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Foreword

Smartstructuresable tosensechangef their ownstate orvariations ofthee n vi r o n mamand t hey ¢
capable ofintervening in order tamprove their performancdind themselves in an ev@rcreasing use
amongnumeroustechnologyfields, opening new frontiersvithin advancedstructural engineering and
materials scienceSmart structures represent of course a current challenge for thicafppn on the
aircrafts. A morphing structure can be considered as the result of the synergic integration of three main
systems: the structural system, based on reliable kinematic mechanisms or on compliant elements enabling
the shape modification, thetation and control sysins, characterized by embedadetliators and robust

control strategies, and the sensing system, usually involving a network of sensors distributed along the
structure to monitor its state parameters. Technologies with ever inngeasturity level are adopted to

assure the consolidation of products in line with the aeronautical industry standards and fully compliant
with the applicable airworthiness requiremeriimitil few years agomorphing wing technology appeared

an utopic solution. In the aeronautical field, airworthiness authorities demand a huge process of
qualification, standardization, and verificatiofEssential components of an intelligent structure are
sensors and actuator$he actuatechnological challengeenvisg ed i n the industri al
electric aircrafp, will be to replace the heavy conventional hydraulic actuators with a distrilstitatbgy
comprisingsmalkr electremechanical actuatorsThis will bring several benefdat the aircraft Evel:

firstly, fuel savings. Additionally, a full electrical system redwtassical drawbacks of hydraulic systems

and overall complexity, yielding also weight and maintenance benkgfithe same e, a morphing
structure needs a reatime strain monioring system:a nancengineeredpolymer capable of densely
distributedstrain sensingcan be a suitable solution for this kind of flying systeRigzoresistive carbon
nanotube can be integrated akin films coated and integrated witompositeo form deformable slf-

sensing materialsThe materials actually become sensors themselves without using external devices,
embedded or attached.

Thisdoctoralthesisproposes anulti-disciplinaryinvestigationof the most moderactuation and sensing
technologis for variableshapeddevicesmainly intended folarge commercial aircraft.The personal
involvementn several research projects with numerous internatigraatners- during the last three years

- allowedfor exploiing engineeringoutcomesn view of potentiatertificationand industrialization of the
studied solutiondMoving from aconceptuasurveyof the smart systertisatintroduceghe idea of adaptive
aerodynamic surfaceand main research challengdbethesis present&Chapterl) the current worldwide
status of morphing technologies as weliratustrial development expectatiofitie Ph.D. programmialls
within the designof some of the most promising and potentially flyable solutions for performance
improvemenbf green regionahircrafts. A cambemmorphing aileronand a multi-modal flapare herein
analysed and assessedsatcompoentsinvolved forthe realization o& morphing wing.

An innovative cambemorphingaileronwas proposeih CRIAQ MDG505, a joint Canadian and Iti@n
research projectRelying upon the experimental evidence within the present reséfaeassue appeared
concerns theritical importance of considering the dynamic modelling of the actuators in the design phase
of asmart device. Thhigher number ofctuatorsinvolved makes de facto the morphstgucture much

more complex. In this conteghapter 2) the action of the actuators has been modelled within the
numerical model of the aileron: the comparison between the modal characteristics of nupredizlons

and testing activities has shown a high level of correlation.

Morphing structuresare characterized by many more degrees of freedondthincreased modal density
introducingnew paradigmsboutmodellingstrategies and aeroelastic approach@&seseaspectsaffect
and modify many aspects of the traditional aeronautical engineering process, like simulation activity,
design criteria assessment, and interpretation of tileadhic respons¢Chapter 3). With respect the
aforementioned aileronsensitvity studieswere carried outin compliance with EASAirworthiness
requirement¢o evaluate the aergervoelastic stability of global system with respect to single and
combined failures of the actuators enabling morphMgreover, thgamming event, which is one of the

4



main drawbacks associated with the use of electechanical actuatordias been duly analyzed to observe
any dynamic criticalitiesFault & Hazard Analysis (FHA)have beeithereforeperformed as the basis for
applicationof these devices to real aircraft.

Neverthelesgheimplementation of an electhmechanicabystem implieseveralchallenges related to the
integration at aircraft system levethepractical need foreal-timemonitoringof morphing devicepower
absorption levelsand dynamic performancender aircraft operatingconditions, suggest the use of a
groundbased engineering tool i . e . 0 ffar theophysidal intedratiomf systemsLookingin this
perspective, the Chapter 4 deals with the description of an innovativemuddl flap idealized in the
Clean Sky Joint Technology Initiativeesearch scenarioA distributedgeardrive electremechanical
actuation has been fully studied and vatied by an experimental campaidrelying uporthe experience
gained, the encouraging outcomeled to thesecond stage ahe project Clean Sky 2 Airgreen 2,
encompassinghe development of a morebotized flapfor next regional aircraft. Numerical and
experimental activities have been carried out to supporhéadth managememptrocessn orderto check
the EMAscompatibility with otheelectrical systemsoo.

A smart structure as a morphing wing needs an embedded sensing system tio orel@sure the actual

def ormati on state as well a sA nevopodssibbepproathaonrodertoh e st
have adistributed lightweightsystem consists in the developmemafmerbasedmaterials filled with
conductivesmartfillers such as carbomanotubes (CNTsYhe thesis ends with feasibility studyabout

the incorporation of carbon nanomaterials inflexible coatings forcomposite structurefChapter 5)

Coupons made of MWCNTs embedded in typical aeronautic epoxydtomuvere prepared and tested

under different conditions in order to better characterize their sensing performance. Strain sensing
properties were compared to commercially available strain gagesfibed optics. The results were

obtained in the last tiaing year following theinvolvementof the authorin research activities at the
University of Salerno anMaterials and Structures CentrdJniversityof Bath.

One of the issues foh¢ next developments is to consolidate these novel techndlogescurrent and
future European projects where the smart structtwesc is considered as one of the priorities for tiesv
generation aircraftslt is remarkable that scientists and aeronautical engineeramunity des not stop
trying to create an intelliget machine that is increasingly inspired by naturbe spirit of research, the
desire to overcome limits anditile bit of imagination aresurelythe elements that can guide in achieving
such an ambitious goal.



1. Introduction to Smart Systems

What does mean smart system?

A structure issmartif it is able to modify its characteristics, adapting itself to the external conditions in
which it operates. The term "Intelligent Structure" derives from the idedegfrating active elements into

the structure, thanks also to the development afvative materials, and began to materialize starting from

the 90s with the significant scientific activity carried outrbgearchersuch as Crawley, de Luis, Wada

and Fanson1-2]. It is therefore necessary to monitor the instantanBstas® variablesof the system so

that its response can be controlled accordingly: this capability can be implemented by combining a sensory
network and actuators, implemented with the minimum level of invasiveness. This last requirement
stimulates the search for incraagy advanced structural design concepts based on the "embedded system"
design logic, able to manage the infinite degrees of freedom of real structures with the lowest possible
number of transducerSun Jet al. proposes i3] a recent review a logicatheme which well describes

the smart system concegiigure 1.1 Smart materials and structures can obtain information from the
environment around the skiegnsing, they then produce an internal chemical or physical effect delivered

to the brain for ddsion making ¢ontrol), and finally, they implement actions through the muscles
(actuation. The information passes through the nerves, and each part is linked by tendons and fibrous
bands gkeletonk
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Figure 1.1. Synoptic layout of the smart stitures and materials3][

An interestingexposition on the field of smart materials and structdegses back to the 90s thanks to
Thompson B.S., Gandhi M.V. and KasiviswanathanTBe salient features of this biomimetic eclectic
discipline have been highlightemlitlining theramifications onreal engineeringapplications [4]. Smart
structures have demonstrated a broad range of potential applications for performance enhantieenent of
aerospace industry. Several research and practical applications projects conducted by government agencies,
aerospace industries, and universities addressing numerous target applications such as flutter suppression,
buffet control, vibreacoustic contl, adaptive structures and se#nsing system§5]. The Airbus airframe

devel opment strategy is based on the AAirbus 1 nt
and implementation of intelligent solutions and smatrt structures wittigetal characteristic$igure 1.2

When evaluating the potential of new structural solutions and new technologies, Airbus has both in mind:
the benefit in upgrading existing models and new program®&$, [
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Smart Sensors

(a) Analogy with the human body (b) Intelligent network
Figure 1.2. Airbus challengeshuman nervous systemded intelligent airframe

Thebiomimeticwing concept

Nature is surely the most striking example for the designmore fascinatinglea in the aeronautical and
aerospace scenariobhe emul ati on of the birdso fl,Figuett.3i s th
Morph is a worddescendindrom ancient Greekg 8  die Aimor f ®, 6 and i ndicates
synonyms|[8]. Therefore, morphing is something related to shaping, the modification of the original aspect

of a certain entity.The integration of increasingly innovative technologies as reliable kinemati
mechanisms, embedded seaatuation and smart materials systems, are designed in order to assure new
devices, fully compatible with the more and more stringent airworthiness require@esitshe next few

years the aviation industry will face the cleallje to develop a new generation of air vehicles characterised

by high aerodynamic efficiency and low environmental impact; still, the technologies currently available
are inadequate to meet the demanding performance requirements and to comply witinghat str
regulations in terms of polluting emissions: each of these reasons could suggest to a company to replace its
fleet with new aircrafts. Next generation aircraft requires wings able to reconfigure their self in multiple
shapes, in order to be optimalevery specific flight condition and reduce the waste of fuel resulting from

a not commensurate flight dynamic.

Figure 1.3. Natural shaping control: flexible variable camber bird wing.



Looking at a generic aircraft morphing architecture, whether designed or realized, it is easy to imagine that
the natural evolution of these systems is to expand the deformability regions and increase the macroscopic
degrees of freedom of the referenceuctinre. It could be stated that this tendency aims at emulating
biological flight (like the bird one) more and more, even trying to move beyond that boufidamythese
considerationsaircraft morphing systems can be classified as real Smart Struatuvesll as suitable
candidates as part of a new category of rqlpe}sA robot is a mechanical or virtual artificial agent, as an
electremechanical machine, driven through the support of devoted computer codes or electronic circuitry.
Thewordisderivel r om t he ®aneanihg hdavyallbityg it tarn descended ftbhmecclesiastic

Sl avico imeadmwmitrag servitude or servants. Exoskel et
driven mechanical systems are classical examples of robots. Comyaigens should be included in this
definition as main elements of the control and sensor systems, including associated data processing and
information feedback. Indeed, standard drones, currently available on the mass market, are basic examples
of robots. h theactualopinion, morphing systems are to evolve towards machines capable of multiple
degrees of freedom that can resembleb#teaviourof living flying animals (ornitomorphic), as they move

to higher, complex levels. The fact that these systems could be conceived for low to high speeds up to super
and hypersonic velocities as well as for space missions, makes the future very classctofation. On

the other hand, some prototypic versions of these concepts are already available, while a lot of movies try
to envision far more prospecihe control systems should govern tadaviourof this futuristic machine,
preventing general irsbilities or strain excess, while an autonomous system or a human pilot drives it at

a macroscopic leveln detail, these innovative concept® applied to wings, enabling limited changes of

their geometry and preserving their capability to bear extandlinternal loads-igurel.4.

(a) Robotic hand (b) Adaptive wing

Figure 1.4. Smart Intelligent Structures: cybernetic analogy.

Smart Intelligent Structures may be introduced if the former concepiribined with recent achievements

in information technology, signal processing, and cybernetics. A classical definition of cybernetics comes
from N. Wi ener , t hat explained the terms as the
animal and t mac hi n,d10. Thel &yn8logy of the word comes from Greakg b U} 3 d Us o
(kybernetike), meaning governance or guidance. It may be seen as an interdisciplinary matter that links
together control systems, electronics and electronic networks, informatics, neuroscience, logics,
evolutionary biology and psychology, both human amimal. Autonomous decisiemaking and
experiencebased learning capabilities are traditionally linked to the development of information data
processing and management systems that are at the base of biomimetic robot intellifBnce
Analogously, robotis is the fusion of some specialized mechanic, materials, electric, electronic, systems,
and information engineering technology branches, dealing with the design, construction, operation, and
application of robotg12]. The morphing system should be aldedeform itself, as it is sufficiently rigid

to resist the action of several forces. Of course, these general principles can be specialized in many ways
when the real application occurs. A typical scheme of a mor@ystgmmay be seen iRigurel.5, whee

the main elements are reported with their logical collocation and links.
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Figure 1.5. Core components of an adaptive system.

Actuation and sensing integrated systems

A biomimetic system is then imagined, commanded by an artificial or a natural intellijdmese are
defined as integrated lodmbaring architectures that can adapt themselves to variations of external
environments, enlarging their operational domain whitaintaining optimal performance levels.
Adjustments follow mutated needs and try to maintain the structure into the best possible configuration
while new occurrences arise and evolve with time. Such structural systems exhibit additional DOF that
allows catinuous transformation. Their design does not refer to a single reference point but to an extended
domain.Structuralkinematicadaptive systems bring important deals with respect to sff@y First of

all, because of the higher number of parts pifudbability of failure increases for a complex system. A key
point is then the capability of reducing the number of parts, classically a good index of the system fragility
(or, on the contrary, its inverse is a good measure of the system robustnesgrl&iassnatic solutions

are therefore consolidated on one side and are complex on the other. Fully compliant systems are instead
structural components, forced to continuous deformation along an established path by relatively simple
actuation architectures

This philosophy was addressed by the joint teams of Flexsys, NASA, and Gulfstream. It has shown its
major disadvantage in being strongly exposed to very severe aeroblsdiciourby increasing its
eigenmodes[14]. It should also be added that mecicahdevices are more rigid and theighaviouris

better known in literature and in the aeronautical field, as a simple evolution of the flap, aileron, slat, etc. It
is also worthwhile to discuss mass contribution. In principle, it shall be higher famétic chains than
compliant structures. Still in this condition, the modal density is expected to be larger for the latter than the
former, meaning very low rigidity levels for those architectures. This can also be an issue for the static
response. Motorghemselves are worth some dedicated statements. A kinematic actuation requires
distributed active devices to achieve the required performance. A compliant architecture could rely on a
smaller number of actuators because the driven structure is concgiaamatinuous system. Please note

that, the larger the actuators number, generally, the higher the stiffness. Now, from the point of view of
maintenance, costs, operability, and hazards, the larger the number of motors, the higher the risk of failure,
andthe higher the complete system price. It should be added that a system with many devices can sometimes
be attributed with a certain level of redundancy and safety (as each component is less significant with
respect to the whole).

In any case, the reducti@f the installed motors may be a design indication for the future. Generally, from
the certification point of view, a kinematic system is more acceptable than a compliant system because it
derives from very large experience on similar architectureshbr avords, it is already in tHerma mentis

of the engineers and regulation public officers. Compliant systems have a long way to go before they can
be fully acceptedrigure 1.6 shows a practical comparison between the aircraft torque shaft configuratio
and a distributed actuation arrangement suitable for a morphing trailing edge device.
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Figure 1.6. Comparison between distributed and concentrated actuation concept.

In the shafted configuration, all actuators are mechanically linked by the torque shaft controlled by the
power distribution unit whereas in a distributed arrangement, no more torque shaft is needed. However, the
implementation of an electrical system imeglmany challenges related to the integration at aircraft system
level. In particular, it must be demonstrated their reliability in harsh environment, moreover their safety
and types of failures with an aim to reconfiguration enhancement.

Driven by the @mand to optimize aircraft performance, decrease operating and maintenance costs, increase
dispatch reliability, and reduce gas emissierfsave underscored the aircraft industry's renewed push
toward the concept of more electric aircraft (MEA), and ultetyaan alielectric aircraft.

