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In order to asess the merit of novel high-lift stretural concepts to the design of
contemporary and future transport aircraft, a highly automated design routine is
elaborated. The structure, purpose and evolution othis design routine is set-out with the use
of Knowledge-Based Engineering techniques. As a @astudy, the automated design of the
Eccentric Beam Actuator is treated here, but the desloped routine is meant to be applicable
in a generic fashion, allowing for other conceptsithe future.

[. Introduction

very lively field in current aerospace researcthis reduction of environmental impact of futurdiaérs.
This environmental impact can be described, onhamel, by the e.g. the amount of pollutants (e.gxNT) or
radiative forcing gasses (GCH,O) per passenger-km. On the other hand, next totpsl, the nuisance, which is
most tangible as noise, that a community experierficem airplane operations is also an importantofaas the
demand for air-transport is increasing steadilyfutbire air-transport is to increase to meet itsjguted demand,
nuisance in the form of e.g. the noise that anlaig produces in take-off and landing has to beaed in order to
adhere to airfield noise-regulations.

In order to reduce the environmental impact of fetairliners, improvements can be made in the hifgh-
systems of the airplane. This is an obvious fiefdimprovement where noise issues are concernedheas
predominant source of noise of a modern aircrafingulanding, with engines idling, are the slotslaides of its
deflected high-lift systems. Where pollutant entiass concerned, a reduction in cruise-flight daad, hence, fuel-
burn, can be achieved by Natural Laminar Flow (Ntg€hnologies. A crucial requirement for NLF tosuecessful
is a very smooth wing surface that does not exlahit irregularities in the form of gaps and seawisich are
formed by conventional stowed high-lift systems.efidiore smooth, seamless high-lift systems are ralimg
technology for NLF to be successful.

In the EU Framework project 7 SADEr{rt High-Lift DEvices for Next Generation Wings) several novel
high-lift structural solutions are under investigat These structural solutions have the potentaprovide the
required smooth, seamless high-lift devices, whilethe same time reduce actuation power requiresmand
maintenance cost and reduce noise generation.eleanch goals of this project are a.o. to incdasd ¢chnology
Readiness Level (TRL) of these high-lift technoksgand produce knowledge with respect to theiriegipility to
future airliner configurations.

II. Detailed Formatting Instructions

A. Automated Design as a comparison tool

To allow for a fair comparison between the différproposed structural solutions, whose performameoves
that of current high-lift systems, actual compamtilesign studies have to be undertaken. By dewgjagptimized
preliminary designs of each novel high-lift concdgised on the same set of design requirementsaarstraints, a
comparison can be made between these conceptsresffect to a.o. weight, actuation energy and system
complexity. Conclusions can be drawn on these t®awith respect to the best structural solution dogiven
application environment (i.e. the wing design, ltigegimes, aircraft configuration).

By varying the input design requirements and cansts for this design exercise, conclusions camvdran the
suitability of the novel high-lift concepts for dmation to different airplane configurations. Therrent scope of
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this research is on the application to a conveatiairliner wing, which is comparable in size aedjuirements to
the Airbus A320 wing, but after initial design ptiges have been established and results obtaimiedesearch will
extend to other configuration, such as Blended Vindies (BWB) and Prantl-Planes.

A challenge in assessing the applicability of thentioned high-lift concepts is the low maturity thfese
concepts. Relatively little empirical design datésts for these concepts.

In order to facilitate the repeated design proadsthe various high-lift concepts, use is made obWledge
Based Engineering (KBE) techniques. By employingeKBepeating steps in the design process can loenated
and hence can be repeated without too much efftwt. development of a design tool is sought, whigh, ¢n a
highly automated fashion, develop a feasible antroped design solution of various novel high-Itructural
solutions, for a given set of design constraints.

In order to implement a tool of the nature thatléscribed above, the design of one actual impleatient of a
high-lift system that is considered in this resbais scrutinized and implemented in the code efdasign routine.
The design process that is thus created, formeplége for the design process of the other nowghift concepts
that are considered in this research. The actuatimcept that will be treated further here, is Hueentric Beam
Actuator (EBA).

B. Determining the structure of the design process

In order to arrive at a high-lift system conceptdasign, a traditional outside-in design approactaken, i.e.
first the aerodynamic outer-surface is designed, subsequently the internal structural details‘@ted-in’. This
process is not fully performed in a serial fashiasthe aerodynamic design process usually doegpioate certain
structural requirements for thickness and intermlime. These constraints serve to prevent aeradigndesign
solutions being brought forward that would reqaireunwieldy internal structure.

