

Regarding the GA, the algorithm developed by YaRginstein, Pai, Xu, and Carr8llhas been preferred.
Tournament selection scheme has been used, togeitheaniform crossover and elitism mechanisms.oAlsoth
jump mutation and creep mutation have been activé@@e of the unique characteristics of Carrolls G the so
called ‘MicroGA”; it is a method to improve the performance of gi@malgorithms used in this work and derived
by the studies of Goldberg and Krishnakuthao explore the use of small population sizes inegies. Small
populations can lead to too rapid convergescethe re-generation of random population membelsio ensure
diversity during the search process and so todalemial minima. In the present work, five individsi@opulations
have been used, evolving for 200 generations. Ansaiy of the used GA features can be found in table

Regarding the implementation of the constraint& a zero value is assigned to the objective fondn case
at least one constraint is violated.
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Feature Setting

Selection Tournament
Crossover Uniform
Mutation Jump and Creep
Elitism Active
MicroGA Active

n. of parents 2
Population size 5
Generations 200

Table 1 Settings used for genetic algorithms.

B. Geometry Parameterization

In the present work, a composite cubic Bezier patanrzation is used, based on the development Hgrike
present authdt. The airfoil is divided in four parts and for eapért, a cubic Bezier curve is used to describe the
geometry. The design variables of this parametioizare the coordinates of the control points (sgere 1). For
13 control points, maximum 26 theoretical desigrialdes are allowed, however some of the contrabtsacan be
considered fixed (i.e. the position of the leadiuige and trailing edge).
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Figure 1 Sketch of the parameterization.

C. Objective Function Definition and Evaluation

As mentioned in the section Il of the present wdt, the inner part of the blade, both aerodynaamd
structural properties need to be taken into acctmudesign new airfoils. More in details, the agmamic efficiency
has been used as aerodynamic performance to bevathrtogether with the sectional moment of res&or the
structural part of the problem.

These two parameter are combined together in aaplafjective function through a linear combinatidnnon
dimensional parametédeis used to define the relative importance of tle tontributions to the global objective
function. In order to create a family of new ailfoand investigate the effect due to the valuk, dfie optimization
process has been repeated several times by chahginglue of the parametier

The sectional inertia moment is depending only lom dirfoil's geometry but an aerodynamic solver hasn
necessary to evaluate the aerodynamic efficienogt @me aerodynamic constraints, see next sediiodetails).
RFOIL" code has been used.

RFOIL is a modified version of XFOIf featuring an improved prediction around the maximiift coefficient
and capabilities of predicting the effect of ravation airfoil characteristics.

In order to assess the accuracy of RFOIL for thisigular class of geometries, DU00-W2-350, DU-0@Q-W01,
FX77-W-343 and FX77-W-400 airfoils have been ussdederence to validate the numerical predictidiee Delft
University (DU) airfoils have been tested at Délfiiversity, the FX airfoils instead at Stuttgartitarsity. All the
tests have been performed at 3 million Reynoldsberm
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Figure 2 Airfoils selected for the validation.
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Figure 3 Validation for thick airfails; lift curve. Reynolds number: 3 million. Experimental data from Refs. 4
and 16.

For the DU airfoils the agreement in terms of fiirformance is really good; in terms of drag, aderastimation
around 13% has been found, which is in line with tlasults of previous validations done on thinrewrgetries.
Looking at the FX airfoils, the lift curve is quiteell described, at the least the general shapgbeoturve. For the
FX77-W-400 there is an overestimation of the maximift coefficient and consequently of the anglestdll, but
the abrupt shape of the stall is anyway captumrededms of drag instead, the underestimation ibdrigespecially
for the 40% airfoil. The reason of that can be teslawith lack of accuracy in presence of largelitrgi edge
thickness, but also it should be taken into accdthst the turbulence level of Stuttgart wind tunisehigher than in
Delft facility, so the experimental data can beseféd.
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Figure4 Validation for thick airfoils; polar curve. Reynolds number: 3 million. Experimental data from Refs.
4 and 16.

IV. Design of New Thick Airfoils

A. Definition of the Requirements and Constraints

The design of new airfoil for the inner part of thlade is presented in this section. The goal efgtimization
process is to maximize the aerodynamic efficienogt the moment of resistance at the same time. Ttvese
requirements are conflicting with each other; istfthe aerodynamic efficiency is pushing the dedigrthin
geometries, while the structural requirements waqurkfer thick shapes. The two objectives are costbimgether
in form of a weighted linear combination (see €g.this means that the final shape is also functibthe relative
importance of the aerodynamics w.r.t. the strustube final result, a family of airfoils should k&pected, with the
relative thickness increasing, depending on thectiral needs.