Specifically, the MEA concept provides for the utilization of electric power for aHgnopulsive systems.
Traditionally these nopropulsive systems are driven by a combination of different secondary power
sources such dmsydraulic, pneumatic, mechanical and electrical. Recent technological advances in the field
of power electronics, fautblerant architecture, electlyydrostatic actuators, flight control systems, high
density electric motors, power generation and ca@iwersystems have ushered the era of the MEA. This
trend is accelerating, as aircraft OEMs collaborate with their suppliers to design new systems and
implement new electricahtensive architectures. Adoption of the MEA concept is seen as critical enabler
for the aircraft industry to unlock significant improvements in terms of aircraft weight, fuel consumption,
total life cycle costs, maintainability and aircraft reliabilin advanced high lift actuation system
architecture with distributed active corltedl flap actuators offers the capability for implementation of
additional functionalities for the trailing edge with benefits on aircraft level and improvements at
manufacture and assembly level. Thus, the distributed high lift system architecture ieg¢@atued as an
enabler of the abowvmentioned benefits[15-20]. The important consequences in operation and
maintenance following the issue of complex actuation networks, are amplified with the implementation of
the sensonetwork,[21].

The high number of DOF, nearly infinite, is an immediate pesblto manage when dealing with
unconventionabystemsA suitable sensor network aimed at monitoring morphing architectures should
have a relevant extension and considerable density, suitable of cahehifagious shapes that are achieved
during operation. This fact implies the deployment of a huge quantity of transducers that can reveal needed
information on a suitable number of points. Accelerometers are widely used in common practice, both in
lab andin flight, but have some features that suggest that other kinds of detection elements should be
employed. Generally speaking, strain devices are more appropriate than displacement (velocity,
acceleration) sensors because they avoid rigid motion contmisufcoming from taxing, maneuver, and

so on) that can disturb measurement output. Usually, they are also lighter. Moving from the former to the
latter is just a matter of installation. Examples are strain gauges or opticdidiest devices (Fiber Brays
Gratings for instance, FBGFigurel.7.
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(@) Metallic panel

(b) Composite panel

Figure 1.7. Distributed fiber optic sensing.

In recent years, much more attention has been turned to the design of nano filler for polymer materials to
harness the exceptionalectrical properties of CNT3n particular, polymers with the incorporation of

CNTs show great potential for microelectrordpplications such as highly sensitive strain sensors for
aeronautical smart systems. For such application, the direct current (DC) properties of nanocomposites are
used. Currently, numerous experimental studies aimed to well characterize the elecipesigs of
nanocomposites, made from insulating polymers filled by CNTSs, are being carried out.vorthishe

research has been focus on assessing the resistivity properties of nanocomposites for potential aeronautical
applications and in particulfor smart structures. An intelligent structure must be able to measure in real
time its deformation state: the example of a morphing wing is certainly useful to understand the ambitious
realization of a sensing system for detecting strain variations thredaction of the external loadolymer

based composite materials belong to the family of dliljf&t structural materials, which have been
introduced massively in the recent yearsanoaautical applicationdut also in other fields like civil and
autamotive engineering as well. Moreover, the anisotropy of the elastic properties allows optimizing the
performance of the structural materials, offering countless new design possibilitiedestarctive testing

and surveillance techniques have been deeelawer the years, mainly encouraged by the constant search

of enhanced safety in the aeronautical industry and in civil engineering applications. However, the standard
methods currently used are far from being optimal for these novel materials, anéhpwtgmbvements

in the continuous monitoring techniques are constantly being investigated. From this perspective, new
Structural Health Monitoring (SHM) systems have thus emerged during the last years as an interesting
option.To meet the demand, espelialf the aerospace field, of more and more advanced materials, more
intense studies are being carried out on caftit reinforced composite materials. CNTs reinforcements
allow for modulating the characteristics of a polymer matrix composite makaigoitsuitable for more
extreme operating conditions and resistant to environmental damage. The advantages of carbon nanotube
reinforcement are many. They allow to improve the mechanical characteristics of the composite. The most
relevant aspect, howeveies in the electrical properties that make these composites suitable for the design
of selfsensing materials. In other words, composite materials reinforced with CNTs are used as sensors as
well as structural materials and this is a highly sought afterigaecent times. Electrical techniques are

the nondestructive way to monitor damage in composites subjected to static and dynamic loads. However,
this approach is not applicable to composites where the fibers apmnduactive, such as glass and akhmi

fibers. Damage detection through conductivity measurements offers many advantages when compared to
traditional glass fiber optic sensors. In fact, because of their high cost, it is not possible to create a dense
network of these fibers to inspect largerts of the composite and especially if the damage spreads in the
material without crossing the fiber could also not be detected. Therefore, the reinforcement with carbon
nanotubes is themongbestcandidate$o go under the many aspects described.
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Flexible skin

Sensing points ®

Figure 1.8. Smart sensing for adaptive wing21].

A successful development of nanotechnology and its implementti@tted the attentiomithin several

NASA missions NASA's Langley Research Center explored the real feasibility to embedb@déed

sensors in structures of all geometries to monitor conditions both inside and at the surface of the structure
to continuously sense chang€&dobal, realtime structwal health monitoring systems for air and space
vehicles require new strategies for the development of extremely small and lightweight sensors that are
embeddable and scalable to arrays. Geometries with very thin regions (e.g., leading edges), sharp change
(e.g., wing/fuselage junctions) or areas of extremely high curvature are often impossible to instrument.
NASA solves this issue with a flexible CNdased structural health monitoring sensor for measuring the
induced strain, pressure, and temperature bgthin and at the surface of a structuam attractive
candidate for smart skin technologig&?-25]. The sensing capabilities of mechanical stress and strain for

the SWCNT/polyimide nanocomposite were demonstrated via piezoelectric, piezoresistance and
piezocapacitance response.

Towards the readto-fly intelligent systems

The interest toward the environmental impact of transports is gaining more and more attention, due to the
various consequences it entails, such as climate changes. Insierdpean Commuryt the ACARE

reports some data, [26fgarding air transport contribution to climate change which represents 2% of the
total CQ emissions (and the 12% of all transport sources). The objectives of the next twenty years regard
a more envionmentatfriendly approach to the design and management of the aircraft, generally referred
to a substantial reduction in emissions, both chemical and acoustic, and a reduction in consumption. These
macro objectives are converted into many research topaisding the development of innovative
architectures able to optimize the configuration of the aircraft in various flight conditions, or able to adapt
in the various phases of the mission. Signifidgamgrovements can be achieved by the implementation of
novel configurations (shapes and architectural layout), propulsion systems improvement, integrated
optimization and drag reductiof27]. The design andptimization of high lift systems is one of the most
complex task in aircraft design. It involves asgd@ombination of aerodynamics, structures and kinematics.
The evolutionary trend of the Hidlift Devices has been strongly driven by the dramatic improvement in
aeralynamic tools for optimization, [284nd structural computational systems like elastat rigid multi

body coupling simulations. Through this approach, satisfactory performance were attained with penalties
in structural complexity and weight and therefore in costs. Later on, computational fluid dynamics (CFD)
improvements permitted optimidrflap systems in 2D flow with a clear advantage for Fowler mechanisms
that allowed reachingigher values of maximum lift, [29Buch devices, on the other side, required even
more complex kinematic actuation systems. Those flap systems used in fagemasdianisms made of

linear or curved tracks (translation) in conjunction with revolute joints (rotation), leading to significant
weight penalties. The high weight drawbacks were principally due to the incidence of the aerodynamic
loads, requiring stiff knematic structuresHigh performance ) was achieved by means of multi
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slotted bidimensional flap design and experimental validation, [B0Fraft producers have participated
for along time to incorporate innovative technologies into thesiigth process to attain innovative concepts
for conventional structures. Among these concept, variable camber LE and TE, as depicted inFigure 1

I n recent times, this target has been refé&8Fred t
32].

Figure 1.9. Variable camber LE and TE on an aircraft wif&0)].

The idea of changing the wing shape oHarlygesigniset r y
covered extensively in3B]. Compliant, variable camber devices appeared in a number of countries, as
evidenced by the wide variety of patents issued in Great Britain, Germany and the UnitedOfiates.
Schmidt patented a variable camber device in Germany in E&e 1.10a),[34]. The Wright brothers

built the first heavierthanair aircraft with engine with a twisted wing for roll contrblolle and Judge
patented a variable camber device in Great Britain in 1Mgjdrel1.1Qb), [35] and Parker in 1920 in USA,
Figurel.11 [36].

(b)

Figure 1.10. An earlier concept of control surface (84], and a variable camber device (I85]

13



VariqaLe Cameers KB

Figure 1.11. Parker morphing rib desigfg6].

It is then noticeable that variable camber devices have been studied and investigated for long times, but
only in recent year they found a practical application. Both in militart (F experiment[37] and
commerciabviation FlexSydlight test,[38]), morphing is turning into a breakthrough technology. In light

of those successful developments, also in Europe, many research project were launched in order to develop
innovative aircraft structure based on morphingicks:; Among these, the most important research
activities are SARISTUZ39], and CleanSky, [40projectsln the framework of SARISTU project, a full

scale wing prototype equipped with three morphing architectures (trailing edge, leading edge and winglet)
was developed and tested in wind tunfl]. The design of the morphing trailing edge is widely described

in [42]. The research project CRIAMDO505, born by an intense Canadian and Italian synergy
comprising industries, research centers and univesdias allowed for investigating morphing structures
potentials through the design and manufacturing of a variable camber aileron tailonesvfoegional

aircrafts [32]. In the Clean Sky scenario, an innovative flap morphingsitdlle prototype has bemralized

for application on next generation green regional aircraftZ&8ategory). The first studies were limited

to a portion of the flap element3], and then extended to a fsitale prototype as described4d-45].

Aims of the thesis

The workdiscussed in this manuscript was developed as part of international collaborations and the
contribution was specifically aimed at the desifthe actuation, contr@nd sensing systems for adapt
structures. Thdemand for augmented functidityg inevitably leads to more complex design arrangem:
which requirea fully transversal and mtiddisciplinary design approacheronautical sciences, robotic
biomechanicgonceptsnust converge to a single technicalbtisfactoryoutcome Thefocus activity of the
doctorate was placed within the European Prdiéean Sky 2orientedtowardsthe executive developmel
of amulti-functional morphing flap for the next generation regional aircfaiyway, the scientifisurveys
were carried out oexperimental platforms already available at 8meart StructuresLab (University of
Napl es i FieAdrespaceSectignlh such a way, differerdctuation and contrdtrategies were
investigated in order to face the greater complexity represdmytelde morphing flap end applicatiol
Numerical and experimental methods have been implemented loaltimgys at the potentia
industrialization of thesdlyable solutions, meeting sthe compliance with thecurrentairworthiness
requirementsThe logicaltemporal flow of the activities ischematizedn the Figure 1.12.The overall
research trend pursued by the authoris f ul | agreement with the
a i r c Desifjint mdthodologies of robotic systems basedEMAs and distributed sensors have be
carefully implemented to define systems with multiple degrees of freetlmsolvingapproach has bee
structured on severlky aspectshut all interconnectetb guarantednally a robust systenTheresearch
pathtook placewith investigations fothe validation of thenotion system of a cambenorphingaileron
within the ItaliarCanadiarcollaboration(CRIAQ-MDOS505). The author's work has beencompasseith
the design and modelling activities, contributing to advétentificationof the dynamic effectelasticity,
damping and mass) the actuators on the overall response of the system. Experimental evidence .
to validate the approaches adop{&hapter 2) Furthermorerational approachelave beerperformed
forecastinghe impact of a distributeactuationsystemon the whole aircraft. Effects of aerserveelastic
14



instability as well aritical scenariogfailure and jamming of actuatorisave been extengly studied with
reference to reliabilityssueqChapter 3)The results achieved on a small platfdmorphing aileronhave
beenduly extended tdhe flap regionAs part of the Clean SKyamework an innovative actuation syste
has been developed that comprises elaoiechanical modules. ghallenging key aspeetasthe ability
to get and preserve desired target wing shapes within a certain tolerance, allowing optimal aerc
performancén operative conditions and loadis the Chapter 4the strategies followed to define the elect
aduation and control system of a morphing flagve beerthereforeoutlined with emphasis on boi
numerically and experimental methodologies that have been implem&hidesign choices were al
conditioned by the presence of other devices that fuahepicate the layout of the flap. Wasin fact
envisaged that the final device will be equipped wldsmasynthetic jetgPSJ)for the optimization of the
aerodynamic performances. The operation of these desocddrepresens possible source ofsturbance
for the control systemonceived Electro-magnetic interferences of the actuators with the other elect
equipment of the flaphave been assessed according to EMC (Elddagnetic Compatibility)
specification, crucial for the safety of modeirctric aircraftThe additionabperative mode of morphing
flap consistin symmetrically deflecting anuvisting thetab segmenit is supposed to be activated in cru
condition only, when the flap is stowed in the wilgcause of the progress iasearch of advance
composites, flexible wing parts are maturing and becoming more attractive foratipplio the aviatior
industry. In the particular case of the morphing tale possibility ofdevelopinga single complian
compositesegment is beingnalysedThe author has investigated a potential sensing system usel
identifying the structural deformation state whenakirnalkkincould be stretched under the aerodyna
load (Chapter 5)The main steps of the activities related to eactept@re summarized in ti@ablel.1.

CLEAN SkY -JTI ‘

Bi-modal morphing flap

CLEAN SKY 2 - AIRGREEN 2

Multi-modal morphing flap

CRIAQ MD0-505

Morphingaileron

Figure 1.12. Ph.D. Research International Framework.

Table 1.1. Summary of Ph.D. Research activities.

Dynamic modelling of actuators
CRIAQ MDO0-505 Aero-servoelastic effects of actuators
Morphing Aileron Numericatexperimental correlation
Validation of actuation performancs
Distributed actuation design
Control logic implementation
Experimental activities on an «iron birc
Distributed actuation design

Clean Sky2 - Airgreen2 | Control logic strategy
Multi-Modal Morphing Flap | EMC analysis with PSJ system
Integrated sensing system design

Clean Sky JTI
Bi-Modal Morphing Flap
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2. Dynamic Modelling of Electro-Mechanical Actuation

The research project CRIAQIDO505, CanadiarEuropean cooperation project on smart technologies,
investigated morphing structures potential through the design and the manufacturing of a variable cambel
tailored to CS25 category aircraft applications. The ailerons typically constitute @uelements for the
aerodynamic forces equilibrium of the wing. Therefore, compared to the traditional architectures, the 1
studying the dynamic performance is, in the specific case of-aetuated variableshaped systems, highe
Relying upon thexperimental evidence within the present research, the issue appeared concerns the
importance of considering the dynamic modelling of the actuators in the design phase of a smart device. T
number of actuators involved makes de facto thighing structure much more complex. In this context, the ac
of the actuators has been modelled within the numerical model of the aileron: the comparison between tl
characteristics of numerical predictions and testing activities has shown delviglhof correlation. Moreover, th
compliance of the device with the desigh morphing shapes has been proved by wind tunnel test. The out
expected to be key insights for future designers to better comprehend the dynamic response of a merphjr
primary knowledge for safety analyses.

2.1  Framework

Nowadays, in the international greening research framework, the morphing technology is playing an
important role among the smart structures for the many benefits concerning the reduction of the fuel burn
and noise emitted. Adaptive structures may in famtribute to a significant improvement of the
aerodynamic and structural performance over conventional architectures. Morphing research projects will
revolutionize the costs of building and operating aircfa@fisearch team had the interest to verify the
applicability of those concepts to the aileron region in order to understand the applicability of the morphing
technology while preserving the standard functionality of the control surface. In fact, the aileron zone is
very complex from the aeroelastic poaf view because instability events, due to the reduced stiffness and
the complex aerodynamic field. In addition, the aileron constitutes a primary control surface which failure
can be dramatic for the aircraft safety. On the other side, this zone stimneetter potentialities for the
implementation of the adaptive devices. A morphing aileron adds new functionalities to classical aircraft
systems. While keeping its classical function (roll, manoeuvre), it implements camber morphing during
cruise, to acemplish aircraft weight variations following fuel consumption or to redistribute-gjisa

loads to reduce the Root Bending Moment (RBM). It was developed inside the research project CRIAQ
MDO505, a cooperation between Italian and Canadian tear@}, The objective of that research was to
design, manufacture and test in wind tunnel conditions, a smart wing section eéfsmdiiSraft, (Figure

2.1(a)) made of an adaptive box with flexible skin (conceived, designed and developed by the Canadian
team) and anorphing aileron (Figure 2.1(b)).

