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One important key element in the aerodynamic design of wind turbines is the use of

Nomenclature

angle of attack [deg]

airfoil chord

airfoil drag coefficient

minimum airfoil drag coefficient

skin friction coefficient

airfoil lift coefficient

slope of the lift curve

maximum airfoil lift coefficient

airfoil moment coefficient referred to the quamé chord
objective function

inequality constraints

equality constraints

boundary layer shape factor
aerodynamic efficiency

design variables

lower bounds for the design variables
upper bounds for the design variables

. Introduction

specially tailored airfoilsto increase the ratio of energy captureto theloading and thereby to
reduce cost of energy. This work is focused on the design of wind turbine airfoil by using
numerical optimization. Firstly, the requirementsfor this class of airfoils areillustrated and
discussed in order to have an exhaustive outline of the complexity of the problem. Then, the
optimization approach is presented; a gradient based algorithm is used, coupled with
RFOIL solver and a composite Bezier geometrical parameterization. A particularly sensitive
point is the choice and implementation of constraints, in order to formalize in the most
complete and effective way the design requirements, the effects of activating specific
constraints are discussed. Finally, a numerical example regarding the design of a high
efficiency airfoil for the outer part of a bladeisillustrated and the results are compared with
existingwind turbine airfoils.

D ESIGN of airfoils specifically suited for wind ture blade applications is important in the contiryui

development of wind turbines. In the modern windbitoes, some aviation airfoils like NACA-63XXX amMtACA-
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64XXX are still quite frequently used, but, moredamore, new airfoils families for wind turbines ateveloped
because of the intrinsic requirements in termsesigh point, off-design capabilities and structyralperties.

The development of wind turbine airfoils was intéied in the middle 1980's when Tangler and Somers
developed numerous airfoils. An overview of avd#aNREL airfoils can be found in [1]. Bjork [2] antimmer
and van Rooij [3] have made other significant dbuitions to this field. The development of the R&doils was
initiated in the middle 1990’s and has until nod te the design of three airfoil families [4].

The target design characteristics for the airfbdse been updated during the years and tailoréldetepecific
type of power control and the need for off-desigeration. The desirable airfoil characteristics bardivided into
structural and aerodynamic properties and the wimbine blade can be divided into the root, mid éipdparts
where the root part is mainly determined from guited considerations. In contrast, the tip pardésermined from
aerodynamic considerations.

This work is focused on the design of a wind tuebitedicated airfoil for the tip region of the blathy using
numerical optimization. In the next section, thquieements for this class of airfoils are presenthdn the used

approach is explained. Finally, the design of tee mirfoil is described and the results are disetdiss

1. Airfoilsfor Wind Turbines

Airfoil characteristics include both aerodynamiaastructural requirements. For the outer part eftitade, the
most important parameters, from the structural fpoirview, are the maximum airfoil thickness and tthord-wise
location of the maximum thickness. The thicknesstref profile must be able to accommodate the sitract
necessary for blade strength and stiffness. Depgndf the class of the wind turbine, certain valdies the
thickness along the blade can be expected andbttisntroduces a first indication for the desigolgem. In case of
Mega-Watt class wind turbine, for example, a réialigalue for the relative thickness at the tip tenaround 18%
of the chord. The location of the maximum thicknakmg the chord is also important; when an aiifoilesigned,
also the other ones along the blade should be deregl to guarantee constructive compatibility. Thesans that, in
order to allow the spar passing through the bl#techord-wise position of the thickness shouldibglar for the
complete blade.

From the aerodynamic point of view the most impartparameter 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 considersitstiould be taken into account. One consideréioslated with
the stall behavior and th@,... Some of the existing airfoils for wind turbineavie also a high value @ and a
relative high value for the desidp; this means that, for a certain load, a smallerahs necessary. This reduces
loads under parked conditions at high wind spe&dswer chord in the outboard sections also redweeight. In
addition to this, a higl€, value (and lower associated chandin the outboard sections reduces the amplitude of
load fluctuations resulting from wind gusts. HemackighC, is desirable to reduce fatigue and parking loadscam
save weight. On the other hand, the stall can bgpaland undesirable vibrations can be inducecherbtade. So, it
is important that the transition and the separatimve gradually when the angle of attack increasemther
important consideration is related with the sewigjtiof the airfoil to the roughness. An airfoil thia large laminar
flow extension will be very efficient in “clean” aditions, but very bad in case of “dirty” conditmanAlso theC,4
should be taken into account because large valiesoment coefficient will give higher torsion momewn the
blade; for pitch regulated wind turbines, smallues forC,,,s mean a reduction in control forces. Also in thisea
the other airfoils used on the blade should beidensd in order to have a similar value for the reatrcoefficient;
this will prevent the rotor from “irregular” perfarances along the blade coming from too differerfoids. This is
one of the reasons why, more than in aviation trtaed in airfoil design is to develop families offails. The last
problem that should be taken into account in dguafpairfoils for wind turbines is connected withsgs. Because
of gusts, the local angle of attack for the sirajtéoil can suddenly change and be in pre-stafitall zone. So, it is
important to keep good off-design performancestayntb have a angle of attack range between thignlesgle of

attack and the one for which, noticeable separatamurs on the airfoil.