In this design approach, should an undesirablectstral design result after a sequence of aerodynamd
structural design processes, there is the optiomeiterate this sequence of designs, whereby thectstal
constraints on the aerodynamic process are altaradashion that will likely result in a more dedile structural
design solution (i.e. lighter, simpler, etc.). THisign process can be considered as the thecabswnual iterative
design approach. Fig. 1 provides an illustratiothéf

On the other side of the spectrum of design apesmds the simultaneous multidiscliplanary optirtica of
both structural and aerodynamic designs. If ana®Bnce optimization structure is used, both desigmains of
the design in this example will be designed sirmdtausly, whereby the feasibility of the designriswred by cross-
linking constraints between both design domaings &pproach is often considered to be the mostompiate for a
multidisciplinary design optimization, as the sub@ons of the design are all designed simultanegasig none of
these sub-domains will be conditionally optimal enthe constraints imposed by a separate subdatmifollows
from some previous design iteration. Hence, thipraach will most likely arrive at the best possilgmbal
optimum for a given multidisciplinary design protmeThe All-at-Once approach is depicted in Fig. 2.
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Figure 1. Representation of the Iterative Designnocess.
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Figure 2. Representation of the All-at-Once optinaation process.

Summarizing the differences between the classiemtive manual design and the All-at-Once MDO apph,
it can be noted that the former approach useefs domputational effort than the latter, sincenimaber of design
iterations and aspect analyses is lower. On therdtland, the ‘quality’ of the resulting design fine manual
approach is lower than for the All-at-Once approdch the latter method will likely produce a leetdesign in
terms of performance.

In order to set up an automated design approadéonigh-lift systems treated in this paper, a pamise will
have to be made between the two extremes of degigroach that are described above. As the curesatarch
focuses on the conceptual design and initial degigoess, where multiple design concepts will kestigated, the
preference is to keep computational effort for @egi design to a minimum. The design process isefboer
sequenced in a number of consecutive steps, where detail is added to the design in each step.stia¢egy for
this sequential design process is to make useistirx knowledge about the behaviour of the desigh respect to
its design variables and implement it in this pesceFor instance, knowledge of the behavior of dpgmum
solution of a simplified sub-problem of the desjgocess can be implemented in order to bypass awationally
intensive optimization procedure.

The purpose of implementing this design knowledde the design process is that it will reduce tbheber of
design variables on which trade studies need topérormed. These trade studies serve to creat®usri
instantiations of the product in question that baranalysed with respect to their performanceéndfdombination of
a number of variables that leads to best performam&nown beforehand, a trade-study can be elimihtor these
variables, thus quickly obtaining a feasible andiropm solution for a given sub-problem. In this Ham, the
traditional feedback of data in order to reiterasereplaced by straight throughput, at least far $ub-problems
considered by pre-implemented design knowledge.

Where knowledge about a given sub-problem of theigdieis missing, an optimization routine of arhbiyra
complexity can be implemented to obtain a desiduatism. When such an optimization has to be perfmmany
times, as is the case in the current researchillipmve beneficial to construct the required desknowledge for
the sub-problem at hand. In that case, it will Beful to construct a response-surface of the pmegaoce-behavior
with respect to the design variables of the probknhand. This reponse surface will contain theénopation
history of a number of optimizations, each withfetiént constraint values, and will hence servaterpolate a new
design solution. In this fashion, a sub-optimisatio the design is replaced by an interpolationustisaving
computational effort. A precondition for this resge-surface method to work is that the respondaeimwith
respect to the design variables is sufficiently sthpwithout any discontinuities, and that its dimeovers all to-
be-expected combinations of design variables.

In order to construct a response-surface of opétion results to a given design problem, the desigthod that
was developed up to that point in the sequenceperf@ct candidate to supply the input design, wilithave to be
analyzed with respect to a given performance @iterin this fashion the design tool that is undevelopment is
used to extend its own capabilities.

Next to implementing existing design-knowledge,imitation processes of various flavours and / plaeing
these latter with response-surfaces, there is awy option of constructing a design approach bking educated
guesses. This approach might be considered inacusat in a lot of cases this approach can genaratesign
solution that will not be too far off from the omtiim solution. Especially in situations were thef@enance of the
design has low dependence on the available desigables this approach will be beneficial. It igewthat care
needs to be taken when using this approach, wineblhies the very human capabilities of common searsd
educated guessing. For the current research tiés Epproach is used in design sub-problems waseeistimated
that a variation in design parameters from the nopth combination will hardly produce a difference the
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performance of the resulting design at the endh@fsequence of sub-processes. While not complatelyrate, this
approach allows to save modeling effort, which ttars be focused on more demanding sub-problems.

Optimization Pre-process MMG-process Discipline Analysis
Process and Ranking
P > E—
Assumed | |
Design logic

Figure 3. Implementation of the design process @f given design step in the procedure design. A caih
design logic for some design variables is implemesd, but still some design iterations must be perfoned.

Optimization Pre-process MMG-process Discipline Analysis
Process and Ranking
Design » S
Reponse |
Surface
Assumed
Design logic

Figure 4. Implementation of the design process @f given design step in the procedure design with ¢h
implementation of design knowledge obtained earlierA design response surface is implemented in ordés
allow input parameters to be directly translated irto design-parameters.