Leading

edge \
. A
yertt
it

" Flexible skin

- Flexible

External - allerou

actuator 1500 mm

Imvestigation domain

(@) (b)

Figure 2.1. A schematic view of the reference wing (a) and the developed morphing devices (b), -CRIAR05
project.

18



Due to the particulaunconventional dggn of the aileron, the authdocused on carrying out several
experimental activities addressed to substantiate the design strategies. For its greater complexity, a more
Airobotizedo st r uct udeph study gompardaasclassical cenfigeratiormThe affeci n

of the actuation systems is certainly an example parameter to be duly taken into account during the design
and verification phases. Changes in dynamic characteristics such as modal mass, stiffness and damping
following the actuators activation can influence, also significantly, the dynamic response of an adaptive
system. In literature there are just few references regarding the vibrdigvatiorof a multractuated
morphing wing. A first investigation was condedtby H. Yuanyuan and G. Shijun in [3] to model and
evaluate a morphing wing with an innovative actuation system integrated into the seamless control surface.
Vibration tests were performed to validate the first three elastic modes (first two flexiortarsindal).

Several papers were instead published with regards to the design of actuation systems and their respective
control laws. A general algorithm was developed by Austin et al. for static shape control of structures with
internal actuators. The ghacontrol theoretical method was validated by tests conducted on a real model,
[4]. Studies for optimal placement of the actuators with a focus on activities aimed at practical
implementation were presented in a review, [5]. The design, simulation, aindl @ the miniature linear

actuator used in the actuation mechanism of the morphing wing was presented in [6]. The same authors
studied in addition two control methods for obtaining optimized airfoil configurations for fixed wind flow
conditions. Both €D simulations and wind tunnel tests results were combined, [7]. The main purpose of
the presentvork is to identify the modabehaviorof the morphing aileron with particular regard to the
influence of serveactuators on the global response. Vibrationlya®s highlighted an interesting result

about the morphing mode shape, which characterize the adaptive wings. It should be theoretically a rigid
mode having so a null natural frequency. Nevertheless, the experimental activities have shown that this
particdar frequency is much higher and increases of about 20% when the actuators are fully activated. This
outcome required that this aspect must be taken into account within the numerical modelling phase of the
system then an engineeribgsed method to simuéathe effect of the actuators was developed by the
author in this chapter. The validated model representative of the fully operative condition (actuators
activated) will be then matched with the aircraft aeroelastic scheme for future flutter analysespdtt

to relevant operative configurations. Furthermore, the robustness of the adopted mass balancing as well as
the persistence of the flutter clearance in case of relevant failures/malfunctions of the morphing system
components will be proved accorditg EASA CS25 regulations, [8]. The present scenario shows the

main results arising in the final phase of the morphing aileron design. All the lab tests were preparatory for
the wind tunnel campaign. The chapter presents finally the experimental campaigiosted in wind

tunnel, aimed at correlating the morphing shapes under external load as well as to evaluate the aerodynamic
performance of the aileron. The data therefore clarifies the good geometrical correlation between the target
analytical shapes drthe wind tunnel actual shapes. The effects induced by the technology at aircraft level
will be then analyzed in perspective of potential certification and industrialization processes.

2.2 Reference Aileron System

Aileron morphing shapes

The design of a morphing aileron and hence, more in general, of an adaptive device, starts form the
definition of the external aerodynamic shapes. They include the baseline and the two morphed
configurations (up and down). The shapes are computed on ¢keoban aerodynamic optimization
procedure with the objective to delay transition from laminar to turbulent fijwSuch target contours
shouldbe matched by a proper internal structural configuration ¢rigg@hanism or compliant) under the
effects of the external loads. In fact, the aileron is based on a tailored kinematics driven by an appropriate
actuation system in accordance with structoaastraints such as:

9 aileron tip deflection, computed as the angle between the original and the modified chord, fixed in
the design rangeT°; +7°];

9 continuous monotonic curvature of the morphed camber lines (no changes in the sign of the slope
of aileran camber);

1 no chord line variation induced by morphing.
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In accordance with the specifications, the aileron main hinge axis remains unmodified and it is located at
70% of the chord as typical position for ag&@ats regional aircraft which is the referemptane of such
device. In Figure 2.2 is depicted the aileron trailing edge segment, from 70% to tip, for all the target
configurations.
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Figure 2.2. Morphing aileron aerodynamic shapes.

The adaptive rib

The proposed aileron rib architecture was based on th&m@infinger-like mechanism properly tailored

to enable camber morphinghe rib mechanism uses a three segment polygonal line to approximate the
camber of the airfoil and to morph it into thestted configuration while keeping practically unchanged

the airfoil thickness distribution.g€h rib was assumed to be segmented into three consecutive blocks (BO,
B1, B2,Figure 2.3(3 connected by means of hinges located on the airfoil camber ling,(BigBre 2.3(b).

The rib structure is a multdegreeof-freedom mechanism where each block can be moved by a dedicated
actuator. However, it is not feasible to have two drivers for each rib, because of the clear drawback in terms
of excessive weight andumber of components with significant impact on the maintenance and the
reliability. BO and B2 are then connected through a namely rigid linking rod element (L, Figure 2.3(a))
which reduce the kinematics to an SDOF system. The actuator must supply thedreapgiue (or force)
necessary to equilibrate the aerodynamic moment and also to surmount external load in order to move in
morphed up and down the aileron ribs.

Figure 2.3. Morphing ribarchitecture: (a) blocks and hinges, (b) link.
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Skin

For typical camber morphing applications, it is necessary to substitute the conventional skin with a flexible
one, adequately deformable along the longitudinal direction to allow structural shape ahdragethe
contrary, robust enough in the traverse path to withstand aerodynamic pressure. In literature, many design
solutions can be found, based on innovative materials such polymeric foams or flexible matrix composites,
[10-12]. Inside the SARISTU pject, in particular, a skin was proposed, made of a sequence of flexible
and stiff segments, covered with adhesive silicone layer used to protect the system and guarantee a certain
continuity among foam and aluminum parts. The skin design results trugndiem on the target
application; for the aileron, an intermediate design between conventional and innovative skin was
developed. A multimodule skin was considered (Figure 2.4, conformal to the dmotisegmentation: in

detail, the three blocks were cord with a standard aluminum skin. They were shaped in such a way to
reduce the gaps at a minimum and to rotate with respect to each other like sequential meniscuses. Airflow
leakage at the segments interfaces was minimized througffritbion silicone sals. However, the
segmented skin dynamics does not provide a significant impact over the aileron torsional stiffness; actually,
the torsional frequencies between a conventional slagkr skin and a muHblock solution, have been
nunerically compared byhe authomwon the same reference model. The natural frequency of the observed
mode, assuming an alloy single skin, resulted slightly higher than a segmented one, by 14%. In any case,
such vibration frequency does not represent a risk for the aeroetabtlitysof a potential vehicle, being

at the borderline of the [0; 60 Hz] spectral range, generally adopted within flutter investigations2ter CS
aircraft category.

Skin segments

Block 0 Block 1 Block 2

Silicone Gap-Fillers

Figure 2.4. Morphing Aileron CAD withdetail on the Aluminum skin segments and silicone seals.

The actuation system

The aileron was then equipped with a dedicated anaterthined actuation system. Due to the very small
thickness, only two bays were actuated; the others moved as comktoaine second bay actuat(siave

ribs). The conceptual scheme of the actuation system was widely discu$séfl both analytically and
numerically. In syntdesvep bsci bl bbbrd ghyph fichée ¢
are recapped iRigure2.5 below.

Linear
guide

' Fork-shaped crank
\ P!

Actuation beam

Slider

Interface
plates

Figure 2.5. Actuation system layout on the morphing aileron.
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Many types of linear guides may be found on the market, on the base of maximum allowable load, mass,
sliding mechanism characteristics, overall dimensions, etc. Due to the aileron limited room, only
miniaturized linear guides were taken into account iaraaf inverse design process. In fact, at first, size
requirements were satisfied in order to avoid any interference with the upper and lower skins during the
system operatiorConsidering actuator specs and individual performances, the Bentdld&®&&wator has

been selected due to its contained weight (less than 0.5 Kg) and dimensions with respect to the other
candidates that satisfy the same specifications (Torque: 6.5 Nm, Operating Voltage: 28 V DC).

Overview of the integrated aileron

The aileron stictural components have been integrated; in fact, ribs are connected by memundtief@x
arrangement, as shown in Figure 2.6. The main geometrical dimensions are herein also reported: The multi
box configuration consists of connecting each spie rb with longitudinal stiffeners, namely called

spars or stringers, in order to create a closed box as indicated in Figure 2.6(a). The mechanics was designed
for synchronous actuation, i.e. no differential motion is namely allowed for consecutivewiberd
segments even if a ne@ynchronous actuation (structural torsion) could bring to interesting benefits, like

the capability of modulating the sparise load; however, several other issues should have been considered.
For instance, the necessity of givingreomore degrees of freedom, longitudinally, would have brought to

a less stiff architecture, with consequent limits in absorbing external loads. The aileron airfoil maximum
thickness percentage is 15% representative of 66 mm at root section and 49gm8uahttiny dimensions

drive the design of the kinematic because the actuators and leverages must be contained into the aileron
shape without any structural interferences during morphing. For this reason, it has been difficult to actuate
each ribs due toestricted space, in fact the last part of the aileron, as indicated in Figure 2.6(b), are
considered passive and its movement is driven by the active segment. Such a passive region is bounded by
deformable, noactuated ribs and is detached from the raimgi part of the wing. In synthesis, three
actuator systems were deployed on the structure, one for each of the first three ribs towards the wing root.
The other two ribs are moved by the third, inner actuator. This device absorbs therefore by itself the
incoming load on the external bay.

NS

Actuators and
kinematic «_

€Y (b)
Figure 2.6. Morphing aileron structure: mulbox arrangement (a) and internal layout (b).
2.3 Finite Element Model description

In order to verify the moddlehavior of the referred morphing architecture and to correlate the experimental
data, a very refined finite element model was carried out. The structural model has been realized with one
dimensional ¢rod andcbusl), plane ¢quad and solid ¢tetra) finite elements14]. Figure 2.7 shows the

aileron finite element model. Twdimensional mesh was used to model spars, skin and trailing edge, while,
onthe other hand, aileron ribs were modelled with tltfieeensional finite elements.
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(@) T/A full model (b) Rib 3D Mesh

(c) Actuation Chain 3D Mesh (d) Spar 2D Mesh

Figure 2.7. Morphing aileron, finite element model.

The link between rib block 0 and 2, which essentially absorbs normal stress, can be modelled with a 1D
crod connected to the corresponding rib throatpeamwith pin flags imposed at the emdbdes of such
elementgo allow the relative rotation between the connecting it€gsire2.8. For each fastener or screw

hole, a master node was generated at the centre and connected to all the nodes on the RB&2 by a
element. The fastener was then modelled with a spring, nanablyshelement, joining the master nodes

at the centre of each hole.

Joint

BAR2 - CBUSH

BAR2 - CBEAM

i)

PIN RELEASE
RBE2

Figure 2.8. Hinge simulation and fastener modelling.

Table 2.1 reports the main characteristics of the model. The current finite element model consists of a high
number of nodes and elements, properly necessary to best fit the aileron geometrical CAD. Notwithstanding

23



the forgoing considerations, the same plad also addressed to estimate the dynamic behavior of the
aileron in terms of normal modes.

Table 2.1. FEM characteristics.

FE Entity N°
Nodes 567237
RBE2 (Rigid Beam Element Type N.2) 1354

CTETRA (Connection Tetrahedral Element):

A Ribs & Leading edge AU
CHEXA (Connection Hexahedral Element): 89748

A Actuation chain
CQUAD (Connection Quadrilateral Element)

A Skin, trailing edge LAY
CBAR (Connection Bar): 1019

A Fasteners, Pin

All the components of the morphing aileron, apart from the steel links, are made of aluminium (Type code
Al2024-T351). Therefore, this was the material assigned to all the elerietsnaterials properties are

listed inTable 2.2In particular, as firsivay to verify the numerical model consistency, the global structural
mass of the aileron FE model was estimated around 19 kg (about 10 kg for the only leading edge) which is
close to the value of 19.2 kg of the weighted manufactured prototype. This misasninerent with the

fact that rivets and other joints were not considered in the computation. In this analysis, targeting the tests
in WT on a very rigid structure, this variation was not considered important. On the other side, modal
analysis, static gponse, and dynamic response did match well the experimental results. If a flyable or more
compliant demonstrator (for instance, an aileron deployed on spmgwing), these contributions should

be evidently taken into account.

Table 2.2. Aileron materials.

Material E [GPa] ri A n ltems

Actuation system beam;
Steel C50 220 7850 0.3 Linear guide features;
crank and rib links

Al 2024-T351 70 2768 0.33 All other items

2.4 Experimental activities

A prototype of the aileron was manufactured and tested for the experimental campaign before the wind
tunnel assessment. The lab tests were aimed at:

1 demonstrating the morphing capability of the conceived structural layout by means of its
functionality;
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9 estimate the real aerodynamic shapes in order to evaluate CAD deviation due to the manufacturing
and assembly process;

9 characterizing the dynamic behavior of the morphing structure through the identification of the
most significant normal modes. This tasknecessary for the future aeroelastic computation and
related FHA analysis.

The experimental tests herein shown are carried out with traditional methodologiesssesked within
the working group and are applied to the original structural configurhgrein presented to verify its static
and dynamic properties and validate the numerical models.

2.4.1 Functionality tests

The functionality test consisted in characterizing the aileron kinematic in terms of actuator rotation and rib
deflection. This is angtically expressed by Eqg. (2.1). It allows for calculating the actuator shaft rotation

(b) needed to achieve a given morphing ang)e I allows the designer to estimate the actuator rotation
range to obtain the morphing deflection betwegnto +7°. The parametérrepresents the distance from
actuator shaft to kinematic rotation cenfEinese tests were carried out to demonstragettie flap was

able to reproduce target morphed shapes in a controlled and repeatable aaderon was morphed

up and down, as in Figure 2Bor each morphing angle, within the effective rande 17] deg expected

from the wind tunnel text matrj>a given actuator shaft rotation was imposed and the tip displacement was
measured as shown in Figure 2.10. In each position for the considered range, the tip displacement was
measured and is graphically reported as a function of the actuator rotagiood Anatch with the numerical

results is shown. The very small deviations observed can be largely explained with the measurement method
that was implemented, based on images elaborafibe. morphing aileron prototype was used as
technological demonstratdo prove the adequacy of the adopted solutions with respect to design
requirements and system specifications.

(2.1)

(a) (b)

Figure 2.9. Powerplant functionality test: morphed down (a), morphed up (b).
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Figure 2.10. Correlation between numerical and experimental: actuator rotation vs morphing rib deflection.

2.4.2 Ground Resonance Tesand FE updating

The Ground Vibration Test (GVT) was carried out in order to validate the dynamic FE model of the
morphing aileron. In such manner, a proved finite element model will generate good results for the
upcoming aeroelastic analysis (flutter irmlisy) and FHA assessmefit5], leading to a safe wind tunnel
tests.The structural dynamic response and excitation loads were measured relypegtmeans of a tri

axial piezoelectric accelerometer, positioned in a characteristic point of the T/A and hence, a load cell
connected to the electdynamic actuator through a lighteight metallic stringer. In order to simulate the
freefree conditionthe prototype was suspended by means of tweslifiness springs to an aluminum

test rig (T/R) with the aino get a proper frequency separation between pendulum oscillation and structural
elastic modes. The experimental-gptdetails are representediire following Figure 2.11.