1. Numerical Optimization Approach

In order to design airfoils, several methodologias be used. A very popular approach is the inveesign
technique, proposed by Lighthill and widely develdiby Eppler [5, 6] and Drela [7, 8]. The basimpiple of this
design method is that, the pressure coefficiertherairfoil surface is prescribed and the airf@bmetry is created;
by iteratively modifying the pressure distribution the airfoil surface, the designer can generategeometry of an
airfoil that satisfies the requirements. Despitel#rge use, there are several disadvantages atesbevith this
technique; the most evident is that it is veryidifft to take into account at the same time mutiquirements,

especially when they concern different disciplines.



A valid alternative to solve this problem is theags of multidisciplinary design optimization (MD@pproach.
In the most general sense, numerical optimizat®ori(] solves the nonlinear, constrained probleifintthe set of

design variablesy, i=1, N, contained in vectoX, that will:

Minimize F(X) (1)
subject to:

g,(X)<0 j=1M @
h(X)=0 k=1L (3

Xt<X <XY i=1N @

i i i

Equation 1 defines the objective function which etegis on the values of the design variabkeskquations 2
and 3 are inequality and equality constraints rethpedy (equality constraints can be written asqunaity
constraints and included in equation 2), and eqoati defines the region of search for the minimtitme bounds
defined for each degree of freedom by equatiore4eferred to side constraints.
A. Geometry Description

One of the most important ingredients in numerigptimization is the choice of design variables dhe
parameterization of our system in using these kibeta In order to reduce the number of necessamgnpeters to
take into account to describe the airfoil’s shdpé,without loss of information about the geometricharacteristics
of the airfoil, several mathematical formulationsres proposed in literature [11]. In the presentkyarcomposite
third order Bezier is used. Basically, the airfsitlivided in four parts and for each part, a tlirder Bezier curve is
used to describe the geometry. The advantage ®ttuice is the possibility to conjugate the prapsrof Bezier
functions in terms of regularity of the curve anasye usage, with a piecewise structure that alloss kcal
modifications to the geometry. The complete desiomipcan be found in [12]; a representative skésciiustrated
in Fig. 1; the points between 1 and 4 define that Bezier curve, the ones between 4 and 7 thendemarve and so
on. In total, 13 control points are used to desctive airfoil geometry, that means 26 degrees eddom. In
practice, however, the leading edge is fixed (amoint 7), as well as the abscissa of the trgikage (control
points 1 and 13); the abscissas of control poirgadb8 are also fixed in order to maintain the atuxe continuity at
the leading edge and the control points 4 and #0da&ectly controlled by the algorithm to keep thavature

continuity between two different Bezier curves. fean degrees of freedom are actively used in ¢és@gd process.



Fig. 1 Geometry parameterization example.

B. Optimization Algorithm
The choice of optimization algorithm is very impant because the final results are usually depenoierthe

specific algorithm in terms of accuracy and locahima sensitivity. Evolutionary algorithms are desensitive to
local minima; however, they are time consuming aodstraints have to be included as a penalty terrthe
objective function. On the other hand, gradientedaalgorithms can lack in global optimality butoafl multiple
constraints and are more robust, especially foblpras in which a large number of constraints aesgnibed. In
this investigation, the advanced NLPQP gradienetbadgorithm from Schittkowsky [13] is implementadd the
gradients are approximated by finite differences.
C. Objective Function Evaluation

Since the optimization process requires many etialusm of the objective function and the constralmg$ore an
optimum design is obtained, the computational coatmot be neglected, as well as the accuracyeofdhults.
Here, the RFOIL [14] numerical code is used. RF@Illa modified version of XFOIL [15] featuring an pnoved
prediction around the maximum lift coefficient awcdpabilities of predicting the effect of rotatiom airfoil
characteristics. Regarding the maximum lift in jwatar, numerical stability improvements were obtal by using
the Schlichting velocity profiles for the turbuldmbundary layer, instead of Swafford’s. Furthermohe shear lag
coefficient in Green’s lag entrainment equatiortted turbulent boundary layer model was adjusted dmdation

from the equilibrium flow has been coupled to theme factor of the boundary layer. The followingufies



illustrate a comparison with experimental data [fb8]the NACA-63418 airfoil. The Reynolds number is 6 million

and the transition is free.
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Fig. 2 Lift curvefor the NACA-63;418 airfoil; comparison between XFOIL and RFOIL with experiments
[16]. Reynolds number 6 million, freetransition.
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Fig. 3 Drag curvefor the NACA-63:418 airfoil; comparison between XFOIL and RFOIL with experiments
[16]. Reynolds number 6 million, freetransition.