The above-illustrated design process is illustrdtgd-igs. 3 and 4. Figure 3 depicts the situatidrens, for a
given sub-design process, a certain design rougimssumed. In this routine the optimizer inputegain design
vector X,; into the design-preprocessor. The purpose of gresprocessor is to gradually reduce the number of
design variables of the design vectop;Xin order to reduce the complexity of the desigtiraization, which
results in the reduced design vectaggXcontaining the still free design-variables, andesived design vector,
containing the values that were derived from thplemented design knowledge. Fig. 4 adds a respsur$ace to
the preprocessor of Fig. 3 in order to allow foquacker destermination of the optimum design sohutiln the
process, any feed-back loops to the pre-processa@liainated.

The reduced and derived design vectors are ingot ansoftware-tool known as a Multi-Model Generator
(MMG), which will construct a geometrical model tife product at hand, together with any disciplimalgsis
models (e.g. FEM, Panel, CFD) for further analyditese discipline models are subsequently analymed
dedicated analysis modules and the interrelatioth@fvarious analysis disciplines is treated bwraking routine,
producing one or more performance indicators (@aight, G/Cp, etc. ). These performance indicators are fed back
to the optimization routine for the determinatidrttte next design iteration.

The notions and considerations that are presemtetis section are used to build a design tool knas a
Design Engineering Engine (DEE). This DEE is awaft tool, that is used to facilitate design prsessof a
generically defined class of products (e.g. anrafts wing). The DEE, in its general form, is luflround an
MMG, and performs the modeling, analysis and oations tasks described above. In addition the BEfapable
of identifying an initial estimate of the produatgign, in order to provide the optimizer with a datarting point.

A structural overview of a generic DEE is giverFig. 5.

The consecutive design-steps that are taken inrdodarrive at a design solution for a given pradwse
schematically represented in Fig. 6. Here, theousristeps in the design process are indicated kgt eof
consecutive iterations through the pre-procesherMMG and the analysis routine.
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Figure 5. The Design Engineering Engine (DEE).
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In this paper, an alteration to the general DEEcephis proposed, which will simplify the proceddinding a
feasible and optimal design for a given producisHfteration is comprised of a pre-processor éeoMMG that will
try to implement design-knowledge in order to reatie number of design variables that need to imized.

By implying a design of certain features to beidst from a set of given input requirements, a nemtf the
required variables that are needed to define tlsgdecan be derived from these requirements. @bk ¢f the
optimization process is to determine the perforreabehavior of the a given (sub-)design with respecits
principal defining variables. Once this knowledgeobtained, the response-surface can be used tioesyze (part
of) the reduced design vector based on a giveialinieésign vector.

Optimization Process Design MMG Discipline Analysis
Preprosessor and Ranking

10r

00

0r

Figure 6. The design process of a high-lift systein its DEE structure. Various required consecutivesteps
can be identified that all have to perform a loop lirough the sequence of Design-Preprocessor, MMG, dn
Discipline Analysis modules.
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Figure 7. Design process of a high-lift system its DEE structure when all available design-data habeen
obtained. By implementing this knowledge in the prgprocessor a feasible and optimal design solutioran be
obtained for each combination of input parametersthus precluding the need for an iterative process.

When zooming out from the sub-process level tddkiel of the complete design process, it can bechthiat in
order to construct a given product in a sequefféishion whereby more detail is determined in ev&gp, one
design sub-process has to be completed in ordehéonext to ensue. In order to find feasible, mféed solutions
for each sub-problem of the complete design task,MMG and the Analysis and Ranking functions hewée
iterated many times, with the detail of the desigmeasing each time.

If all the required design-knowledge for each sobbpem is incorporated in the pre-processor, thte@alrdesign
vector will only consist of the design requirementshich are subsequently translated by the pregasar into
design variables for the sizing of the product iregtion. These design variables are fed into theGvikbnverted
into aspect analysis models, and subsequently zedignd merited.

The representation of a Design Engineering Engiitie all possible design knowledge implemented wddda
utopia, as it implies that all relevant knowledgeacquired. This situation is represented in Fign7practice, a
useful DEE will be a hybrid between the two illaded models, whereby some derived design variaikemdeed
determined by other input variables and requiresjemhile others need to be iteratively determingddme form
of optimization routine.