Figure 2.11. Testarticle suspended with low frequéncy springs.
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The electredynamic shaker was suspended on an independent rig to prevent again an undesired coupling
with the test articlelt provided a sine force peak of 98 N and a peageak stroke of 17.6 mnkifteen
acquisition points have been defined for thistas shown in Figure 2.12.

Span-wise direction

- s o.Los . 5 395 s o5 HingeB0
S . ". . . .

3 B  Hinge B1
; . . R . | .,;Hinge];z
G

T : - " Driving Point =~ ._____7__________-'!-*_

S . . _____.__________7————-—“‘ Tip-Rib

@) . ___P_____r_____d__—————f

Root-Rib

Figure 2.12. T/A grid points: geometric layout.

The modal parameters achieved within the Frequency Response Functions (FRF) analysis were estimated
by means of a LMS DAQystem which procedure is representeHigure 2.13The postprocessing step
evolved within MatlaB environmentllowed for characterize the following information:

A The T/A resonance frequencies;
A The mode shapes;
A The modal damping.

o
@'

-,;u-s..

@

L,_‘_

1| B

-

l,;.@

Input signal ‘ Stuctural ‘ Transfer

excitation system Functions
Output signal Modal
acceleration identification

T

Figure 2.13. Conceptual scheme of the modal parameter estimation strategy in Ground Vibration Testing.

The GVT were carried out according to the following-testrix reported in Table 2.3.
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Table 2.3. Ground Vibration Test matrix.

GVT T/A Configuration GVT Objective
A1 Unmorphed, Actuators disabled
(Power OFFi Failure simulation) o
Normal Modes Identification
A2 Unmorphed, Actuators enabled (0-200 Hz)

(Power ONT Operational condition)

The experimental modes have been identified both for tieadd A2 tests. They were conducted in
poweroff and poweton conditions, respectively. These states refer to the actuator system that is in charge
of modifying the shapef the aileron along its chord, which works independently on the main actuator
responsible for the aileron rigid rotation around its main hinge axis. The former configuration aims at
simulating the effects of the actuators failure condition (less stiffitresorrespondence of the actuator
shaft) while the latter, is the usual operative condition. The dynamic response of the aileron in both
operating conditions is represented in Figure 2.14.
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Figure 2.14. Frequency Response Function (FRF), effect of santoators activation.

Power OFF

The curves above in Figure 2.14 show an interesting behaviour of the morphing aileron. When the actuators

are off, the structure exhibits a low generalised stiffness that leads to a large displacement field. This

behaviour is constant overall the investegghrange. At the same time, the associated damping is significant,

as the shaped peaks reveal; it is an index of a dissipation that can sometimes achieve a magnitude around

10% and more. The associated large displacements confirm this point: they dse limieda to free

rotations and movements, associated to hinges distribution. It is indeed notable how the "morphing" mode
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(the mode that resembles the uniform kinematic motion of the adaptive part of the structure) has an own
stiffness also in the "freeators" case, when it should instead have a purepliaemotion. This is mainly

linked to the contribution associated to the intrinsic stiffness of the actuators, they exhibit also in this case.
Theoretically, in the assumption of actuation system fillifaand hence, in total absence of dry friction

in the hinges, this motion would be representative of a rigid mode (f = 0 Hz), evolving according to specific
gear ratios among each block.

Power ON

When the morphing actuation system is activated, tffaesdk increase affects the global aileron dynamic
response, leading to about 20 dB response reduction in the investigated iRigaral 2.15 In the same

graph, a significant reduction of damping does appear; exiting rigid movements, friction conditions are
avoided. Generally, it is seen a remarkable eigenvalues stability that represents a fundamental goal
especially in the design of movablerfaces.This surprising frequency stability may be explained by the
simple consideration that the associated mass is different: when the actuators are ON, all the structure
contributes to the movement, while as the actuators are OFF, the main displdsemanty associated

with the morphing element. The different masses compensate therefore the different skiffribese

effects appear in any driven shape (reference, morphed up, morphedrigwe 2.2; in other words,
changes of geometry do natesn to affect the modal characteristics, significantly. A remarkable difference
verifies with the "morphing" mode, a kinematiased one that undergo an about 20 Hz shift, moving from
almost 100 to 120 Hz. Because of the induced activated actuator stiffragscularly important in that

frame, damping reduced for more than a half, moving from around 8 to 3.5%.

Considerations

These occurrences arise some interesting problems. It is important to underline that the “aftuators
condition simulates anl#unctioning of the system, as a consequence of a damage or other bad event.
Therefore, the analysis of its behaviour is important from the point of view of the safety. The experimental
evidence, provides some good expectations from this specific peietofOn the other side, the actuators

that have been implemented should not work in power off conditions: the structural stiffness is low and this
could bring to complex underised aeroelastic phenomena (morphing mode). The devices should be always
ON tha would mean higher energy consumption and shorter life or inspection times. The sequence of the
modal frequencies and the associated modal damping are shown in Table 2.4.

Table 2.4. GVT measurements summary.

Mode n° Frequency [Hz] Modal Damping [%] Description
57.13 (OFF) 4.52 (OFF)
1 1% Torsional Mode
54.49 (ON) 4.75 (ON)
66.12 (OFF) 1.21 (OFF)
2 1% Flexural Mode
67.48 (ON) 1.40 (ON)
91.98 (OFF) 9.28 (OFF)
3 2" Flexural Mode
91.33 (ON) 8.79(ON)
99.75 (OFF) 7.62 (OFF) _
4 Morphing Mode
122.15 (ON) 3.50 (ON)
155.68 (OFF) 2.45 (OFF)
5 3 Flexural Mode
155.32 (ON) 2.59 (ON)
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195.78 (OFF) 2.87 (OFF)
6 2" Torsional Mode
194.07 (ON) 4.42 (ON)

The FRF shows that a very appreciatbileration level eduction (V.R., computed as bygE(2.2)) is
observable with respect to the activated sexvtmators configuration: max decrease is estimated and
reported in Figure 2.15, up to a maximum value of more than 17 dB (mo8ééxBal mode. The largest

value is achieved for the flexural modes, meaning that the actuators effect is particularly evident for those
shapes. In the representation of Figure 214, they are clearly associated to large deformations of the
structure in the actuan region, justifying the abovementioned result.

, o~ x L ey 82
wdY8QO0 pTH®QAE QQ— (2.2)
Whereg is the normalized acceleration respectively with internal motors enabled and disabled.
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Figure 2.15. Vibration level reduction: power actuators effect.

FE model validation

These tests were mainly addressed to identify normal modes, with particular focus to the morphing one, in
order to validate and tune the numerical model and prepare the ground to estimate the impact on the
aeroelastic stability of this kind of devicdsigure 2.16 toFigure 2.21 report both experimental and
numerical mode shapes for the power OFF configuration. The correlation was carried out by comparing the
experimental modal analysis results (modal frequencies and shapes), achieved by implementing the
Lanczos 6 met hod, [ 16]. As already mentioned, the
morphing mode as the actuator system is on, mainly due to the effect of the localized added stiffness of the
working motors on the global structural reape. This effect modifies significantly the related eigenvector,

as it is shown in Figure 2.22.
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v

7

(@) f=57.13 Hz (b) f=60.15 Hz

Figure 2.16. First torsional mode: experimental (a), FEM (b), Power OFF.

(a) f = 66.12 Hz (b) f = 66.15 Hz

Figure 2.17. First flexural modeexperimental (a), FEM (b), Power OFF.

(a) f = 91.98 Hz (b) f = 91.09 Hz

Figure 2.18. Second flexural modeexperimental (a), FEM (b), Power OFF.

Zd

(a) f= 97.11 Hz (b) f = 99.75 Hz

Figure 2.19. Morphing mode experimental (a), FEM (b), Power OFF.
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(a) f = 155.68 Hz (b) f = 158.01 Hz

Figure 2.20. Third flexural modeexperimental (a), FENb), Power OFF.

(a) f = 195.78 Hz (b) f=191.85 Hz

Figure 2.21. Second torsional modexperimental (a), FEM (b), Power OFF.

POWER OFF
POWER ON

Figure222Mor phi ng mode shape change, f = 122.15 Hz, e =

The cl| assriicgaild 0fi gnuoatsiion transforms into a more
behavior: in other words, constraining the actuator beams (connected to motor action, now ON), augments
the local stiffness and move the deformability tbeotregions of the structure. The other modes are not
considerably affected by the activation of the actuator system. FE model update was then carried out to
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improve the match with the measured modéss step has been achieved without significantly nyaatif

the dynamic model properties: the faskaped crack mechanism has been coupled to a torsional spring
coaxial with the actuator shafjgure2.23. The actual stiffne$& of each actuator can be treated as the
sum of two mai n cstiffngsskiintriosicallyopnesent inghe actuatar dven when it is
disabled and another ongk due to an increase once it is power supplied. As cited before, the morphing
motion should be theoretically a rigilbdy mode among the structural blocks withsék energy of
deformation null, then exhibiting an oscillating frequency equal at 0 Hz, Figure 2.24. Nevertheless, the
experimental evidence shows how this frequency is far from being null, therefore it demonstrated that the
actuation system integratedthe morphing aileron plays a great part of the structural stiffness.

N\

Figure 2.23. Numerical modelling of the servactuator.

Figure 2.24. Rigid morphingmode of the single rib, f = 0 Hz.

One way to evaluate the stiffness constant based on the vibration test results may be to consider the three
actuators in a parallel configuration, therefore accordirigpt@4.3):

0 0 ¢“"Q 0 (4.3)

wherefq, represents the morphing frequency while tile generalized mass associated to it. Relying upon
the Mg of the unactuated finite elements model and experimental morphing frequencies, the local stiffness
of the actuator for the finamlumerical updating are about 8000 Nm/rad for peafécondition and 12000
Nm/rad for the poweon one. This approach is however based on the assumption that the theoretical modal
shapes with respect to poweff configuration are in good agreement witle #xperimental ones and this
verification has been achieved by a MA@ex comparison as well as to consider the modal mass of the
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structural morphing mode remains unchanged if the actuators are inserted. The modal mass of morphing
mode estimated by numeail simulations is in each case quite close to 0.0204°Kgm

ExperimentalNumerical Correlation

In Figure2.25 comparison of observed and predicted normal modes are reported: all the frequencies in the
investigated spectral range 200 Hz) are very cloge the bisector line (straight line with 45 degrees slope

with respect to the axes), indicating a very good match between the values (regression coeffisient, R
0.97). The same can be deduced for the power on configuration: the resonance frequencies do not deviate
much from the former case, excepting for the morphing one.

250 —
—@—Power OFF
) ) ® Power ON
R =R? =0.97
200 ofFr ~ “oN 2" Torsional mode
—_—
N
L th
e 3" Flexural mode
150
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(]
=2
(o2
: .
w 100 — 2"9 Flexural mode — .
s Morphing mode
L
L 15t Flexural mode
50 — 15! Torsional mode
0 | | | | |

0 50 100 150 200 250
GVT Frequency [Hz]
Figure 2.25. ExperimentalFEM data carelation: natural frequencies comparison.

The mode shapes comparison in term$@C is summarized in Figurg.26, following the numerical

update process, previously descriddéC approach was used to verify the quality of the numerical modal
shapes: values of this parameter close to one, shows a good agreement between theoretical and experimenta
data, Eq. (4.4).

066 6BMN (4.4)
T T

In the expressiory are the modal vectorthe pedexaummeans FEpredicted modes whilexpindicates

the experimentatnes.The calculation was carried out by comparing the modal displacements (normalized
to the maximum) then the eigenvectors of the numerical model with the experimental complex functions at
the acquisition map points. For this purpose, the theoretical dispate referred to the master nodes of
fifteen rbe2 elements representing test markers on the aileron test avtis{é does not take into account
frequency information and may show good correspondence between modes having remarkable range
separation. Thefere, natural frequency comparison is also needed, Figure 2.25. Qué&@Walues are

next to 1 for each modal shapes in the peafécondition,Figure2.26(a). Lower values are recorded for

the 8"and & modes KMIACequal to 0.79 and 0.74, respectiyethis result may be linked to the complexity

of the modal deformations and to the need of extending the measurement points network. The correlation
coefficientMAC was calculated again with respect to the updated numerical model. Also in this case the
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trend confirms a good level of correlation between numerical and experimental Fagme,2.26(b). As
expected, the elastic deformations remain almost unchanged even in the case of actuators activated contrary
to what happens for the morphing mode, whigsuits at a higher frequency.

5
4

3
2 2
1 Nr of GVT Test 1 Nr of GVT Test

(a) Power OFF (b) Power ON

Figure 2.26. ExperimentalFEM data correlation: MAC.

Linearity Analysis

The overall input load level, given the aileron in this analysis by an elegtchanical shaker system, can

be obtained by integrating the area under the power spectral density curve, Figure 2.27(a), and computing
its root square. The peak at the very low frequency is due to a coupling mechanism between the shaker and
the structurelynamics, both in fre&ee conditions. The impedance match emerges when two systems are
coupled: in this case exciter and excited items. When the structure tends to move according to a pendulum
mode (rigid mode, at very low frequency) and the shakerskeppvith the structural acceleration, a large
energy transfer does occur, and the peak reporteigime2.27(a) arises. In order to avoid that, the driving

point is typically moved to other suitable locations, where the structure is less complistilt, g@equately

exciting the bandwidth of interest. In this specific case, however, this did not seem necessary-apthe set
allowed detecting the mode shapes of interest all over the investigated frequency range. Having assessed
that issue, the behaviof the structure under the external excitation, in both the configurations ON and
OFF, was studied. Figur227(b) shows the relation between the resonance frequency dbitsienal

normal mode (the®lelastic mode) and the input force level in the two mentioned déagbs. analysed

system were linear, such curve would be flat, i.e. the resonances would not be dependent on the external
excitation modulus. A slight decrease is instead shown in thergaifveonfiguration, as the input force

grows (around 2%). A similar but inverted phenomenon occurs when the actuators are on: the structure
exhibits a slight stiffness increase as the force level increases. Then, such analysis detdirtedrnon
respomse characteristics that were associated to mechanical parts dry friction and couplings.
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2.5 Actuation Performancein Wind Tunnel Test

Aerodynamic benefits are very sensitive to the actual wing shapes achieved during the aircraft mission. For
this reason, it is necessary to measure the actually attained shape with the target one, in ordeaeto measu
the structural deviation arising during the phases of manufacturing and assembly. This information can be
used in many ways: for instance, inserted into a feedback control loop, it could allow achieving the
necessary information for an optimal actuaadjustment, so to minimize the error. In Figure 2.28, the
reference CAD model forms are shown. Such target geometries were then approximated with a set of
discrete points in order to have a proper comparison with the measured shapes according tcetiea &1 ref
system. The aileron is represented in both morphed down (+5°) and morph&g) gprifigurations.

() (b)

Figure 2.28. View of the aileron numerical morphed shapes: morphed down (a), morphed up (b).

