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Abstract

This work describes a feasibility study of a shape adaptive aircraft wing leading edge with a pneumatic
actuation system. The motivation to create such a seamless and gapless high lift device (droop nose) at
the wing’s leading edge is to enable laminar wing flow. Natural laminar wings on an A320 size aircraft
promise a 3-4% drag reduction on aircraft level. Using a droop nose instead a conventional slat reduces
the airframe’s noise significantly. The challenge lies in enabling laminar flow while also having high-lift
capabilities. To solve this, one possible option is to create a morphing leading edge. This requires a
flexible outer skin and an actuation mechanism. This mechanism has to be able to provide the necessary
deformation for high lift and to support the skin to keep a laminar surface.

To meet the surface requirements with a mechanical actuation system the skin has to be supported in
many positions (depending on the leading edge size), which can lead to very complex systems. To
reduce complexity and still achieve the required surface precision, the idea pursued in this work is to
continuously support and actuate the skin with inflatable actuation-tubes. This concept will work
pneumatically and use flexible matrix composites (FMC) for the actuators. FMCs are a combination of
highly flexible materials and very stiff continuous fibres, as such enabling a high flexibility in one and
being very stiff in the other direction. The actuator concept in this work requires customizable fiber-
layup and -orientation to tailor the required stiffness. As off the shelf materials did not satisfy all
requirements, several production methods and material combinations were reviewed and a suitable
material was produced. With this material tensile and three-point bending tests were performed to
accumulate mechanical parameters and failure behavior.

Developing and verifying a simulation model of the pneumatically actuated leading edge was an integral
part of this work. The model has to be able to accurately reproduce the large deformation of the leading
edge for high-lift configuration. A challenge for the development of the simulation model was the large
interaction between the actuators and the outer skin, leading to complex contact problems, while also
taking into account that the FMC actuator skin can exhibit non-linear material behavior. The simulation
model was developed in parallel to the development of the actuators and the design of the overall
system by comparing simulation results with the mechanical material tests and deformation behavior of
the actuators. The thus verified simulation model was used to evaluate different proposed actuation
system concepts. For this different concepts were created in an extruded 2D leading edge segment.
Using the deformation behavior at different airloads a down-selection of the concepts was made. A final
concept was further refined with a sensitivity study (variation in loads and geometry). In the last section
of this work the final concept was compared to a mechanical system developed for the same geometry
(in FP7 project SADE) and a standard A320 leading edge system.



Kurzfassung

Diese Arbeit beschreibt die Machbarkeitsstudie einer formvariablen Flugzeugfliigelvorderkante mit
einem pneumatischen Aktuationssystem. Die Motivation der Arbeit ist es, ein naht- und llckenloses
Hochauftriebssystem (Droop-Nose) an der Fligelvorderkante zu entwickeln, um laminare
Fligelstromung zu ermoglichen. Laminare Fliigel an einem Flugzeug von der GroBe eines A320
versprechen eine 3-4% Verringerung des Stromungswiderstandes. Mit Hilfe einer Droop-Nose statt
einem herkdmmlichen Vorfligel reduziert sich der Larm des Flugzeugs erheblich. Die Herausforderung
liegt darin, laminare Stromung zu ermoglichen und gleichzeitig die Hochauftriebsfunktionen zu erhalten.
Eine Moglichkeit hierfur stellt die Entwicklung einer formvariablen Vorderkante dar. Dies erfordert eine
flexible Auflenhaut und ein dazu passendes Verformungssystem fiir den Hochauftrieb. Dieses System
muss neben der Formgebung in der Lage sein, die Haut zu unterstiitzen um die laminare Oberflache zu
erhalten.

Um die Oberflachenanforderung mit einem mechanischen System zu erfiillen, muss die Haut (abhangig
von der GroRRe der Vorderkante) an vielen Stellen unterstiitzt werden, was zu sehr komplexen Systemen
fiihren kann. Diese Arbeit verfolgt die Idee, die Haut mit schlauchféormigen, aufblasbaren Aktuatoren
kontinuierlich zu unterstiitzen und zu verformen, um die Komplexitdt zu reduzieren und trotzdem die
erforderliche Oberflaichengenauigkeit einzuhalten. Dieses Konzept arbeitet pneumatisch und nutzt
flexible Faserverbundwerkstoffe (FMC) fir die Aktuatoren. FMC, als Kombination aus hochflexiblen
Materialien und sehr steifen kontinuierliche Fasern, ermdglichen hohe Flexibilitat in der einen und hohe
Steifigkeit in der anderen Richtung. Das Antriebskonzept in dieser Arbeit erfordert variierbare(n)
Faserorientierung und Lagenaufbau, um die erforderliche Steifigkeit zu erreichen. Verfligbare
Materialien konnten die Anforderungen nicht komplett erfiillen, was dazu fiihrte, dass verschiedene
Herstellungsverfahren und Materialkombinationen getestet und darauf basierend ein geeignetes
Material produziert wurde. Um mechanische Parameter und Informationen zum Versagensverhalten zu
sammeln, sind mit diesem Material Zug- und Dreipunktbiegetests durchgefihrt worden.