C. Eccentric Beam Actuator (EBA)

An EBA in its most generic form consists of a riotgtbeam, whereby the axis of rotation does natade in
part or in full with the central axis of the bea#y. rotating such a beam, a shape change of thetsteusurrounding
it can be achieved. EBA’s have been successfulpfiegh in the DARPA Smart Wing Project and consideas a
candidate technology for future high-lift applicats in the context of SADE. Specifically, the EBRAat is
considered in SADE is to be employed as a combawtdator and support structure of a flexible skigtarial in
either the wing’s leading or trailing edge sectiofkis flexible skin is initially considered to heva relatively low
out-of-plane bending stiffness, while the extenalastiffness is very high. This results in a defahie skin that
essentially maintains its cross-sectional arc-lengt

The EBA itself is formed by a relatively slendenjeed beam, with one end rotationally connectethéofront
spar of the wing-box, or to the rear spar in cdse tailing edge application. The other end of leam is left free
to move, with a variable number of cam-shaft-likecd positioned along its length. These discs sarveansmit
forces between the beam structure and the flexibtedynamic skin. They are considered to slidegatbl skin,
while the disc-skin contact point remains on thia skirface, by some (to be implemented) constrginiechanism.
Figures 8 and 9 show an example of an EBA applied flexible skin leading edge section. In bottufis the
shape of the beam and its discs is identical, thg difference being that it is rotated over 90 &g about its left
endpoint in the figure.
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Figure 8. EBA-actuator in cruise configuration. Figure 9. The same EBA actuator as before, but now
in high-lift configuration, rotated over 90 degrees

[l Implementation of the EBA into an automated desgn routine

A. Multi-Model Generator (MMG)

In order to be able to generate different instdioties of this EBA, a software tool known as a Mtodel
Generator (MMG) is created. This MMG takes a sadaxfcriptive input-parameters for the EBA and cotsvie to a
geometric model of the intended EBA-design. Nexaitgeometric model, also structural analysis mo¢ietsv),
aerodynamic models and other disciplinary analysalels can be generated, based on the same sepuf i
parameters.

The model that is used as the principal definitiérihe product to be designed is of a geometricalire. All
other definitions, such as aerodynamic and strattliscipline models follow from this geometricafihition.

With the choices on structuring the design processset out in the preceding part, taken into augoa
combination of preprocessor and MMG was developedhie design of an EBA.

A requirement of the EBA MMG is that it should ptme a kinematicaly feasible EBA that does not veokny
geometric constraint. To produce such a desigreragassumptions are made by the MMG and a degigroach
is implemented, which is by no means the only mgtttwoarrive at a feasible geometric design, nar jer se the
method for obtaining the best design in every thbik situation. It is assumed here that variationghe
implemented geometrical design process produde Vifiriation in the final preliminary high-lift siem design.

Without going into too much detail here about tkemetrical design procedure employed, the EBA Midke$
as input the two aerodynamic surface configurati@ng. the cruise and high-lift configurations) eétiger with the
number and positions in chord-wise direction of dises. Also material thicknesses and propertiesbeainput for
the beam and its discs.

Now, the disc contact points with the skin are asstito move only in the spanwise direction on thie's
surface as the EBA rotates between its two extrstaes. More specifically, this means that thelangth of the
distance between the contact-point and the LE @) Spar taken along the skin remains equal. Becatigke
deformation of the LE (or TE) while the EBA is rted, the above-described contact-points move ngtioran up-
down direction (parallel to the airplane’s z-axis)t also in the chordwise direction.

Another assumption implemented in the MMG is that beam’s projected shape, when viewed in crosfoeec
should run along the local camber line of the irputfaces in both extreme deflection positions e beam.
Because the beam is assumed to rotate over 90edeghese two described projected shapes are orthbtp each
other and together uniquely describe the 3D-shéfeedeam.

With a beam defined according to the above dessgnraptions, the discs are placed along the beaarding
to the chordwise input-positions. To accommodatete chord-wise movement of the disc-skin confaaitits, the
disc are shaped as non-planar ellipses.

The EBA's that are obtained by the said MMG stillve to be designed with respect to their structural
properties. Furthermore, the position and numbéh@beams have to be optimized as well. ThusMviié& is used
in a structural optimization-loop that will detemai the said variables in order to minimize strumtureight,
actuation energy, or a compound objective functibthese two with aero-elastic deformation as &-sidnstraint
next to the obvious constraint that the EBA-musstreng enough to carry the imparted loads safely.

The aero-elastic deformation is chosen as a sidst@int, since it has a large influence on thedwramic
performance of the high-lift system, but behavea agstem with a certain threshold. That is, thevdod movement
of the BL transition point can handle a certain antoof LE shape deformation before it will actualiyart
accelerating abruptly and rapidly with reducingns&tiffness. The skin’s stiffness has to be redua®dompared to
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a regular rigid skin in order to be able to defasithout too much undue actuation force. If thefsébs becomes
too low, the skin will start to deform noticeablpder aerodynamic loading, altering the airfoil'sgh and, hence,
degrading performance. There will therefore bergageinfluence of the laminar flow requirement e stiffness
properties of both the EBA and the skin that gupporting.

Giving the above considerations, it is to be expeédthat lowest weight and actuation energy areimédawhen
the skin-stiffness value approaches the threshaligevdetermined by the migration of the transitpmint.