During the experimental measure of the shapes, the upper aileron surface was instrumented with a set of
circular retrereflective markers, allowing direct image acquisition. The wind tunnel test sessions have
covered 49 flight cases with different combinations of wing angles of attack (up to 3°), speed (from Mach
0.15 to 0.20) and aileron deflection froi®° to +6°. For all these flight cases, the objectives of the
measurement have been the delay of the flow transition from laminar to turbulent states and the validation
of the morphing aileron technology from both the point of view of the functionality andetodynamic
performanceMeasures were performed BYRC (the National Research Council of Canada), Figure 2.29,

via a high precision photogrammetry procedure usingtrdEking cameras, [17]CAD and measured

shapes wereverlapped as shown Figure2.30.White markers represent the experimental measurements
points while the upper skin target geometry is represented as a continuous surface. The maximum deviation
between the two shapes was computed using a least square approximation of the diffsveees
numerical and experimental marker coordinate values. A synthetic report of the errors is reported in Table
2.5 for each configuration. Generally, a good match between the two shapes is revealed, with the exception
of the TE pointsThe study ther@ire clarifies the good geometrical correlation between the target analytical
shapes and the lab actual shapes. A comparison of the CFD computed aerodynamic performance, expected
by a continuous and a segmented outline is planned to be performed in tiseepextt the research, in

order to better increase the confidence with the proposed technology perspectives. However, in literature
such kind of studies are widely reported and show as the two different systems behave similarly, with
differences that mayebassessed around 10%. In fact, it should be remarked that the region of interest is
clearly turbulent and limited discontinuities cannot modify a lot the existing scenario. For instance, 0.5%c
bubbles that can arise on a smooth morphing skin because pfedsure difference between the external

and the internal environment have been demonstrated to produce no effect on the aerodynamic flow, [18].
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Figure 2.29. Final test article with morphing wing and aileron.
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Figure 2.30. Comparison between numerical and experimental sh@gesrdinate)

Table 2.5. Max deviation values between aileron shapes (numerical and experimental).

Configuration Max Deviation [mm] Locations
Morphed up 4.29 Tip Rib TE
Baseline 4.32 Tip Rib TE
Morphed down 5.65 Tip Rib TE
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2.6 Conclusions

This chapter addresses the advanced design and the experimental validation of a camber morphing aileron
based on electrmechanical actuators. The morphing functionality enables more complex and efficient
aerodynamic to finely control the wingt distribution along the wing span. This leads to potential
aerodynamic benefits in terms of aircraft fuel consumption throughout the flight envelope. The aileron
design has involved an tshafted serve&lectremechanical actuation combined with a findjke rib
architecture based on doulsligled guides and a foghaped crank. The adequacy of the adopted solution
with respect to design requirements and system specifications has been proved by means of functionality
and wind tunnel tests carried out arground demonstrator. These tests proved the device capability to
reproduce target morphed shapes in a controlled manner with and without external load applied. During the
design phase, the morphing system has been modelled to characterize the moaalriefttae structure

when its actuators were activated or disabled. Focus was given to the characterization of the dynamic
behaviour of the device in force of the relevant impact expected to be brought to the aircraft aeroelastic
stability. The analysediswed that several factors may affect the dynamic response of a morphing aileron:
stiffness of the actuators, damping related to the dry friction, actuator failures, and so on. The effects
induced by the poweplant activation have been also experimentalgessed in the modal shapes,
highlighting an increasing of morphing modes frequencies and an overall reduction of vibration amplitudes.
Generally, the remarkable amplitude reduction is linked to the increase of the generalized stiffness resulting
from the blockage of the electric actuators in power on mode. The large displacements recorded-in power
off mode confirms this point: they are mainly linked to quite unconstrained rotations of the rib segments
around their hinges. The decrease of damping in poffenode is due to the reduction of the apparent
shear forces among the elements in movement. The activation of the motors makes the structure prevents
the freemovement of the consecutive #slegments, thus magnifying the dissipation. The-amitelated

modal base of the aileron can be used for further detaileesaereelastic analysis targeting a thorough

proof of compliance of the device with @5 airworthiness requirements on aeroelastic stability.
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3. Aero-servo-elasticity of Electro-Actuated Morphing Devices

When dealing with adaptive lifting surfaces, the level of complexity of the design naturally increase
consequence of the augmented functionality of the resulting system. For the increased elasticity and €
eledro-mechanical actuators, they are more sensitive to -@ergcelastic issues and more likely to affect t
flutter stability at A/C level. The aim of the present chapter is to detail enginemigrged methods useful 1
predict the dynamic stability aferveactuated morphing devices since the preliminary design phase. The
system is modelled using dynamic-stioicturing:the morphing system is treated as a substructure and its v
and generalized parameters are isolated from those relatedetiteof the A/C which is in turn regarded as t
basic system. Finally, a castudy is reported to practically show the application of the extoales method to th
flutter clearance in the presence of critical scenarios related to malfunctions of thatiaot system. Thi
assessment of morphing wings asssvcelastic behaviouris a keyfactor for the definition of suitable
arrangements for embedded actuators.

3.1 Introduction

Within the adaptive surfaces design processes, the aeroelastic stability assessment have attracted
increasingly considerable attention by many research and industrial teams. Prof. Eli Livhe began his paper
in 2003 writing that the aeroelasticity was stithamic, challenging, and a key part of cutteudge airplane
technology, [1]. This is true even today, especially in the ambitious scenario of research that focuses on the
design up to the actual implementation of unconventional structures on the ,dRe3afiNextgeneration
flight technol ogy wildl be actually based on Am
efficiency, weight and maintenance. Although electrechanical actuators are an element of innovation

in next aeronautical architeires, the strategy of decentralizing the actuation systems in several areas of
the structure involves carefully characterizing their effect on the dynamic stability of the entire aircraft.
Recently, several studies have been addressed to investigaterdedastic behavior of span morphing
wings. An interesting review of the progress performed in aerodynamic and aeroelastic analysis of flapping
wings was presented by Shyy W., Aono H. and Chimakurthi S.K. in [4]. A vai$alleed structure in

view of thefact that is characterized by a higher flexibility, certainly requires a careful study of aeroelastic
performance, even greater than traditional configurations. Several basic theoretical schemes were
implemented in literature to study the aeroelastic phma of adaptive structures. A thdemain based
dynamic model has been developed by Ajaj R. M. and Friswell M. to analyse the aeroelastic behavior of
compliant span morphing wings, [5]. A sensitivity study between two potential span morphing concepts
wascarried out: Zigzag Wingbox and the GNATSpar wing/[6The study described inf8 addresses

flutter instability for novel morphing wing at low speed considering different morphing wing configurations
for UAV. Ren H. and Zhiping Q. proposed a fistler statespace aeroelastic model to forecast transient
aeroelastic responses and flutter characteristics of a vasisiewing during the morphing process, [10].

In [11], both experimental and numerical activities aimed at flutter margin evaluatiowiseussed for a

wing demonstrator with a morphing composite upper surface as possible and fast implementation on an
already existing structure. Murua J., Palocios R. and Peiro J. explored the effects -ofishdtexibility

on the dynamic stability ofampliant airfoils approaching with classical telonensional aeroelastic

model, suitably modified in order to capture tiwvaaying camber deformations, [12]. Important both
aerodynamic and aeroelastic investigations were performed in [13], achieving spmesiits for wing

design with conformal control surfaces. A fundamental issue highlighted in [4] for further research is need
to be develop biinspired mechanisms for the flapping wing. These mechanisms should include joints and
distributed actuation tenable flapping and morphing. Most importantly, these mechanisms should be
capable of mitigating wind gust. In the light of these outlooks, novel vatihlalped structures were
investigated by UNINA and CIRA research teams to enable the controlled eatidiii of the trailing edge

shape for large civil aircraft applications, {18]. Literature works focus on 2D airfoil or deal with limited
investigations on complete wings, yet simpleaped like rectangular planforms. In the recent past, the
ltalian staf carried out extensive studies on dynamic aeroelastic characterisation, yet confinesdaléull

wing sections for wind tunnel tests. In the current work, moving from the previous experience, the
investigations are expanded to a complete wing, repasentof a C&5 class aircraft. The bio
mechanical concept, which has been described in Chapter 2, adopted to induce camber variations
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encompassed segmented adaptive ribs consistiiiggef-like segments covered by a segmented skin. The
research is thedeveloped to include safety issues, hamely emphasizing the effects of failures, affecting
some actuator system reference components or involving more devicessefaselastic studies are
therefore mandatory to confirm the reliability of the selectetigecture as a potential candidate for a real
flyable application. Engineeringriented approaches were properly implemented, simulating the effects
induced by variations of trailing edge actmator ¢
correspondence of different dynamic characteristics of the trailing edge compdignfl§] The case

study has been modelled using extrades method, in which the adaptive surface is treated as substructure
hosted on a basic system, i.e. the aitcfa9-20]. Morphing modes peculiar of substructure unconventional
nature may be added to the extnade vector and their impact on the aeroelastic behavior of the overall
system may be rapidly simulatedl.stick-equivalent model of the reference struetwas then generated

in SANDY 3.0, propertary and not yet commercially distributed set of Fortran/Matlab routine, which has
been adopted for the definition of the coupled atroctural model as well as for the solution of aeroelastic
stability equationby means of theoretical modes association in frequency domain. Doublet Lattice Method
was implemented for the evaluation of the unsteady aerodynamic coefficients: a suitable 2D paneling was
implemented for such a purpose. Linear splines were used toolaterpnodal displacements along the
centers of the aerodynamic panels and generalized aerodynamic forces were evaluated with reference to the
airflow conditions expected during flight enveloggerveactuation line malfunction scenarios were
simulated to dfine the safety range within the certification envelope, [2@hough the use of electro
mechani cal actuators i s coher e-dgdneratidntilcrafadesigmthe e e |
most important drawback is associated with the actuatmseptibility to jammingNumerical results

showed thatin nominal working conditionsthe aileron has no impact on aircraft aeroelastic stability.
Failure checks have been then performed in order to support FHA (Fault and Hazard Analysis)
specifications.Aeroelastic studies confirmed the reliability of the device, in sense that the selected
architecture was demonstrated to be safe at this design stage, within the design flight conditions.
Conclusions for future guidance are outlined with particular referdo design of morphing control
surfaces: the results may be regarded as general guidelines the definition of the actuation chain including
actuators and control lines. Because of the originality of the technological concept, there is currently not so
much guidance literature on a safelyven design of a morphing system. Moreover, for completeness, a
general description of solving routine has been provided within the chapter.

3.2 Model Condensation

Even ordinary operations such as a matrix inversion eadifficult to carry out for higkorder matrices,

[22]. Furthermore, the dynamic characteristics of a structure are global, meaning that they refer to the
overall structure configuration. In contrast, static analyses evaluate local behaviors, sucht@sghe s
concentration. Therefore, while a finite element model for static analyses requires a high number of degrees
of freedom to observe local behaviors, it is appropriate to introduce a reduced model for dynamic analyses.
Clearly, a reduced dynamic modsould preserve a significant precision in comparison to the complete
model. For this reason, its natural frequencies have to exhibit limited differences (small percentages) from
those that characterize the detailed model. The condensation nodes ofghmgiaiieron reduced model

are positioned in the same locations as the acquisition points used in the Ground Resonance Test, previously
carried out within CRIAQ MD&05 workflow. They define the geometry of the whole structure: the first

row of reductiomodes is located between Hinge BO line and Hinge B1 line, the second row between the
Hinge B1 and Hinge B2 lines, and the third one is on the trailing edge tapered direction. Nodes 16 and 17,
respectively | ocated at t hnehinge tine tweraintdudedte link thep o f
aileron condensed model to the wing elastic axis for the purpose of aeroelastic dfigly=s.1 reports

the geometric nodes in the local reference system. Regardingtiedinates, they all lie on the midd

plane of the aileron. Each of the condensation nodes is rigidly connected to a cube of slave nodes around it
by means of MPC (Multi Point Constraint)be2, whose base is about 10 mm x 10 mm (wider dimensions
could have affected the global stiffnesstioé aileron, increasing the frequencies of its natural modes).
Usually, the dynamic analysis of an aerospace structural system is carried ousbystuibing the system

itself into many subsystems through model condensation methods, [23]. In the prederthe DMIG
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matrices evaluated in the seventeen condensati or
the morphing aileron itself.

@
Span-wise direction

= L. ar"_n_ 5~ _ > HingeBO
g ' I D . Hinge B1
; . . . . - Hinge B2
& . .' Tip-Rib
@] . - =

""" Driving Point

Root-Rib

Figure 3.1. Condensation of the aileron FE model in seventeen master nodes.

The resultof the numerical modal analysis that was carried out on the condensed model agree with the
expectations: the morphing mode frequency is quite high, around 100 Hz. Figure 3s2ttshdinst four

elastic mode shapes of the condensed model, infrleeeboundary conditions. Since the master
condensation nodes are in the same location as the monitoring points used in the GVT, the results show
that not only is the condensed model adydescription of the more detailed one, but also that it agrees
perfectly with the experimental results, Table 3.1.

(c) Second-lexional Mode (d) Morphing Mode

Figure 3.2. Elastic mode shapes of the aileron.

Table 3.1. Experimentainumerical frequencies correlation.

ID Mode DMIG, f [Hz] Test, f[Hz] Damping [%] Description
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1 60.55 57.13 452 Torsional Mode

2 68.31 66.12 1.21 1% Flexural Mode
3 94.30 91.98 9.28 2" Flexural Mode
4 100.39 99.75 7.62 Morphing Mode

3.3 Aeroelastic Model

An extensive investigation was carried outagsess the impacts of the morphing aileron device on the
dynamic aeroelastic stability of a reference-ZSSaircraft. The reference wing used for the aeroelastic
analyses was a C& aircraft wing descending from previous investigations performed in SARIST
project (Sep. 2011 Aug. 2015) for a tradeff flutter analysis of an Adaptive Trailing Edge Device
(ATED). The ATED was set up in accordance with a séigkivalent configuration with stiffness and
inertial properties condensed into lumped elemen®§, [A CRIAQ-MDO505, no aeroelastic model of the
reference aircraft was elaborated due to confidentiality issues. On the other handtheitBhRISTU

project, the authggenerated a quite complex aeroelastic model with reference to an aircraft veay imil

the one addressed by CRIAQDO 50 5 ; since the NASARI STUO aircr af
[24], it was used to host the aeroleastic model of the CRIAQ aileron. In particular, studies on the aero
servaelastic stability of the ATED were perfoed by the author in the framework of his Master Degree
Thesis, thus opening his interest to extend the acquired methodologies to other adaptive architectures, [25].
The morphing aileron was then regarded as the substructure and the remaining pamasfethas the

basic systemn other terms, in order to address the impact of morphing aileron on the aeroelastic stability
of a CS25 category aircraft, the conventional aileron included in SARISTU A/C model was replaced with
the morphing aileron model cang from CRIAQMDO505. Finally, only the right halfving was analyzed,

and two separate analyses were carried out:

1 an antisymmetric mode analysis;
1 asymmetric mode analysis.

Wing dynamic model

In the SARISTU project, the stick model of wing and ATE®ers to an equivalent beam representation,
being all the elastic and inertial properties of the wing knoRigufe 3.3). Equivalent lumped mass
(/inertia) distributions were evaluated for all the structural items of the wing. Fuselage and empennages
wereneglected since irrelevant for the assessment of flutter instabilities potentially involving the wing; for

a proper evaluation of wing elastic modes in firee condition, their inertial contribute was however
considered by means of a lumped mass. Foererc item, the inertial properties of each bay were
evaluated according to the finite element model data; such properties were then assigoedni@ a
(Concentrated Mass) elemdatated at the centre of gravity of the b&ilie conm2elements were rigidly
connected to the closest grid of the besgmivalent model of the relative item. Rigahd lefthand models

were linked to a central node (on the aircraft symmetry plane) by means of DMIG elements, which allowed
to simulate the winduselage interface. Bonm2element lumping mass and plunge inertia of the aircraft
body was placed at the central node. In the original model, the hinge lines of the morphing trailing edge
were linked to the elastic axis of the wing by means of beamealsipin flags were originally imposed

at the enehodes of such elements to release the rotation around the hinge lines. In the new model, the
ATED is just an inertial entity and the motion of the lumped masses of its movable blocks follows solidly
the rdation of Block O around the main hinge line.

43



Winglet Elastic Axis -H,___q_)_/

—— DMIG connection @
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®  Lumped mass (CONM2) @ )
®  Structural node
@ Fuselage CONM?2
@ Tail CONM2

Outer Trailing Edge

Figure 3.3. Equivalent structural model of the wing, SARISTU project.