F=K(L/D)+(A-K)I, eql

Where k is a weighting parameter varying betweand1.

The Reynolds number during the design is 3 milliotended to be representative of a MW class wimbihe)
and the design angle of attack is 6 degrees. Afeodesign is performed by imposing the transitibri% of the
chord on the suction side and 10% for the presside2 The reason of that is to obtain airfoils weothibit a good
insensitivity to the roughness by driving the dagigocess to geometries without large extent ofantlow.

From geometrical point of view, a minimum airfdilitkness of 35% of the chord and a minimum thicknets
the trailing edge of 1% of the chord have beenqrilesd. The constraint related to the trailing etlgekness has
been assigned to take into account manufacturigginements; an upper bound for this variable isprescribed, n
order to be able to explore flat-back solutions.

In addition to these geometrical constraints, saveerodynamic constraints have been defined. scudsed in
section 1l, the effect of aerodynamic performance structural deformations should be taken into antoin
particular, the torsion of the blade has strongaotn selection of the materials and costs. Adsasidering that
several airfoils are installed on the same blagde aerodynamic properties of the single airfoilsudtin’t differ too
much between each other (see Ref. 8). For thesenmsaa maximum value for the moment coeffici€ht4) equal
to -0.15 has been assigned at the design condBidegrees of angle of attack).

In normal operating conditions, the sections atrtdw of the blade work at high angle of attacks implies that
the airfoils need to be designed considering thk ebndition and the airfoil’'s separation pointwvement as part of
the core requirements. In fact, goBg., values should be achievable, in conjunction wift stall and post-stall
characteristics.
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Also, a margin between design condition and stafidition should be kept to take into account thglarmof
attack change due to gusts. In the reference mmadtiabove, an explicit constraint on the positibthe separation
point was used; in this research, however, a diffeapproach has been preferred. Two combined reamist have
been implemented to control the stall charactegsdf the airfoils. The first constraint consistsmposing a value
of C, lower than 1.8 at 15 degrees of angle of attdwi;siecond constraint consists of imposing thatlitbg inC,
between 15 and 16 degrees is less than 0.3. Teetaff these two combined constraints should beviid
excessive high lift performance that could leacmoabrupt stall. The value of 15 degrees has beleatsed taking
into account some margin from the design conditibi, as value foC, is still high lift. Regarding the second
constraint, the threshold value has been seledted eomparison of experimental data from Abbott aon
Doenhoff’ for 4, 5 and 6 digits NACA airfoils.

B. Design Variables

Fifteen design variables have been actively usetisncase, corresponding to (see figure 1) comoatts 2, 3,
5,9, 11 and 12 in both directions and control f®ily 6, 8 only in vertical direction.

It should be noticed that keeping free the comimht 1, it allows the optimization scheme to shaatso in the
space of blunt trailing edge airfoils. One of thrawbbacks of the solution proposed by Hoerner tcegee thick
airfoils is the fact that the chord is not anymbogizontal, affecting the real angle of attack.avmid this problem,
the control point 13 is mirrored according to ttaéue of the control point 1.

In table 2, the values for upper and lower boundsliated. According to these values, airfoils witickness
varying from 10% up to 50% of the chord can be esgal. The trailing edge thickness can increase @d% of the
chord.

D Control Lower bound Upper bound
point*  (%chord) (% chord)
1 2h 0.7 0.8
2 3h 0.4 0.5
3 5h 0.09 0.15
4 9h 0.09 0.15
5 11h 0.4 0.5
6 12h 0.7 0.8
7 1v 0 0.1
8 2v 0.03 0.2
9 3v 0.08 0.25
10 5v 0.08 0.25
11 6v 0.03 0.1
12 8v -0.1 -0.02
13 9v -0.25 -0.02
14 11v -0.25 0.04
15 12v -0.1 0.09

Table 2 Boundsfor the design variables. " h" denotesthe horizontal direction, " v" thevertical direction.