It is envisioned that a feasible and optimal corabon of the mentioned variables will be obtaineantf a
suitable optimization process. It is therefore dedito use the MMG-structure that is developedouthit point, in
order to investigate the design behavior of the E®B# the nose skin-surface. The goal of this islégelop
knowledge in fashion mentioned above in order termk the design tool.

B. Design of a smooth, seamless high-lift aerodynanmscirface

Since this study focuses on the application of htngh-lift structural concepts to existing anduté aircraft
configurations, the overall aerodynamic and stnadtulesign of the wing fall outside the scope of tio-be
developed design tool and are therefore considasedput to the design process. This design tolblrather focus
on the design of the actual high-lift systems aod khey are applied on a predefined wing configarat

The aerodynamic design of the leading edge parthefhigh-lift system consists of generating a sipot
seamless aerodynamic surface. The first step snpitcess is to specify the contour of the LE Hifjlsystem on
the input wing in cruise configuration. Based ois ttontour, the cruise-configuration surface of ke device is
cut-out of the wing and stored for further procegsiThis process is illustrated in Fig. 10.

An arbitrary number of 2D streamwise cross-sectitars be taken of the wing surface over the seatitim the
now cut-out nose section. To each of these cubibséctions, a new high-lift nose part is fitted, to obtain a new
closed high-lift airfoil. The airfoils that resut this fashion are used to construct a 3-dimeradisarface for this
high-lift LE part.

N

\

Figure 10. A wing aerodynamic surface is providedoy the MMG, based on fixed input parameters. A
segment of this wing is cut at the location were ligh-lift system is to be fitted. The cut-out surfae is stored
to serve in the ensuing design process of the hidjfi-system

The shape of the new high-lift nose airfoil secsitras quite a lot of freedom of design. Some cenatibns for
the design of this nose section are its arc-lemgith the degree of continuity at the connection tsowith the
original cut airfoil. For novel skin constructiotigat can stretch and contract in-plane, a higmbie section can be
chosen with an arc-length different from that af tiriginal cruise nose cross-section. For skin ftaosons that are
not meant to stretch and obtain their deformabftityn out-of-plane bending, the high-lift cross-saeal arc-length
should be taken the same as that of the origingdercross-section.

Where the degree of continuity at the connectiorcdacerned, there should obviously be at least a CO
continuity, to avoid any seams or slots in theadirfC1-continuity also helps in improving the baiamy-layer flow
at these intersections, but in order to achieveoatimuous pressure coefficient JiCdistribution across the
connecting points, C2-continuity, i.e. a continuoadius of curvature distribution, would be reqdire

While the aerodynamic shape of the above describgh-lift airfoil sections is a prime candidate fan
optimization process, it is for the current destgol taken as a fixed input-shape, which was obkthifrom a
separate and dedicated 2D optimization processs Thiss-sectional shape assumes no in-plane stgtch
Furthermore, it uses C2-continuity for the uppertbEnain airfoil connection, to prevent any unwahpgessure-
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jumps on the boundary-layer flow in that regionr B bottom connection point, only C1 continugyimposed, as
the boundary layer flow is much more favorablehis region.

With the LE high-lift cross-sections obtained ire tfashion described above, these sections are cpudasity
used to construct an aerodynamic surface by meaage@ometrical routine, known &sfting. For the current high-
lift system, use is made of a linear loft betwesn t E cross-sections, which are positioned at eifiganwise end
of the deflected LE nose-section.

Figure 11. Input surfaces for the design routinedr a TE—applied EBA.

Now that an initial estimate for the high-lift LEe@dynamic surface is obtained, this surface dti##s not fully
adhere to the imposed top-level design-requirerabatseamless surface. If a traditional solutiomenmursued, the
spanwise edges of the LE-device would form locatdintinuities to the aerodynamic shape of the wiiey.
These discontinuities will persist as streamwissrsein the retracted LE configuration and will heffienction as a
source of boundary-layer disturbance, which wilpedite BL-transition, thus precluding NLF. In theHhlift
configuration the edges that are formed give risaitflow leaking around them, which causes turbuleortices
that contribute to approach-noise. Fig. 11 givesoaerview of the relevant input-surfaces to therear design
problem.

Taking these notions into consideration calls fam@oth blending between the deflected high-lift diEface,
which was previously obtained, and the otherwisgefmrmed rest of the wing. A code that performs thsk was
developed and implemented in the design tool.

This spanwise blending routine takes the prelinyin@igh-lift LE surface as input and slices it upoirthree
parts. These parts are the 2 to-be-blended edd®rsgcwhich arise as the adjoining wing sectiontoisbe left
unaltered. The third and middle section is theiporof the high-lift surface that is to be left lteaed.