Aileron dynamic model
As previously mentioned, the structural model representingaitleeon consists of DMIG elements
evaluated in the seventeen condensation nodes. This whole set of nodes is linked to specific ones on the
wing elastic axis through nodes 16 and Eigre 3.4), which are located at the two ends of the aileron
hinge line.Therefore:
1 two nodes (16* and 17*) were identified on the wing elastic axis as the closest to the orthogonal
projection of (respectively) nodes 16 and 17 on the axis itself;
two beam elements connect nodes 16 and 16*, 17 and 17*;
bending and normal stiffise assigned to nodes 16 and 17 are equal to ten times the corresponding
values in nodes 16* and 17*. Furthermore, zero torsional stiffness was assigned to nodes 16 and
17. Finally, a pin flag was imposed to release the rotational degree of freedom &®imge
line;
9 agrounded spring element was applied in node 16 to simulate the torsional stiffness of the aileron
around the direction of its hinge axis: such element is representative of the control circuit stiffness
for the actuation of control surface.

Z
X
YW

Grounded spring

)l
)l

16*

Wing elastic axis

17*
Aileron
master nodes
Beam
L -~ o 17

Figure 3.4. Aileron structural model: pin flags connection of the aileron hinge line to the wing elastic axis
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At each bay, support grids were added in correspondence of the hinges betweeri Blecid(L3, their
movement was slaved to the rotation of the grid on the primary hinge through amestaccounting

for the gear ratios between the rib blocks. In other termslttab-like mode was imposed at the aileron

to reproduce morphing induced displacements at each rib Albekblocks 2 and 3 follow therefore the
block 1 rotation according to specific kinematic gear ratios, [14]. A sketch of those connections is shown
in Figure 3.5where:

1 bis the blockB; rotation;

1 Uris the rigid rotation oBi.1 with respect td;;

1 N=U0 [5the geared ratio &1 with respect td;;
1 Ueis the elastic rotation dBi.1 with respect tds;.

The total rotatioh of Bi:1 with respect to axisis therefore equal to:

11 (3.1)

The deformation energy of the sprikgs:

o Pu (3.2)
being for (3.1):
Y Y Y oroyre . (3.3)
the (3.2) gives:
A . P. ‘ " P. "
- - - A4
6 <01 T p 0 cO1 01 Tp 0 0T p 0 (3.4)
and thestiffness matrix of the elastic geared connection is finally obtained, as:
10
Il W .
ITI Tl’l 0 p v p v
M G p 0 P 1 (3.5)
Yy U

This matrix has been determined according to design approach of-&iringpplied to elevator controls

of large airplanesargely discussed bighillips H. W. in[26]. Adjacent blocks have geared rotations due

to the singledegreeof-freedom system layout. Therefore, connections between each block were made by
DMIG elements built according to the geared ekkit@matic matrixdescription.

Figure 3.5. Elastic geared connection scheme.
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Aerodynamic and interpolation models

The unsteady AICs (Aerodynamic Influence Coefficients) matrices were evaluated by means of the DLM
(Doublet Lattice Method). The wing aerodynamic lattice was generated by meshing the wing middle plane
with eight macrepanels for each haling, while the macropanels themselves were meshed into
elementary boxes. Higher box density was applied to the movable trailing edge, assuring mesh congruency
with the structural hinged blocks of the movable trailing e&gguyre3.6. Elastic modes of basic structure
andextramode displacements at the center of aerodynamic boxes were obtained by means of linear spline
functions attached to supparbdes of the structural modd@lhe maximum sizep Xof the boxes along the
freestream direction has been set in compliandéet h t he Roddends Criteri on
Nastraff theoretical guide as a rule of geprhctice to generate accurate aerodynamic mesh for doublet
lattice method). Basically the adopted asresh is characterized by:

YoL mer g’ (39

Vmax@ndfmaxbeing the maximum speed and modal frequency covered by the flutter analyses.

= o
e et

Figure 3.6. Full wing aerodynamic model.

Surface spline functions were adopted to interpolate modal displacements of the structural model grids
along the centres of the aerodynamic boxes. In order to carry out the analysis on-thiadhatfe
aerodynamic and structural models of SARISTU wingensplit in two taking advantage of the symmetry

of the aircraft, and only the right hadfing models were taken into account. Therefore, symmetric and anti
symmetric modes were analyzed separately.

3.4 Aero-servoelastic stability analysis
Aircraft flutter analysis assumptions

Flutter analyses were performeddompliance with EASA G&5 airworthiness requirements [27], under
the following assumptions:

1 PK-English method, [28], with rationalization of generalized aerodynamic forces, [19], for the
evaluationof modal frequencies and damping trends versus flight spegdiggrams);

1 Theoretical elastic modes association in the frequency raiiggd]Hz- elastic modes being pertinent
to freefree aircraft, with onlyplunge(symmetric analysis) amdll (ant-symmetric analysis) motions
allowed (Figure 3.7). As regards the wing, all flexional modes up to the torsional one have been
considered for these analyses;

1 Modal viscous damping equal conservatively to 0.015 for all the elastic modes taking cuotaleat
the most participating aileron modes are characterized by high damping values, as confirmed by GVT,;

46



Sealevel altitude (Densityy = 1.225 Kg/ni);
Flight speed range:-01.2Vp (1.2Vp = 250 m/sMp = 206 m/s) in fully operative conditions:®p (Vb
= 206 m/$ in case of control line failures and actuators malfunction.

= =4

(a) Plunge motion (b) Roll motion

Figure 3.7. Wing rigid mode shapes.

3.4.1 Anti-symmetric aeroelastic analysis

Several cases of flutter analysis by means-tidnsecode were investigated, in order to comply the safety
requirements imposed by the applicable aviation regulations:

M Controtline failure;

1 Fully operative system;

1 Actuators malfuntion - failure;

1 Actuators malfunction jamming.

The analysis of the above cases is outlined in detail in the following sections.

ControHline failure

The rolkcontrol line failure case was simulated by removing the torsional spring in node Tedgee
3.4). As expected, the first modal shape (at ne
Figure3.8(a). It clearly represents the fundamental mode of a control surface, which freely rotates around
its own hinge axisFigure3.8(a) reprsents the displacements induced by the morphing-exade along

the aeremesh boxesTherefore, this analysis may be a verification of the model goodness with respect to
the right way of simulating the kinematics. On the other $idgire3.8(b) shows té resultingv-g plot, in

which frequency and damping for each mode are plotted as a function of the speed. At the right of the
graph, the frequencies of the first eleven modes are listed. Clearly, the speed at which one of the damping
curves becomes posié identifies a flutter condition. Examining the curves, flutter occurs at 202.4 m/s
(81% of 1.2/p) in the controlline failure condition. In this case, the instability was generated by a typical
coupling mechanism between the aileron fundamental mode th@éhwing bending mode. This
configuration could not be accepted, since the relative flutter speed was smaller Yhamdd2for such

reason the aileron needed to be balandecbntrol surface is said to be 100% balanced if, in absence of
any friction, its horizontal position is of stable equilibrium. Or alternatively, for any little deflection
imposed, a 100% balanced control surface deflects back to a horizontal position.

The unbalancing static moment of the single ail&8m

Y a4 zQ p#® 0o Qa (3.2)

Two balancing masses were added on nodes 16 and 17 and positioned beyond the hiigeri39)
in such a way that the distance fromitwasfixedto= 0. 20 m (sl ightly more th
length). Since:

LZAd Q4 zQ (3.3)
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a z7Q
PR (3.4)

it was found that for a degree of balarcequal to 47% (balancing mass equal to 2*2.0 Kg) no flutter

occurs in the range of velocities of interest. A first estimation of the torsional spring stiffness was performed

considering that:

o P22 3.5

Q & 0 (3.5)

and setting the aileron harmonic frequencyf at 20 Hz, which is an usual value for the addressed
transportation aircraft categorlystands for the inertia of the movable trailing edge around its hinge line,
corresponding to the generalized mass ofutglamental mode. The lattéf€) was known from a modal
analysis carried out beforehand and it resulted to be about 0.67 Kgenconditiorf = 0 Hz was taken in
account to simulate actuators failure; in such a case the aileron harmonic coincidesfuiitticitsental
(free rigid rotation around the hinge line).
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(a) Fundamental aileron mode (b) V-g plot
Figure 3.8. Controtline failure case.

16*

Wing elastic axis

17"

Figure 3.9. Aileron structural model Balancing:c = 47%;myi = 2*2.0 Kg,d = 0.20 m.
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Nominal condition

In the fully operative configuration, aileron stifiked harmonic exhibits an elastic frequency due to the
torsional stiffness of the command litggure 3.10(a)shows the aileron harmonic mode interpolated on

the aerodynamic lattice, whileigure 3.10(9 reports theé/-g plot in this condition. The plot shows that

flutter occurs in the range of velocities of interest, even though the corresponding speed results to be very
close to the upper limit of the range. Therefore, it was necessary to increasgrédeaf mass balance up

to 105%, corresponding to,i = 2 * 3.55 Kg andd = 0.25 m. In this way, flutter was shifted outside the
range of interest.
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S G S —————t——t— i e e =] (] Bl X1 T
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=36 e s ) = oo F5 231607
g e T | Fe =35.424
g2 — F7 =40.589
4 PRNPR oy )| F8 =49.170
12 F9 =50.708
F10 = 51.752
00 F11=62.146

True Air Speed [m/s]

(a) Fundamental aileron mode (b) V-g plot

Figure 3.10. Aileron structural model Balancing:c = 47%;my = 2*2.0 Kg,d = 0.20 m.

3.4.2 Symmetric aeroelastic analysis

The same cases have been investigated concerning the symmetric modes analysis. Cleartygribelroll
line failure case was not considered, since it is a not physical condition: in case of failure of the control
line, right and left ailerons deflect as in an antsymmetric way.

Nominal condition

The analysis was performed on the balanced aileron (degree of balance = 105%), with thdiremntrol
torsional spring stiffness equal kg = 2*10* Nm/rad. The harmonic frequency has been detected about
155 Hz, with a generalized mass equal to 0.228 Kigure3.11(a)). This harmonic mode couples with

the wing second flexion oné% 21.6 Hz Figure3.11(b)) at a speed of 152.6 m/s thus generating flutter at
61% of 1.2/ (Figure 3.12). As a result of an iteratimaalysis carried out in order to shift the detected
flutter outside the range of velocities of interest, the torsional spring stiffness was decreased fo 1.2*10
Nm/rad (which caused a reduction in the harmorqgudency to 13.3 Hz), while the degree of balance was
increased to 136% (meaning two masses of 4.6 Kg with a fixed distance from the hinge line equal to 0.25
m). No flutter up to 1.2¥ was detected after these changes were appigdre 3.13. In this cas a
decrease in stiffness was required to have a positive impact on flutter. In fact, a more rigid system can be
unstable from the aeroelastic standpoint. The command harmonic always increases in frequency with the
increase in speed. Since in fully operatcondition it couples with a bending mode at a frequése1.6

Hz,the gap between harmonic and bending frequency was enlarged by shifting the first one towards smaller
values. Another solution could have been the shifting of the harmonic frequeevends a value higher

thanf,. However, this could be dangerous in the morphing aileron case, since by increasing the torsional
spring stiffness, new pseuth@rmonic modes of rotation around the secondary hinges may appear. Finally,
having modified the dgee of balance, it was necessary to verify that flutter was still not occurring
considering thanti-symmetric mode associationnominal conditionskrigure3.14

49



@)

(b)

Figure 3.11. Modal coupling, nominal condition: (a) Aileron harmoniic(15.5 HzMg = 0.228 Kgn), (b) Wing
second bendindg € 21.6 Hz Mg = 6.06 Kgn?).
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Actuators failure scenario

The actuator failure configurations were simulated calculating the DMIG matrices by means of new FE
models. Starting from the one simulating the fully operative system, a single actuator failure was simulated
assigning null stiffness to the correspondimgumded spring. In fact, as described in Chapter 2, each
actuator was modelled through a tuned torsional spring, to be able to quickly modify the local stiffness
value. In fact, a simple but reliable way of representing complex mechanisms, is certmatlggacschoice

at the design stage. Both single actuator failure casemarwlcritical situations in which two actuators

fail simultaneously were taken into accoufifter having run the modal analys&0L 103[29], it was
possible to see the variatiafi both morphing and torsional mode frequencies throughout the different
configurations. The results are reported in Table 3.2, in which the number identifying each one of the three
actuators was assigned as showifrigure 3.15. One would expect the moiplp mode frequency to be

zero in case 7: failure of all the actuators. Instead, the corresponding frequency is kept high by the internal
stiffness due to the torsional springs between adjacent rib blocks (whose function is to preysaydree

due to toleances). As shown in Table 3.2, none of the frequencies decreases under 60 Hz, but it was still
essential to run the analyses. In fact, even if the modal frequencies were high enough to not be critical
theoretically speaking, they could still induce newdadshapes in the range@D Hz that may cause flutter.

EASA regulations impose that in case of actuator failures the range of velocities for flutter clearance must
be 0- Vb. The malfunction scenarios for both asyimmetric and symmetric modes have biegastigated

in order to verify the robustness of the system: no flutter occurs in the selected range of velocities in the
case of first actuator failure. Insteddpking at simultaneous failure of two and three actuators, flutter
occurs well before ¥, Figure 3.16. Although, it must be noticed that EASA €% regulations do not
require clearance up ¥ for doublef/triple failures. For greater completeness, the graph also shows the
cruise speed value, imposing it equal/to= 0.8Vp = 164.8 m/s (accordin paragraph 25.335 (b) of the
EASA CS25 regulation).

Table 3.2. Actuator failure impact on dynamic response [0; 100 Hz];syttimetric analysis.

Case ID Torsional Frequency [Hz] Morphing Frequency [HZ]
First actuator 59.09 92.40
Second actuator 59.64 92.12
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Third actuator 59.99 91.80

First & Second 58.68 87.41
First & Third 58.96 87.80
Second & Third 59.48 87.17
Full failure 58.53 83.75

2" actuator
1stactuator

Passive segment

Active segment

Figure 3.15. 3D CAD of the entire aileron, hidden upper skin.
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Actuators jamming condition

A patrticular attention has been given to assess jamming of the actuators. Such malfunction was simulated
by recalculating the DMIG matrices of FE models in which a very high stiffiess {&® Nm/rad) was
assigned to the corresponding grounded spring (see paragraph relative to finite element mddedling).
investigated cases are the following:

1 Case l: Symmetricmodds§s= 12000 Nm/rad, 6 = 136%, jamming
1 Case 2: Symmetricmodds§s= 12000 Nm/ rad, 6 = 136%, jamming
1 Case 3: Symmetricmodds§s= 12000 Nm/rad, 6 = 136%, jamming
1 Case 4: Antisymmetric modeXc.= 12000 Nm/rad, 6 = 136%, jammin

smallest flutter speed in the fitsiree cases.

In order to do this, the relative rotation of hinged elements belonging to the actuation chain was
counteracted by stiff torsion springs. Anyway, no criticalities were detected in case of jamming of any of
the actuatorsHigure 3.17); this otcome found an explanation by evaluating that in case of actuators

Al ockingdo the morphing mode exhibits a frequenc
coupling mechanisms involving | ower fr efgpxioeoncy m
Nevertheless, jamming event, which is one of the main drawbacks associated with the use ef electro
mechanical actuators, could result in different consequences on available flight control authority and fault
duration. An excessive statiesistive torque of the actuation components, if extended over time, can
degenerate into their sudden failure. Such stiffness increase can modify the load distribution and cause the
failure of some actuation systems in turn leading to unstable couplinganmisms involving lower
frequencies modes as the wing bending and othegkweralized mass secondary modes.
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Figure 3.17. Flutter velocity trend multiple jamming cases.