It should be noted that the RFOIL prediction foe thtall region is well described and very closethe
experimental data; in XFOIL results, only the déwaia from the linear zone is described but not ¢tel. For the
drag curve, XFOIL and RFOIL are very close to eattter for small values df;, but for highC,, XFOIL is under

predicting. In ref [14], a additional drag of 10%6suggested to correct the RFOIL data; by addiisgféictor, a very



good agreement is found also for the drag coefficien order to have more realistic predictionss th0% drag

penalty is added during the optimization proceskfanall the numerical analyses.

IV. Design of tip region airfoil
The design of a new airfoil is presented in thistisa. As anticipated in the previous paragraphe t

requirements for the tip region of the blade amestidered. A Mega-Watt class wind turbine is chosemeference;
the Reynolds number is 6 million and the airfoitlessigned to maximize the aerodynamic efficiency degrees of
angle of attack.

The NACAO0012 airfoil was used as baseline for themization. The purpose of this choice is to hawsarting
point for the design process, as far as possibla fsotential local solutions and, in this way, hawere confidence
on the optimality of the solution.

A. Geometrical Constraints

Usually, the thickness at the tip is between 15% 48% of the chord; here a minimum value of 18% is
prescribed and a chord-wise location around 30%e@fchord in order to be compatible with existimdods. As
consequence, it should be noted that, because df2¥% thickness, the baseline is even out of thsiliee domain.

A minimum trailing edge thickness of 0.25% of thieord is required to ensure airfoil's feasibilityofn
manufacturing point of view.

One of the problems outlined in the previous sestis the insensitivity for the roughness and thedto have a
smooth stall, with gradual transition and sepamatiy using the results of ESDU [17], extensiomfrGault [18], a
minimum value for the ordinate at x/c equal to @®d can be selected to ensure a trailing edge aamar From
this parameter, a minimum LE radius of 0.015c carassigned. The main advantage of this choiceeidattt that
the stall is included in the design process by ecting it to a geometrical parameter; this meaas tte result is
not affected by eventual numerical inaccuracy and inot necessary to perform aerodynamic analgsestall
conditions. However, due to the importance of ttel $ehaviour and in order to do not force theusoh by
restricting too much the domain, it is preferred téke into account the stall characteristics intimdg an
aerodynamic constraint.

B. Aerodynamic Constraints
In order to limit the blade torsion, a minimum walfor C.,4 of -0.08 is prescribed. This value comes from a

comparative analysis on experimental data [3, @6fkisting airfoils realistically usable for thitass of turbines.



The geometries considered are the DU-W2-401, theWRJ350, the DU97-w-300, the DU-W2-250 and the
NACA-63,421. It should be noted that, apart the DU-W2-25f@i§ the chosen value for the moment coefficient

reasonable.
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Fig. 4 Efficiency curvefor selected airfoils. Re= 7 million, for NACA63,421 Re= 6 million. Experimental data
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Fig. 5 Moment coefficient curvefor selected airfoils. Re= 7 million, for NACA63,421 Re= 6 million.
Experimental data[3, 16].

Regarding the problems related with the gustan@e of minimum 7 degrees is required between és&gd

angle of attack and the start of significant sefp@ama This is done by imposing that the positiontlod separation



point on the suction side, based on the shaperféldjoequal to 2.8, is at minimum 90% of the chord ragla of
attack equal to 14 degrees.

To avoid possibility of abrupt stall and convergeat solution in which a Stratford style recomprassis not
present (it can lead to a not gradual evolutiotransition location), the design is performed byrfi transition at
0.01c on the suction side and 0.1c on the pressdee The optimization process in fixed transitmonditions,
together with the above mentioned constraint rdlatéh the location of the separation, should gigasonably
good results about stall characteristics. The demkiof this solution is the increase in time of t@imization
process, due to the fact that for each iteratiom,complete lift curve up to the stall conditioreds to be calculated
to ensure the accuracy of results and not justiéisgn condition.

C. Results
Fig. 6 shows the comparison between the new ginfieimed GWA1-18, and NACAG818, NACA64418,

NACA63;618 and NACA64618 airfoils.
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Fig. 6 GWA1-18 airfoil compared with NACA geometries.