The smooth blending surface between the edgesedhitd LE section and the spanwise edges of tladtened
wing are constructed by making use of a geometcigastruct known as aige-blend-surface.

This edge-blend-surface is constructed by congiddibth the edges between which a blending-suitatebe
constructed and to adjoining surfaces that it eglhnect. The routine that constructs this blendsicarns the input
edges and determines the adjoining surface’s dretderivative in a direction locally perpendiauto the edge-
curve and does this along the length of the edgeecurhe blending routine will construct a blendséd on
intersecting cross-sectional contour-curves thatda&fined in an orthogonal reference frame, terthedsurface’s u
and v direction. The chordwise contour-curves (u)his blend are formed by interpolating betweee #ujacent
wing’s edges. The spanwise contour curves (irvitizection) are constructed by 8legree Bezier curves.

A Bezier curve’s shape is most easily influencewulgh the position of its control points. Some nties of
the Bezier curve is useful in the creation of agnasnic surfaces. Irrespective of the degree of/argBezier curve,
its end-points Pand R will always be interpolated at the edges of thevels parametric space (usually [0, 1])
which opens the possibility to impose end-pointiealto the curve at hand, i.e. impose CO—continHifythermore,
it turns out that the directional derivative at #red-points are equal to the direction vector thdbrmed between
the end-point of a curve’s control-point grid ahé point immediately adjacent to this point, i.etvieen Rand R
for the starting-point and,R and R for the end-point. This notion is used to congdtaucurve that has C1 continuity
with adjacent curves at its end-points.

With the two conditions for CO and C1 continuitytla¢ curve’s end-points known, it is observed thairder to
obtain a Bezier curve that connects to both extrpaiets’ ends in a C1 fashion, the set of points B2, B.,.., P, ] is
required. The simplest Bezier curve that shows m@itee to this requirement is a curve that is defibg four
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control-points, i.e. it is of '3 degree. It is exactly this curve that is usedétermine the desired contour-curve, in
the v-direction, for the blend surface. An examgfla blended LE high-lift surface is depicted iig.FL2.

When placing the control points, while adheringhte above-mentioned C1l-constraints, the designstlideft
with 2 extra degrees of freedom in the curve’srdgdin. While the endpoints ¢PP,) and the placement direction of
the points immediately adjacent (R, ;) are known, the distances by which the adjacemtpshould be offset
from the endpoints are free to choose. This freedbihesign does not violate the imposed continadggstraints.
These offset distances are subsequently used aspapameters in the aerodynamic design procegsther with
the widths of the blend-sections. In order to idtroe a non-dimensional parameter for these offis¢trttes, that
only influences the shape of the curve, irrespectif/its magnitude, they have to be normalized wétfpect to a
conveniently chosen dimension. This dimension sseh as the direct distance between both extreinésp®hus
the blend-ratio is introduced for both inboard and outboard LE Hifftsurface blends. This ratio is defined as the
offset distance of an adjacent point with respedtstend-point divided by the distance betwee leotd-points.

Variations in the aerodynamic performance behagfoboth the edge-blend-surfaces need to be stuttiesl.
foreseen that when the width of the blends is toalk the BL will be very sensitive to separatidiso, the exact
shape of the blend (governed by the edge-blendsiai considered as influential, but of lower arde

T
.
H
:
¥
T
— - 1

il 'III ! |II i F |II Il
'flf.lfl'flff fflf'f'
Lf'f'/u’lf'/n/”

 EEEEEEEEEE

i

Figure 12. Resulting LE surface after blending othe edges,
shown respectively top-down, tri-metric, and frontto-rear.

C. Development of a smooth variable camber tail sectio

Another focal point for this research is the apgiitity of the novel high-lift devices to the tiaid) edge of a
wing. An example of such an implementation is pded in Fig. 13. In this region of the wing, the aimamic
requirements with respect to NLF are less stringesmithe flow will have passed most of wing’s chaal a tripping
of the BL into transition in this region will havess dramatic effects on the cruise drag of thiggwMoreover, it is
quite possible that the BL flow will have alreadipped upstream from this TE section, in spitehe&f NLF design
implementations to the wing. In this case, the sitifiness requirements of the TE device can baxesd to some
degree.

In this part of the high-lift system design, agamaerodynamic optimization would be appropriatdatt, since
the LE and TE high-lift devices have a large infloe on each other’'s working and on the overall Hifgh
performance of the wing, the best optimization apph would be to simultaneously optimize the shafdeoth the
LE and TE parts, at least for one or several 2Dimes of the high-lift wing.

In the context of this research, such an optimirativas performed separately of the current desigh t
development, and a high-lift TE cross-section wesvided. This TE section naturally belongs to tHe ¢ross-
section that was provided earlier for the LE sectamnstruction. It was decided to drop the requinenof a
seamless device at the TE, since this requiremenddampreclude the possibility of constructing a tiralement
airfoil, which would pose a large inhibition on thehievable maximum-lift of this device. By allowira single
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slotted flap configuration, a compromise betweesteay complexity and high-lift performance was advat. This
stipulation is observed in the development of tigh#lift design-tool.