C. Results

A family of new thick airfoils has been obtained blganging the relative importance of the aerodycami
requirements w.r.t. the structural requirementse fickness varies between 50% of the chord forgmmetries
where the structural requirements were predomifaities ofk parameter close to 0), to 35% of the chord for the
configurations where the aerodynamic efficiency vasdominant (values df parameter close to 1). All the
geometries exhibited blunt trailing edges, withgtar values for the thicker airfoils. These firstlizations are
consistent with the expectations because maximitiagnoment of resistance means increasing theaiteolume
and viceversa for the aerodynamic efficiency. Figure 5 shows earh the developed geometries, figures 6 and 7
illustrate their aerodynamic characteristics.

In figure 6 and figure 7 also the characteristi€she DU00O-W2-350 airfoil are illustrated. Comparexdthis
geometry the new airfoils for k=0.8 and k=0.9 exhib higher value ofC.« and L/D,, together with a larger
extension of the linear zone of the lift curve. 98 positive to reduce fatigue problems due tdgyua particular,
the geometry for k=0.8 has also good stall charsties with a value ofCy, close to the one of the reference
geometry. The airfoils have been compared alsxadftransition; in this case, the performancehef new airfoils
are evidently better than the rfeference geomdtoyh in terms ofC, than L/D. It should be noticed the strange
behaviour of the DU00-W2-350 airfoil, found alsovmn Rooij and Timméf during wind tunnel tests.
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Figure5 New geometriesfor different values of the weightin factor.
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Figure6 Lift curvefor the new airfoils, compared to the DU0OO-W2-350 airfail. Free transition, 3 million
Reynolds number, RFOIL predictions.
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Figure 7 Efficiency curvefor the new airfoils, compared to the DU0O-W2-350 airfoil. Freetransition, 3
million Reynolds number, RFOIL predictions.
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Figure 8 Lift curvefor the new airfoils, compared to the DUOO-W2-350 airfail. Fixed transition, 3 million
Reynolds number, RFOIL predictions.
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Figure 9 Efficiency curvefor the new airfoils, compared to the DU0OO-W2-350 airfoil. Fixed transition, 3
million Reynolds number, RFOIL predictions.
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Figure 10 Lift curvein presence of rotational effects. 3million Reynolds number, freetransition, ¢/r=0.248
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During the design, the rotational effects have lmeen taken into account, but at the root thesetsfigre not
negletable. Figure 10 shows the comparison betwleetift curves in presence of rotational effedthese effects
have been included in RFOIL by Snel, Houwink, vamsgel, and Bruinind. According to this formulation, the
main parameter controlling the rottional effectshie ratio between local chord and local radiugalae of 0.248 for
c/r has been assigned. Both in free and in fixadsition, the new airfoil has better performanantthe reference
geometry. This is also due to the higher lift parfance of the new airfoil.

In terms of optimization process, the combinatiérGé and GBA in a hybrid scheme produced good tssul
improving the reliability of the design and contrimg to save computational time. In fact, in altnal the cases
analyzed, the usage of GBA after GA made possibbchieve a better final solution. As previouslynti@ned, for
each case several runs have been performed byisgléte starting configuration at different evadut stage; in
most of the cases, starting from an initial/intednate stage solution gave the best results. Thisbeaexplained
considering that the intermediate geometry is gahea feasible shape, satisfying the completeo§eonstraints,
but it is still not fully optimized, so the GBA hagiite some space for improvement without convergin a
solution similar to the GA result. For some confafions however, the GBA was not able to changesthetion
coming from GA, meaning that probably the interattbetween the two algorithms can still be improved

V. Conclusions

A hybrid optimization scheme making use of genetigorithms and gradient based algorithms has been
developed and applied to design a new family dbagrdedicated to the root region of the wind fnebblade. Both
aerodynamic and structural requirements have beelnded in the optimization process and specifinst@ints
have been implemented to control the stall behavior

According to the numerical predictions, the resalts promising, showing that the new airfoils hésasible
shapes, consistent with the assigned requirementsvih good performance. Despite these good resudtvever,
wind tunnel tests are mandatory to validate the erigal predictions, especially at the stall whdre humerical
accuracy can be lower.

For this class of airfoils, the rotational effeat® playing an important role; in the next develeptthey will
be included in the design process.

Regarding the hybrid approach, the results showaidthe combination of genetic and gradient bafgatithms
can be beneficial to improve the accuracy and noless of the design and reduce the computational tHowever,
improvements in constraints implementation in genaligorithms and in general a better communicalietween
two algorithms can lead to higher quality results.
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