In Fig. 7 and Fig. 8, the aerodynamic charactesstire compared. A value for the maximum efficiegmater
than 150 is reached, achieving, at the same tirgepd off-design performance, especially if comgdawethe peaky
performances of NACA airfoils. In the figures atbe experimental data are used to show the geradiability of

RFOIL. In absence of wind tunnel tests, this fécildd give some confidence about the robustnetiseoEWA1-18



airfoil data. The moment coefficient is respectihg imposed bound, as well as, the separationabairs not
before the stall at 15 degrees (Fig. 9, Fig. 10pKing at the lift coefficient curve, it can be sdbat good high lift
characteristics have been obtained with a not atstafl. The high lift characteristics allows taluee the chord, so
it is beneficial to design a slender and lightead, reducing also the loads along the blade. Duhé large
extension of the linear region of the lift curvieg tslope of the curve is constant up to the staik means that also

the fatigue loads, due to variation@f thus of C,, will be reduced.
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Fig. 7 Lift coefficient curve; comparison between the GWA1-18 and NACA airfoils. Re=6 million, free
transition, RFOIL predictions. Experimental data from Abbott [16].
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Fig. 8 Efficiency curve; comparison between the GWA1-18 and NACA airfoils. Re=6 million, free transition,
RFOIL predictions. Experimental data from Abbott [16].
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Fig. 9 Separation evolution by varying the angle of attack for the GWAZ1-18 airfoil. RFOIL predictions based
on H=2.8.
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Fig. 10 Pressur e coefficient distribution on GWA1-18 airfoil. RFOIL predictions, Reynolds number 6 million,
freetransition.
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Fig. 11 C; change dueto the angle of attack for the NACA63;418 airfoil. RFOIL predictions, Re=6 million,
freetranstion.
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Fig. 12 C; changedueto theangle of attack for the GWA1-18 airfoil. RFOIL predictions, Re=6 million, free
transition.

1. Effectsof roughness
The airfoils are compared also by simulating trespnce of roughness; the analysis was performéufysing

the transition at 0.01c on the top surface andlat 6n the lower surface. It should be noted thatperformance of
the GWAL1-18 in dirty conditions is better than thACA airfoils performance and the loss in efficigrdue to the
imposed transition is less than for the NACA geatast An interesting consideration can be addrességims of
design point. Due to the good off-design charasties of the GWA1-18 airfoil, the angle of attackwhich the
maximum efficiency is reached is almost the samdean and dirty conditions. For the NACA airfoitae change

in optimal condition is more evident.
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Fig. 13 Lift coefficient curve; comparison between the GWA1-18 and NACA airfoils. Re=6 million, RFOIL
predictions. Effect of imposed transition.

2. Effects of Reynolds number and Mach number
The effect related with the Reynolds number haslmwlyzed. The characteristics of the lift curwe aéhe

efficiency curve do not change sensibly; the chargtics at stall and the shape of the efficienaywe are just
scaled because of the Reynolds number.

During the design process, the flow is assumedetinbompressible; however, for real Mega-Watt clasxd
turbines, the velocity at the tip of the blade caach 90-100 m/s, that means a Mach number eqaR0.3. In
Fig. 14 and Fig. 15, the effects due to the Reynaad Mach numbers are shown. According to the RFOIL
predictions, the main effects due to the compréggilare an increment in drag at high angles ¢&ekt and a shift
of the lift curve, but the characteristics of th&/&1-18 airfoil in terms of stall and efficiency ala&teristics are still

good.
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Fig. 14 Lift coefficient curvefor the GWA1-18 airfoil; Reynolds number and M ach number effect, RFOIL
calculations, freetransition.
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Fig. 15 Efficiency curvefor the GWA1-18 airfoil; Reynolds number and Mach number effect, RFOIL
calculations, freetransition.
V. Conclusions
A new airfoil for wind turbines was designed. Aadiolg to the RFOIL predictions, the results are pisimg

when compared with commonly used NACA airfoils. Ary good value for the efficiency was achieved with

separation limited only in the stall zone. The higlue for theC, can be valuable to reduce chord and thus loads



and weight to the tip of the blade. Due to thetieddy large leading edge radius, the performaricedf-design and
rough conditions are also good. Also the stall,neifenot long as for the NACA airfoils, is quite swth if
considered the high lift character of the GWAL1-1r8od.

Despite these good results, wind tunnel tests ezernmended to validate predictions. Especiallytlier stall
behaviour, the numerical predictions, and consetytme MDO process used in this work, need to eefied. In
absence of experimental data, the stall charatitarisave been compared with the above mentiona#t fvom

Gault; according to these data, the stall for tNéA3.-18 airfoil is expected to be due to trailinggedseparation.
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