Figure 13. EBA applied to a variable camber TE sdion of a wing

A novel application for the considered high-liftrdigurations is the application of camber trimmiafythe
wing’s cross-section during flight. While an airftraruises at it's cruising altitude, its weightlwieduce as the
flight progresses. While weight reduces, so doesréiguired lift to keep the aircraft in level fligihere are three
distinct variables available to adjust the wingfs o the reducing weight. The first of these igeauction in
airspeed, which is generally undesirable, becaisenill increase the aircraft’s block time. Theesad approach is
to reduce the air density by increasing the craiséude steadily as the cruise progresses. Whely ¥easible in
theory, practice learns that current air-trafic piens generally don’t allow such a direct crutsieab flight profile
and an actual cruise-profile will consist of a gteg-cruise, where each step in the altitude is dinated with
ground-control. Another issue with this approacthe for a turbofanned airliner the required fizetruise a given
distance decreases with air-density and henceimgtieasing altitude. This implies that the best-&aving strategy
will be to cruise at the highest-possible altitul@aying little room to climb during cruise.

The third approach is to change thev@lue that the wing needs to provide. The impiaraof this is that with
this G -value the wing will also achieve a different, dikely lower, [C/Cp]. In a proper aircraft sizing study the
wing is generally designed to provide optimum/[C] at the cruise Cneeded for the designed cruising airspeed,
altitude, and wing-loading W/S. Therefore, a deuibat can alter the wing’s ,&value at which it's maximum
[CL/Cp]-value is achieved, without a significant losstle actual magnitude of this ratio, is sought. Auson to
this requirement is to adjust, or rather, ‘trimétbamber of the wing’s cross-section, which wiljustithe optimum
C.-value in the fashion described. Studies on asfodith different camber-settings show that the mdco
requirement, on [QCp], can be fulfilled. It is considered an interegtigoal to study the ways in which such a
device can be implemented structurally.

In order to trim the camber of the wing’s chordwisess-section, a promising approach seems to deftym
only part of this shape. A common approach is jasidhe shape of the LE, located past, say, 70%hethord. For
this study such devices will be investigated atr@iminary design level and the design engine Wél adjusted
accordingly to provide the modeling and analysighef design. While a variable camber TE section mamost
easily implemented by in-plane stretching of theodgnamic skin, for the moment a design sub-process
implemented that assumes that the skin is relgtistéff in the in-plane direction and a variatianthe TE cross-
section is mainly caused by out-of-plane bendinghefskin panels. To allow the upper and lower skihsuch a
TE device to deflect, they should be allowed to eawith respect to each other. Therefore, in theertr
implementation it is decided to leave the TE edbthis device open, without connecting the uppeat kxwer skin
in a rigid fashion. By allowing the skins to slidéth respect to each other, a variable camberhgesaed. It will be
assumed that some form of seal is implementedaternstage in the design process, between thagligpper and
lower TE surfaces.

As a parameterization for this LE device, the upged lower surface TE parts are defined as b-sglimees.
The shapes of these curves are influenced by #pecéve control-points of both curves, which aréurn defined
in a fashion relative to the camber-line of this &&ction. By adjusting the camberline shape, tieation of the
control-points is adjusted as well. The paramed¢ion routine takes into account C2-continuity fe¢ tonnection
points with the main (rigid) airfoil-section. In didion, a scaling routine ensures that the arcilend these altered
curves remain identical to the original arc-lengffise shape of the camberline is defined by a &gtekt Bernstein
polynomial. The first 2 of the total of 4 shape graeters of this curve are used to attach the aarstt TE
camberline to the remainder of the original caniberin a C1 fashion. This leaves a total of 2 shagrameters to
optimize the deflection of the TE.
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In order to determine the optimum LE surface contfor a given ¢-setting, a genetic optimization was
undertaken, based on the modeling provided by #sgd engine. For this optimization a genetic atgor was
selected. The initial cruise and optimized cambienrhed-airfoils are shown in Fig. 14, the resultisignd of the
two surfaces is depicted in Fig. 15.

Now that a routine is obtained to develop a cantbemable wing for the plain cruise airfoil, a mamrealistic
design will be implemented in the future for an EB¥at is located in the single flap of the high-Gbnfiguration.
By implementing variable camber in this part, te&acted cross-section of the wing will also inhé&s variable
camber properties for the rear part of the cruideil This “upgrade” to the design process, hoegewill not be
elaborated further here.

o il

Figure 15. Resulting TE surface after blending oftie edges,
shown respectively top-down, tri-metric, and rear-b-front.

D. Summary of the obtained design structure

With part of the design process of an EBA strualurethe fashion that is described in the precediections,
the design structure will be summarized here.