Die Entwicklung und Validierung eines Simulationsmodells der pneumatisch angetriebenen Vorderkante
war ein integraler Bestandteil dieser Arbeit. Das Modell muss in der Lage sein, die grof3e Verformung der
Vorderkante in die Hochauftriebskonfiguration zu reproduzieren. Eine Herausforderung fir die
Entwicklung des Modells war die groRe Interaktionsflache zwischen den Aktuatoren und der AufRenhaut,
was zu komplexen Kontaktsimulationen fiihrt. Zusatzlich musste beriicksichtigt werden, dass die FMC-
Haut der Aktuatoren nichtlineares Materialverhalten aufweisen kann. Das Simulationsmodell wurde
parallel zur Entwicklung der Aktoren und zur Konstruktion des Gesamtsystems durch den Vergleich der
Simulationsergebnisse mit den mechanischen Materialtests sowie dem Deformationsverhalten der
Aktuatoren entwickelt. Das auf diese Weise verifizierte Simulationsmodell wurde verwendet, um
verschiedene Aktuationskonzepte zu bewerten. Dazu wurden unterschiedliche Konzepte in einem
extrudierten 2D Vorderkantensegment simuliert. Unter Verwendung des Deformationsverhaltens unter
verschiedenen Luftlasten wurde eine Bewertung durchgefiihrt. Das endgliltige Konzept wurde mit einer
Sensitivitatsanalyse (Variation von Luftlast und Geometrie) weiter verfeinert. Im letzten Abschnitt dieser
Arbeit wurde das endgiltige Konzept mit einer fiir die gleiche Geometrie (in FP7-Projekt SADE)
entwickelten Mechanik und einem Standard-A320 Vorderkante System verglichen.
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1. Introduction
With regard to the ACARE Vision 2020 and Flightpath 2050, which are outlines for European aeronautics
research targets, work has been ongoing to reduce the CO,, NOx emissions as well as the noise footprint
of commercial aircraft. Based on these goals one attractive option is to develop technologies to realize
natural laminar wings, which promise a 3-4% drag reduction on aircraft level for an A320 sized airplane
[Braslow, 1999]. This directly impacts the fuel consumption and has the potential effect of decreasing
the airframe generated noise by a significant amount [Chow et al, 2002, Pott-Pollenske et al, 2007].

For a natural laminar wing several hurdles have to be taken, especially with regard to skin-smoothness,
as any unevenness can lead to a laminar-turbulent transition. Looking at a state-of-the art-wing today,
most dominantly in the area of the leading edge, several clear gaps and steps related to parts of the
high-lift system, the slats, can be seen. One possibility to overcome this issue is to create an adaptive
droop nose, which is a fully integrated part of the wing and not a separate structure as today. To make
this possible the skin in the leading edge has to be flexible enough to allow for large deformation to
enable a deployment of a high-lift device. In this work the design of a pneumatically actuated shape
adaptive leading edge will be discussed and compared to a mechanical actuation solutions. The
proposed system has the potential benefit of creating a gap- and slat-less leading edge for a fixed wing
aircraft. In additional a reduction of complexity in comparison to a classical mechanical system is
possible. For this new materials and new actuation systems have to be considered and evaluated. As the
proposed system can no longer be considered a classical mechanical system, the scope of this work has
to include shape-adaptive/morphing technologies.

A possible pneumatic actuation system Teheton Beilts R
. Skin A
can consist of several separate and : //'/ /\

Load caﬁrylng

independent “tubes” and “tension belts or

. . ” N structure / sassly
tensile load carrying structures”, see ' \__support area
. N \
. . - b \
Figure 1. To use tubes as actuation devices ' o

Actuation tubes

Adaptive Leading Edge

the wall-material has to be flexible enough -
to allow a certain degree of deformation
(depending on the intended use), but if
used as a structure, as in this case, also |
needs a certain stiffness (secondary use, '
to carry loads). At first glance these two '\,\',\,-
requirements stand in conflict with each