3.5 Conclusions

In the framework of the CRIA@IDO505 project an innovative morphing aileron was designed,
manufactured and tested. This device was conceived with reference to a typicahigegeference aircraft

with the objective of enhancing wing efficiency, as wslbf maximizing roll control effectiveness, through

the controlled camber variation of the trailing edge tip all along the flight path. The classical aileron
architecture was replaced by a robotized structure moved by three rotary actuators and zbdrbgtari
multi-box arrangement; upon actuation, the external shape of the aileron morphs thanks to the relative
rotation among adjacent boxes. To prove the compliance of the new technology with the basic airworthiness
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requirements in terms of aeroelasttalslity, flutter analyses were carried out while considering the
coupling of typical aircraft modes with those related to the morphing architecture. Due to the particular
unconventional design of the aileron, its-B&ed dynamic model was preliminariplidated by means of

ground vibration tests carried out on a taeale prototype in frefree conditions; the validated model was

then added to the aircraft aeroelastic model and flutter analyses took place in correspondence of relevant
operative configuations. Minimum mass balancing was at first determined by imposing aircraft flutter
clearance up to dive speed in case of-colitrol line failure. Nominal functioning cases were then
addressed showing the absence of any flutter in the certificatioropeyéhis proved that as long as the
morphing system works according to its design specs, no aeroelastic instability is expected to occur well
beyond the aircraft dive speed. The robustness of the system was then investigated with reference to failure
andjamming conditions. No criticalities were found up to dive speed both in case of single actuator failed
or jammed. Although not prescribed by airworthiness regulations, multiple failures were anyway
investigated due to the deeply unconventional arrangemhémeé control surface; obtained results showed
that-even in the extremely remote case of two or three actuators faibedking/damper system (providing

only +0.7% modal damping increase) is more than enough to assure flutter clearandg Upiwproved

a very good robustness of the conceived device also with reference to possible malfunctions bringing to the
loss of the authority of one or more actuators dedicated to morphing. Single/multiple jamming cases
resulted practically irrelevantdm the aeroelastic standpoint; in case of jammingmitenventionamodes

related to the mulbox structural arrangement show a relevant increase of their frequency and do not
participate in critical coupling mechanisms involvingpifventiongl lower frequencies modes such as
aileronds harmonic and wing bending.

Appendix 1. Routine for aero-servo-elastic analyses

SANDY 3.0 is a proprietary neoommercial code with the intent of providing an excellent and reliable
tool for static and dynamic aeroelastic and ago-elastic analysis of aircraft. Rational approaches and
validated numerical methods, compliant with the-ZBSand C&3 EASA standards, have been
implemented in a multidisciplinary computational environment, able to accomplish the following main
tasks:

Generation of A/C dynamic model (structural and inertial models);

Generation of A/C aerodynamic model;

Generation of accurate transfer matrices, interfacing between dynamic and aerodynamic models;

Evaluation of A/C static and dynamic acceleration and leesisonse due to flight and ground

manoeuvres and/or gust;

9 Evaluation of A/C static and dynamic acceleration and loads response to movable lifting surfaces
deflections imposed by mechanical and/or elentezhanical control circuits;

1 Evaluation of divergere; control reversal and flutter speeds.

The computational tools and the numerical methods therein implemented, assure fast analyses aimed also
at investigating the influence of several design parameters on the A/C aeroelastic behaviour. In other terms,
the code permits a fast sensitivity aeroelastic analysis with respect to variations of some A/C components
structural and dynamic properties, including also the integrated control circuits. The highly efficient
computational structure is based on intercomiaiing routines, running in a common software
environment (Visual Fortran / Matlab) and properly organized in three mamdaoles:

1 Dynamic module;
9 Aerodynamic module;
1 Aeroelastic module.
The dynamic module includes a generator of A/C structural and inedidels and an internal FE solver

for the evaluation of A/C modal parameters. In order to perform reliable modelling in reasonable time, only
two typologies of elements are available:

1 Simple onedimensional elements (beam, rod, rifjitk, spring);

)l
)l
)l
)l
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1 DMIG (Direct Matrix Input at Grids) elements for a correct evaluation of stiffness and inertial
properties of those parts requiring a more sophisticated representation.

DMIG elements may be imported from commercial FE softwares (e.g., MSC Nag@j) the sare

applies to A/C modal parameters (mode shapes, frequencies, generalized masses, and damping) that,
moreover, may be imported from GVT experimental data. In addition to the A/C structure normal modes,
the dynamic module allows for including extrodes caelated to the movable surfaces, in order to
simulate loads alleviation systems, based on the use of those devicesladkegith A/C kinematic
parameters (acceleration, velocity, displacement), and/or perform fast instability analyses in presence of
powered or flyby-wire controls.

The aerodynamic module is characterized by a generator of aerodynamic models, coupled to an internal
solver for the evaluation of modal pressure distributions by means of consolidated numerical methods, like
the Doublet Lattte Method (DLM). More in detail, the module provides the capability of generating three
dimensional compressible aerodynamic models, and the possibility of performing local corrections in the
pressure distributions to take into account the effects of thealphe surfaces aerodynamics (as
recommended by FAA AC 25.6297 paragraph 6).

The aeroelastic module is constituted of routines for:

1 Interpolating modal displacements on the aerodynamic lattice (matching routines implementing
3D-spline methodologies);

9 Evaluating generalized aerodynamic pressures/forces and steady/unsteady aerodynamic influence
coefficients;

1 Solving the aeroelastic equations describing the A/C response and the instabilities identification.

The developed tool allows for managinwulti-parametric analysis in a more fluent way compared to
commercial standards, thus leading to relevant computational time savings. Engingeritef results

can be achieved by solving the classic aeroelastic equations respect to the speed (dyssuma) pr order

to find the best combination between crucial design parameters like for example balancing ratio or control
line stiffness. Software performance has been actually positively tested during the aeroelastic certification
process of a wide sef commercial aircraft with respect to the stability demonstration at both theoretical
and experimental levels [3R]. A wide use has been found by the UNINA research team with special
regards to the design of unconventional structures, motivating theetbffam to expand the potentiality of

such routine to very complex aeroelastic issues. The numerical processing of data referring foleakulti
structure required the adaptation of the software to new design requirements. Reliable procedures for quick
consideration of almove systems are necessary in the current research framework, increasingly aimed at
executive design and demonstration in the wind tunnel and in flight. The morphing device is often treated
as a substructure and the aircraft (A/C) a&slihsic system on which the device is installed. The dynamic
substructures approach based on extiades definition can be well adopted when using experimental
modes, [33]. The subtructures generation is useful also in order to reduce the impactadygherformed

analysis due to the several changes that may occur during the design of an aircraft. Substructure's contribute
to the aeroelastic response of the global system is expressed in terms of generalized parameters pertinent tc
additional and stratgcally defined modes capturing the substructure dynamics, [34]. Particular attention
has been given to explore the feasibility to investigate the A/C flutter taking into account typical
nonlinearities in correspondence of control surface:tag, the llinear stiffness due to the presence of
spring tab or the distributed ndinearity due to the mechanical joints, [35].
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4. Electro-actuation System Strategy for a Morphing Flap

Within the framework of the Clean SKyl project the design and technological demonstration of a novel wing
architecture were addressed. Research activities were carried out to substantiate the feasibility of m
concepts enabling flap camberriation in compliance with the demanding safety requirements applicable t
next generation green regional aircraft. The driving motivation for the investigation on such a technolo
found in the opportunity to replace a conventional double sldkégdwith a single slotted cambenorphing flap
assuring similar high lift performancedn terms of maximum attainable lift coefficient and stall anglbile
lowering emitted noise and system compleXibe actuation and control logics aimed at presegvprescribed
geometries of the device under variable load conditions are numerically and experimentally investigat
reference-biodandémoonsatrator. The a-bearimgpactuators acting ot
morphing ribs, directlyand individually. The adopted wshafted distributed electrmechanical systen
arrangement uses brushless actuators, each rated for the torque of a single adaptive rib of the morphing ¢
An encodeibased distributed sensor system generates themat®on for appropriate contreloop at the same
time, monitors possible failures in the actuation mechanimher activities were then addressed in order
increase the TRL of the validated architecture within Airgreen 2. Relying upon the alreasgisedssencept, al
innovative and more advanced flap device was designed in order to enable up three different morphing r
the basis of the A/C flight condition / flap setting. Currently, numerical studies and preliminary lab expel
have been cared out looking at the next validation activities on the {sgale prototype expected in 2020.

4.1 Clean Skychallenge: JTI and Airgreen 2 frameworks

Air transport contribution to climate change represents the 3% of manmade CO2 emissions and 12% of all
transport sources with flights producing 628 MTonnes of CO2 yearly. Worldwide, it is estimated that the
equivalent of 1300 new international airportsivisé required by 2050 with a doubling in commercial
aircraft fleets. The aviation is therefore facing the challenge to meet the predicted growth in demand for air
travel increasing (%% per annum over the next 20 years) while avoiding detrimental impadtse
environment. The Advisory Council for Aeronautics Research in Europe (ACARE) sets the reduction of
environmental impact for aeronautics as one of its main targets, thus requiring new technological solutions
for reducing CO2 emissions, by 50% betw@800 and 2020, NOx emissions by 80% and noise by 50%.
Moreover, it specified that the aircraft lifecycles should be taken into account in order to reduce the
environmental impact of manufacturing, maintenance and recycling. In 2007, the European Urded fou
the Clean Sky Joint Undertaking with the main purpose to bring aeronautics research and innovation
stakeholders closer together, working on ambitious projects in technologies aimed at reducing, by 2020,
the global environmental impact of the aircrfif}, In this perspective, regional aviation is a key factor for
creating resources and an efficient air transport system that respects the environment, ensuring safe and
seamless mobility, whilst reinforcing Europe's austrial leadership. A subst#alt contribution to
Clean Sky derives from Regional Air Transport that, to drastically reduce the environmental impact, adopts
innovative solutions across several technology domains. Clean Sky was divided into different subprograms,
one of them specificalldirected to adaptive architectures, [&Hvanced architectures have been already
or will be developed to be adopted as wing control surfaces for loads control function and/or innovative
hightlift devices (smart droop nose, morphing flap) in order toieaeh lighter and simplified
actuation/kinematic systems including relevant electronic control. Morphing structures have been
investigated within a large number of research activities over past decades. Morphing wings matching the
optimal aerodynamic shap any flight condition is the most challenging aeronautical application of such
technology. Current projects will provide technology maturation (TRL 4/5) for the struntecanics
and materials aspects, including fsdlale limited experimental validahs. The adoption of morphing
control surfaces and their validation in an operational environment through fly testing therefore represent a
step forward, looking at potential application of such technology to innovative green airliners. In particular,
morphing of metallic wing structures has always fascinated generations of researchers; numerous
unconventional architectures have been proposed, tailored on specifip@itétions and aircraft types.
Although different for layout, all of them can beagdrized in two basic groups: mechanized architectures
and compliant mechanisms. Mechanized architectures implement morphing through thedjgidotion
of stiff subcomponents interconnected by suitably designed kinematic chains and actuation ld@erages,
18]. Each subcomponent of the kinematic chain is sized to provide its own contribution to the adsorption
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of the external solicitations arising in operative conditions; actuators and actuation transmission lines are
sized to enable the motion of the gyatand to preserve given shape configurations while counteracting
aerodynamic loads with the minimum need of power, ([8B][F19]). Compliant mechanisms, [ZD],

involve the deformation of structural elements to enable the required-cihapge; mechacal properties

of the structure have to be properly distributed in order to assure adequate morphing compliance and
adequate stiffness to withstand external loads. Compared to compliant structurdmdigidechanisms

offer a more direct solution to thgaradox of morphing a structure which is considerably stiff to safely
withstand external loads. Fewer actuators are typically required to control the morphing process whose
overall benefit expected on the system level drives the additional mass, volweerid power required

by the actuation system. In force of this consideration, it naturally follows that the adoption of mechanized
structures becomes quite mandatory when dealing with large aircraft applicatigig6($8]) and/or

when multtmodal maophing functionalities have to be assured, [17]. Within the framework of the JTI
Clean Sky project [2], and during the first phase of the Green Regional Aircraft Integrated Technological
Demonstration (GRATD), researches were carried out on the desightechnological demonstration of

a novel mechanized architecture enabling the camber variation of a flap segment to be installed on the next
generation open rotor green regional aircraft (EASA26%ategory, [31]); the driving idea was to replace

a convetional double slotted flap with a single slotted morphing flap in order to improve aircraft high lift
performancesn terms of maximum attainable lift coefficient and stall angtewell as to reduce the noise
emitted by the high lift system. Studies @dimited to a portion of the flap element obtained by slicing the
actual flap geometry (0.62 meters chord) with two cutting planes distant 0.8 meters along the wing span
(Figure4.1), [14]. The Regional Aircraft IADP will focus on demonstrating and vélhdgkey technologies

that will enable a 98eat class turboprop aircraft to deliver breakthrough economic and environmental
performance and superior passenger experience. Regional aircraft are a key element of Clean Sky 2,
providing essential building bbls towards an air transport system that respects the environment, ensures
safe and seamless mobility, and builds industrial leadership in Europe. The Regional Aircraft IADP will
bring technologies to a further level of integration and maturity than d¢lyrmmrsued in Clean Sky 1. The

goal is to integrate and validate, at aircraft level, advanced technologies for regional aircraft so as to
drastically derisk their integration into future produciBhe control of the shape of adaptive devices has

the potatial to improve the aerodynamic performance of the wings with respectdesiffn situations. A
possible way to achieve this goal is to implement specific technologies for trailing edge morphing trailing,
aimed at modifying the airfoil camber in flighs part of the Clean Sky project, an innovative actuation
system has been developed that comprises elewtohanical modules. A challenging key aspect is the
ability to get and preserve desired target wing shapes within a certain tolerance, allowinal opti
aerodynamic performanda operative conditions and load® this chaptey the strategies followed to

define the electractuation and control system of a morphing flap are outlined with emphasis on both
numerically and experimental methodologies thawe been implemented. On 2014, the European
Commission officially launched Clean Sky 2, the second phase of the most important aeronautics research
and innovation program ever undertaken in Europe. The continuation of Clean Sky will allow Europe to
devebp environmentally friendly, efficient aircraft, solutions intended for the worldwide marketplace and
meeting societyds expectations. Beyond industri.
maintenance, hybrid propulsion and others, many mragearch efforts are being launched or planned in
Clean Sky 2In the framework of the Clean Skyi Airgreen 2 project, a novel muftiinctional morphing

flap technology was investigated to improve the aerodynamic performances of the next Turbopnap regi
aircraft along its flight path, Figure 2. Within such research scenario, -ahafited distributed electro
mechanical arrangement represents an attractive solution for the actuation system of the morphing flap, in
full agreement with the currentnedd®r a fmor e el ectrical aircrafto.
materials technology, their high power consumption, requiring a heavy power system, has limited their
application in aerospace. Consequently, the aviation industry is moving tomeltdsstablished electro
mechanical actuation solutions for rapid application in flight. Lightweight actuators are part of the trend in
green aviation. Maximizing the integration of electrical systems in future aircraft will reduce their weight.
The adoptin of electrical actuators, such as DC motors, will bring multiple benefits in addition to those
gained by morphing, because such actuators are lightweight, can be easily integrated into a structural
system, and need less power than smart materialsvdrkeleals with the design of the electr@chanical
actuation system for a fuficale flap as an alternative solution to the standard hydraulic actuation based
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mechanisms. Design activities and experimental validation (ground test) of the proposed amangeme
both covered.

Kink section

Outer morphing
flap region / Cr
(a) Open Rotor configuration (b) Investigation domain

Figure 4.1. Reference wing for Clean SKyJTI outer flap.

Figure 4.2. Reference turboprop aircraft for Clean Skiy &irgreen 2 morphing flap.

4.2 Robotized system architecture
4.2.1 Mechanical constraints

When dealing with adaptive lifting surfaces such the flap, required high functionality of the resulting system
is obviously associated to a structural design complexity. More in detail, an adaptive structure allows the
controlled and fully reversible traitisn from a baseline shape to a variety of different configurations. For

this reason, a kinematic mechanism was applied to create ribs wmiibdal camber morphing capabilities.