The first step in the design process is to makeaosmblending surfaces for both the LE and TE sestidor
both high-lift and camber trimming applicationstb& EBA. As input to this step, the cruise skinface is obtained
from the pre-defined wing surface. The high-lifrfage is obtained bjofting a set of pre-defined high-lift nose
sections.

In order to make an effective blend between théiitydevice and the rest of the wing, the breatid the shape
of the blends must be optimized. This procesdustilated in Fig. 1Gvhere a feed-back is implemented from the
aerodynamic analysis routine back to the pre-psmred his optimization will be performed to obtalive best shape
of the blending sections required. Since most efitiput data at this point is fixed, it will coms o surprise that a
single optimum shape will be obtained. For the entrresearch, this outcome is acceptable and #mglinlg process
can subsequently be implemented as a straightghrput, whereby the known optimum blend shape [®ieqg to
the input cruise and high-lift surfaces. This bleddurface is used downstream in the design prdoestart the
sizing of the EBA’s.
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In order to further develop this step in the degigocess, the optimization of the blend, in théhias described
above, has to be performed multiple times for déffee input surface shapes. In this fashion, a mspsurface of
the optimum blend shape will be obtained for impdatation in the design routine. This situationlligsirated in
Fig 17.

Pre-prg cessor

= MMG

Spanwise . /AVAVAVAVAVAVAVAVAVA: 7

blending of LE
section

Aerodynamic
Analysis: 3D panel —»
w. BL-coupling

|
!

Spanwise
blending of TE
section

Figure 16. Layout of the design process for the bhgling of high-lift system’s edges when no previous
knowledge on the optimization behavior exists.

Pre-processor MMG
Spanwise . r Aerodynamic
I »| blending LE/TE » Analysis: 3D panel [ »
response surface w. BL-coupling

Figure 17. Layout of the design process for the éhding of high-lift system’s edges when a responserface
has been implemented.

With smoothly blended LE and TE surfaces obtaimedhfthe previous design step, these will be suleswty
used to design the actual EBA’s that need to suppuat actuate these surfaces. As was indicateadydfe design
of the EBA’s can be divided into roughly 3 partejrg the kinematic sizing of the beam and its dittes sizing of
the stiffness of the beam, and the sizing of the skffness distribution. The first of these, tkieematic sizing is
implemented in a straightforward fashion, wherelmstdimensions are deduced from the input cruisehagh-lift
surfaces. The main variables of importance to fhtnozation of the rest of the high-lift system’egign are the
number and location of the actuating discs thapetpand move the skin. The kinematic sizing roaitihat was
previously elaborated is implemented in the designine of this design step.

The sizing of the beam’s and skin’s stiffnessestaghly dependant on the number and location ofdises.
These variables are a determining factor for tiwduction of bending loads into the beam, whil¢hat same time
the skin’s stiffness requirements are predomindtgdhe unsupported distance that the skin needsat@rse
between two adjacent disc’'s contact points. In otdeprevent detrimental aerodynamic effects, thmuant of
sagging or bulging of this unsupported skin muskégg within certain bounds.

Initially, the above-stated considerations for thesign process of this step are implemented iraditional
manual-like fashion. This is indicated in Fig. 1&amber of reiterations will likely have to be take order to
develop a feasible, let alone, optimal design smiutTherefore some kind of combined optimizationtime is to be
developed in order to automate this process. InHghis implication is illustrated by an All-at-Oncetamization
structure. It is stretched here that this optimaastructure is by no means the only or the bpgt@ach. Actually, a
Collaborative Optimization (CO) is sought for implentation. The benefit of this approach is that réaguired
iterations are reduced at the expense of posstHiibiring a slightly sub-optimal solution.
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The ultimate goal in the construction of the cutmesign step is to obtain a response surfaceeodptimization
results of many different combinations of inputightes, such as the operating aircraft's winglogditt/S and
input-surfaces. By implementing such a responst&asey a quick routine, with a minimum of feed-bélobtained
for this design step. This (still to be implementptbcess is depicted in Fig 20.

This section has presented an initial lay-out ef¢chosen approach in developing a software toaitomate the
design process of novel high-lift structural salas. The purpose of this will be to allow for comgitve design
studies of a number of proposed concepts. The mgsmress developed here is far from completejsbsét up in
such a fashion that knowledge about its behaviaor lza put to good use, allows for improvements asemo
knowledge is obtained, and is modular and portablthat it can be recycled for other, similar, sad

Figure 18. Layout of the design process for the BB when no previous knowledge on the optimization
behavior exists. Several iterative loops are impleented in this process.

Figure 19. Layout of the design process for the BB with the inclusion of some form of multi-system
optimization process. This process will autonomouglobtain an optimum design solution for a given sebf
input-parameters.

Figure 20. Layout of the design process for the EBwhen a response surface has been implemented.
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