More in detail, each of the eight flap articulated ribs was assumed tgersted into four consecutive

blocks (BO, B1 and B2 and B3) connected to each other by means of cylindrical hinges displayed on the
airfoil camber |l inkikelda,colafi ggB8)athnoa.idfnngbrs w
relatively. In Figure 43, a bays assembly sequence is shavWoreover, norconsecutive rib plates are
connected by means of a link (L) that forces the camber line segments to rotate according to specific gear
ratio. The ribs kinematic was transferred to the overgll$taucture by means of a mdidx arrangement.

The bimodal morphing capability was implemented by active ribs playing the role of inner movable
articulation of the flap structuresigure 4.4. An internal leverage (K12) is hosted by block B1 and
interconnect blocks B1 and B2. This leverage is activated by the external rotary actuator (M1) and amplifies
its torque. The rotation induced by M1 makes the leverage K12 to move and therefore ttteargjatve

position of block B1 with respect to block B3; at the same time blocks BO and B2 are forced to follow the
movement of B1 and B3 being mutually interconnected to the them. The position of the link L and of the
pivots of the leverage K12 are sefed in a way that, upon the rotation of M1 shatft, all the rib blocks rotate
around hinges H1, H2, H3 according to specific angles compliant with the set of external morphed shapes
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to be matched. A secondary leverage (K23) links B3 to B2 and is drivitie bbgtation of the actuator M2.

The secondary leverage, hosted by block B2, amplifies the torque of the actuator M2 and makes B3 to rotate
around the hinge H3 thus implementing theltkd morphing. The layout of the morphing rib was properly
adapted tdit the geometry of the flap device at each spése section. The adaptation included only a

slight reshaping of the upper and lower boundaries as well as the extension of theisbdehgth of

blocks BO and B3 while moving from the inner section ®dlater one. The chomdise length of blocks

Bl1 and B2 was kept equal for all flap sections |
planes. Two &haped (continuous) spars (Al262351) were positioned in correspondence of the 5% and

70% of the local airfoil chord in order to link all blocks BO and B3 along the span.

Figure 4.3. Actuated morphing bay.

Figure 4.4. Bi-modal morphingbayi 5 #Ham&kageodo to enable the shape modifi

These spars were suitably conceived to provide the greatest contribute in carrying external loads while
assuring adequate deformation levels to the entire assembly. Segmented spars and stringers were then
adopted to generate a miibx arrangement elastity stable under bending and torsion. Also for these
longitudinal elements Al2024351 was selected. Both ribs and longitudinal stiffening components were
properly shaped in order to enable the installation of a segmented skin solution characterizgdujoped

and lower side) by four elements in Al2024 sliding on each other asmadillo shells Rubber seals were

used to avoid friction between adjacent skin segments as well as to prevent airflow leakages. The shape of
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the seals was defined by meam@dvanced kinematic analysis simulating flap morphing in both modes;
these analyses also allowed for the verification of the implemented assembly tolerances while proving the
absence of clashes between adjacent subcomponents in relative motion. Tlagdinabf the device is
depicted inFigure4.5 while the skin segments Figure4 6.

Root Bl
encoder

Control units

Root B3
encoder

1stactuation

group

2"d gctuation
group

3 actuation

Tip B1 group

encoder .
4% actuation

Tip B3 group
encoder

Figure 4.5. Bi-modal morphing flap layout: skeleton and systems (hidden skin).

Figure 4.6. Morphing flap skin aangementglobal architecture.

4.2.2 Actuation design

On the basis of preliminary addressed analysis, several load conditions were considered to size the
distributed actuation system of morphing devitleen the aerodynamic hinge moment determines the joint
torque necessary to size the actuation system: direct current (DC) actuators have been located in
correspondence of three bays thus assuring a more controllable morphing shape along botiwise span
and chorewise direction. The required torque is ensured eedpeducers (Harmonic Dritje keyed on

the motor shafts:iD® represents a typical gear widely used in mechatronic applications. Among its main
advantages: no backlash, compactness and light weight, high gear ratios (in such application 120:1),
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reconfiguable ratios within a standard housing, good resolution and excellent repeatability when
repositioning inertial loads and high torque capabilitye complete actuation design process is reported
in Figure4.7.

Kinematic
Hinge Resistant Mechanism Torque Amplifier bl A Friction Effects
Torgue Minimum Torgue Reduction Factor (design| Torque

Figure 4.7. Actuation design process.

Sensitivity studies were carried out to find out the minimum number of actuators required to morph the flap
under the action of design aerodynamic loads. Relying upon the available space and taking in account
specific constraints in terms of efficiency, power and reliability, the Kollmd@demishless motor KBMS

14 was dowrselected (Table 4.2). Four actuation groups were considered adequate to move the whole
structure in operative conditions. They were respelst linked to the 1, 3¢9, 5" and 7 bay and duly
coupled to Harmonic Drive gearboxes (model HFUQ7i 120/ 2UHi SP2983, Table 4.2), hosted by ribs
blocks and acting as amplifiers of the actuation torque (and reducers of thetsttiaih speed). In Fige

4.8the actuator and gearbox models are roughly depicted.

(@ Kol Il morgen KBMS14E B

Figure 4.8. Actuation and transmission components.

Table 4.1. Actuator and HEB main features.

Specification / Actuator Model | KBMS-14 Speed Reducer Model HFUC-17-2UH
Continuous Stall Torque | Nm 2.11 Gear Ratio - 120
Peak Stall Torque Nm 5 Maximum Torque Nm 54
Maximum Speed RPM 8000 Maximum Speed RPM 60
Peak Current Arms 10 Moment stiffness Nm/rad 16R10
Weight Kg 2.5 Weight Kg 0.64
Number of Poles - 8 Temperature range °C 0-60

Such actuation system allowed the achievement of each rib mechataboutput torqueTour) expressed
in Equation(4.1):
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Tour= MTA oA vl W€ (4.1)

Where Mt is the motor torque assumed constant and equal to half of the stall torque (0.6 Nm) in
correspondence with the operational speed (400 rpm);Rup = 120 is the Harmonic Drieconstant
torque amplification factorKua is the kinematic mechanical advantage, whose has minimum torque
amplification factor of about 5. FinallfCwp represents a torque correction factor including Harmonic
Drive® maximum brque with respect to the prodidt A oRand for this reason equal to 0.75. Actuation
total output torque (4.1) (with and without tl&p correction factor) and H3 hinge torque trends are
reported in logarithmic scale in function of the H3 hinge romtngle inFigure 4.9. It emerges the
actuation system clear capability in overcoming the resistant hinge tongbgure 4.10the assembly
sequence ddctuators, gearbox and rib blocks is roughly depicted.

- - —Hinge Torque T
104 —@—Total Output Torque
r —i—Total Corrected Output Torque

HA1 H2

Torque [Nm]

HT =150 Nm

102 I 1 I L 1 ]
0 2 4 6 8 10 12

Hinge Rotation Angle [deg]

Figure 4.9. Actuation total output and H3 hinge torque trends vs H3 hinge rotation angle.

Actuator
housing

Actuator Gear box
shaft

Figure 4.10. Actuationtorque application.
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4.3 Morphing flap overview
4.3.1 Target shapes and specifications

The articulated mechanism for flap camber morphing was designed with reference to the most severe load
condition expected in service; from an accurate comparison of the soligtaiduced by more than 20
different load cases, the enveloping limit condition was found as the climb case relateandered flap
deployed afkap = 35°, flight speed/s = 95.2 m/s, angle of attatk= 6°, sea level and max zero fuel weight.
Thehighest resisting hinge torque+(H 150 Nm) occurred in correspondence of the hinge axis connecting
blocks B2 and3, indicated with H3 in Figure 41, [17]. This led to the choice of such resistant hinge
torque as the designing one for all the actuatioematic mechanism. However, in order to deal with a

high entity design torque, it was mandatory to introduce into the actuation system some suitable torque
amplifiers devices.

Block O Block 1 Block 2 Block 3

Figure 4.11. Morphing rib and its hinge lines.

A first phase of the work involved the determination of optimized airfoil shapes at a several flight
conditions. The scenario of the project was very broadravadved both academic and industrial partners.

The aerodynamic requirements were in fact defined by Leonardo Finmectahicaaft Division. 2D

CFD optimization simulations were addressed to assess the design morphed shapes, as oufljned in [3
These esults were used as input data to design a structural concept that guaranteed the reversible transition
of the flap from the nominal configuration (baseline) to the target shapes. These optimized shapes were
used as a starting point for the actuation sgsiesign; in correspondence of these shapes the aerodynamic
loads to be counteracted by the actuation kinematics were evaluated together with the strain/stress field
induced all over the structur€able 4.1recaps the rotations angles of flap rib blockeful to reproduce

the flap target shipes(Leonardo FinmeccanidaAircraft Division and CIRA).

Table 4.2. Relative rotations between rib blocks (design values).

Relative rotation between: | Camber Morphing Mode | Tip Deflection

Rib blocks B1 and B2 3° 0°
Rib blocks B2 and B3 10.5° 0°
Rib blocks B3 and B4 3° +10°;- 10°
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4.4 Control logic strategy and Lab test on Iron Bird
4.4.1 System arrangement

The transmission chain along the charide direction consistdshsically of a kinematic mechanism, driven

by loadbearing brushless actuators that acted directly on morphing ribs. The absence of a transmission
shaft along the span, and the distributed arrangement of efieetimanical actuatoderived from the very
demanding size and weight constraints the system has to comply with. Moreover, a distributed sensor
system based on relative encoder generated the signals for the appropriate feedback actions and, at the sam
time, monitored possible faults inside the atramechanism. Eight controllers (ServoOne Jr. by®LTI
motion, Figured.12a), [1617]) were mounted in the first 4 bays of the leading edge in order to drive the
actuation groups. Encoders for relative rotation measurement were placed at the hinggaktlH3 of

the ribs at station 1, 4 and 8. The measured rotations were then used to rationally drive the actuators and to
preserve the commanded flap shape in case of variation induced by external perturbations (including aero
loads). The electric connémh among all control units, was realized by means of a proper shielded routing,
guaranteeing the logic correspondence between seiwers plugs and terminal pins. Such connection
arrangement enabled the synchronized trigger of the actuators accortlingriaster&slave based logic
depicted in Figurd.12b).

B Rating plate
Software

PE

Rating plate »
Hardware

oP1

(a) Controller (b) Actuators bench test

Figure 4.12. Control units of brushless motors.

The transmission ratios imposed between the slave and master EMAs were set as 1:8 and to 1:1 respectively
for the first row (Block 1) and for the second row of actuators (Block 2) in ehizel direction. A value

of speed equal to 400 rpm was set forladl &ctuators and an acceleration/deceleration of 100 rpm/s was
implemented to obtain a quasiatic morphing evolution (15 sec. duration) without dynamic oscillations

due to inertial effects. As shown in Figutel3 the control loop of the actuator position used the motor
encoder position as feedback signal. The bench test provided a first experimental validation of the designed
controller and its hardware integration architecture; moreover, it was possible tciagprine
reproducibility of the theoretical reference and optimized airfoil shapes. On the other hand, the test offered
the opportunity to make some adjustments in the mechanical part of the model and some tunings of the
encoder transducers zero positiohthen the controller was tested on the bench two steps were performed:
(1) Standalone verification of each actuator;

(2) Simultaneous testing of the actuators controllethbgentral servadrive, Figure 4.13

This logical scheme enabled the synchzediactivation of actuators according to the master and slave
multi-axis strategy.
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Figure 4.13. Architecture of the loop control: centralized logic.

The morphing flap prototype was used as mechadealonstrator to prove the adequacy of the adopted
solutions with respect to design requirements and system specifications. Three test campaigns were carried
out:

1 functionality test campaign;

i static test campaign;

1 ground resonance test.
The main objectivesf each campaign have been outlined in the following subparagraphs together with a
general description of performed grst activities and test outcomes. In order to visually check the status
of the inner structure and embedded equipment, skin moduleseveoved during all tests. For static tests,
the applied load was reduced in order to compensate for the increased structural elasticity due to the absence
of the skin.

Functionality test

These test were carried out to demonstrate that the flap wat® ablgoduce target morphed shapes in a
controlled and repeatable manifEigure 4.14. The target morphed shapeere considered successfully
achievedf the angles between adjacent rib bloeistained upon actuators activationatched the design
valuespertinent to each morphing mode (Table 4.3) with a precision of Acgbrding to the general
layout presented in Figure5, e first and the last sections of the flap were then equipped with additional
high precision encoders measuring in LabVIE@hvironment the retive rotations between blocks BO
and Bland betwen blocks Bznd B3(Figure 4.1%; due b the mechanical link between Bad B2it was
considered wmelevant to place an additional encoder also between B2 and B3. Additional enceders w
equipped with digital displays for redine measure reading. The flap was then installed on an exhibition
rig: the baseline and morphed configurations implemented during the tests have been reported together.
Test protocols were repeated 20 times ainelach cycle the measured angles resulted fully compliant with
the design expectations at both inner antér flap sections, Figure 4.16
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Table 4.3. Functionality test protocol.

Camber Morphing Mode

Tip Deflection Mode

PobdE

o

Voltage actuators activation;

Control switch to desired mode;

Actuation up to the target configuration;
Actuators stop and acquisition of rib blocks
relative rotations;

Actuation reverse, up to the baseline
configuration;

Actuators stop, flapower off, check of the
encoders displays for full rotation recovery.

PobdpE

o

Voltage actuators activation;

Control switch to desired mode;

Actuation up to the tip down configuration;
Actuators stop and acquisition of rib blocks
relative rotations;

Actuation revese up to the baseline
configuration;

Actuation up to the tip up configuration;
Actuators stop and acquisition of rib blocks
relative rotations;

Actuation reverse up to the baseline
configuration;

Actuators stop, flap power off, check of the
encoders displys for full rotation recovery.

(c) Tab up

Figure 4.14. Flap configurations functionality test.

(d) Tab down
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@ (b)
Figure 4.15. Sensing strategy: (a) hinge encodad (b) rotations displays
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Figure 4.16. Flap configurations functionality test.

Static test

Static test was carried o towithstamdinitdoads withdutrparmanent h e f
deformations, failures or buckling (as per part C of EASA airworthiness requiremefts (33])), Figure

4.18.The flap was constrained in correspondence of the blocks B1 belonging to the third and the sixth rib
(from the rat section) thus simulating a joint with a potential (and ideally rigid) deployment track. The
pressure distribution related to the limit load condition (uncambered flap deployed @t:3535°, flight

speedvs = 95.2 m/s, angle of attatk= 6°, sedevel and max zero fuel weight, see par. 2.1) was converted

into an equivalent set of lumped forces acting at the centre of rib blocks BO, B2, B3. &igQrand

easily reproducible during tests through a whifflee (Figure4.18). The maximum verticaforce to be

applied at the top of the whiffle tree to reproduce the limit design condition (1650 Kg) was reduced by the
10% in order to account for the absence of the skin during Eéfieen loadsteps of 100 Kg each, with a

loading speed of 10 Kg/s,ere considered adequate to avoid any dynamic amplification. A pause of 10
seconds at the achievement of each load step was moreover set to check data acquisition; load levels were
measured through a load cell installed between the hydraulic jack andiffie-tvbe. All the actuators

1 The skin was not installed in order to allow for a quick inspection of the inner flap structure during the test. The &8 redu
of the maximum load was evaluated on the base ofgstesimulations showing that tireduced displacement field along the
unskinned flap would have been the same of that induced by the full limit load along the skinned flap.
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were turned on (powered) during the test in order to provide adequate (electrical) torque to counteract
applied loads.

N

Load [kN]

ID Block

(b) (©)

Figure 4.17. (a) pressurelistribution at limit design condition; (b) lumped forces distribution along blocks BO, B2,
B3 equivalent to the pressure distribution at limit design load condition; (c) histogram of the equivalent lumped

forces distribution applied during tests (blockk Bonstrained)

(a) Iso view (b) Lateral view

Figure 4.18. Whiffletree and rig for static test.
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