Figure 1: A proposed pneumatic actuation system [A/C-wing
other, but there are several materials or drawing - Source: DLR]

special geometries that can fulfil them. Some examples are corrugated sheets [Yokozeki et al., 2005],
flexible matrix composites (FMC) [Peel, 1998; Shan et al, 2004, laboratory setting] or adaptive
selectively-deformable structures [Amiryants, 1998]. Corrugated sheets and adaptive selectively-
deformable structures are very limited in their design given by their selected geometry and also their
need of some sort of flexible cover material to work properly. Flexible matrix composites on the other
hand are a material with a wide field of application as they are not as restrained by their inherent



structure. In the widest sense flexible matrix composites can be found in quite a few places in everyday
life, e.g. car-tires, inflatable boats, escalator hand rails [Keun et al., 2006] etc. In the above mentioned
FMCs the fiber-volume-fraction is rather low (hand-rail, rubber-tire) or the fibers are in weave form
(inflatable boats). However the actuator concept envisioned in this study requires also a dependable and
customizable fiber-layup and -orientation, to be able to tailor the required stiffness for each direction.
Through this control of stiffness the laminate is only easily deflected in the wanted direction and offers a
certain degree of resistance in the other directions. As existing off the shelf materials cannot comply
with these requirements, a development of production capability and evaluation of the produced
material was necessary, a list of overall design requirements for the actuation system and with it the
used material can be seen in Table 1.

Table 1: Design requirements for a leading edge pneumatic actuation system

Design requirements Rationale
Flexible skin material Large deformation
Stiff-skin material Support of structure
Lightweight Aerospace application
High-deformation capability Inherent in the application
Small space requirement Large deformation leave little static space
Air-tight Stable and constant actuation

1.1 Motivation for shape adaptive applications on aircraft
Most aircrafts today have a specific flight profile and are most efficient when flown inside that profile
[Perkins et al., 2004]. To reduce this strict dependency on one flight profile, aircraft need to be able to
change their wing-shape to adapt to a new routine. To enable this change in structure shape-adaptive
technologies have been and are being developed. Shape adaptability or morphing in general means to
change from one configuration to another, be it structure, virtual models or pictures. In this thesis the
mention of morphing always pertains to a structural or system change from one configuration to
another. This can be a gradual change or a direct transition between distinct configurations (two or
more). The technologies discussed in the following paragraph are mostly focused on aerospace
applications. Almost all aircraft-platforms today are able to change certain parts of their geometry to
adapt to different points of their mission-profile (e.g. deployment of slats and flaps for take-off or
landing). This distinct change of shape is commonly not considered morphing, but it must still be
included when drawing a complete picture. More accepted as morphing are technologies which allow
for a drastic change in shape (e.g. significant change of wing-span or sweep-angle), but a clear line
between what is morphing and what is not cannot be drawn. For aerospace applications morphing is
usually equivalent with adaptation. More importantly it is necessary to have the ability to change the
geometry of an aircraft to perform relevant mission requirements. The change of wing-camber during
lift-off and landing of a fixed wing aircraft is crucial for the overall performance of the aircraft (A/C). If
the wing-camber would remain constant, a much higher lift-off and landing speed would be necessary.
As mentioned commercial passenger A/C today are optimized for a single flight point (cruise) and are



less efficient if flown outside that design-point [Voit-Nitschmann, 2006], making the fixed wing a
compromise to all other flight phases. Morphing technologies can enable gradual change to the A/C
structure to adapt the efficiency for a wider range of flight phases. For military applications a much
higher degree of flexibility in aircraft systems would be preferable (see Tornado or F14 sweep wings).
Here a mission profile has a much greater diversity than for a commercial passenger A/C. These profiles
can include a drastic change between a loiter phase (low velocity, long airtime) vs. a dash phase (high
velocity). The geometrical changes of an aircraft can be separated in three groups: planform alteration
(span, sweep, and chord), out of plane transformation (twist, dihedral/gull, and span-wise bending) and
airfoil adjustment (camber and thickness). In recent years many in-depth-studies were performed
describing the required shape change for different mission scenarios and the aerodynamic effects of
morphing (e.g. the control stability etc.). Full-scale evaluations of the impact of morphing technologies
on aircraft-level were performed. So there is a lot of data available on morphing benefits and drawbacks
for aircraft applications. For example: [Barbarino et al., 2011, Bowman et al., 2002; DeBreuker et al.,
2011; Kudva, 2004; Olympio et al., 2010, 2010; Wlezien et al., 1998; Vocke et al., 2011]. A lot of these
technologies aim to afflict large shape changes on an A/C during flight. To achieve this, different topics
have to be evaluated and the corresponding technologies developed. As morphing in aerospace
applications is almost always a shape-change, three core topics have to be regarded:

- Actuators
- System
- (Skin) material

In some cases two of these points (e.g. actuator and skin) can be seen as symbiotic. The skin can act as
an actuator based on the used material. Additionally it should be mentioned that a traditional
separation between actuator, system and material is in most cases no longer applicable. This leads to a
much greater complexity for the design. A clear separation between structural and system design is no
longer possible, demanding a multi-disciplinary approach from an early stage in the development.
Morphing of aircraft structures is in a lot of cases inspired by nature. Birds have high degrees of freedom
for changing the shape of their wing. Birds can loiter with high-aspect ratio configurations and moments
later dash to catch their prey, transforming their wings very quickly and efficiently. The idea to change
the wing geometry is as old as powered, heavier-than-air flight. The Wright Flyer (1903), the first
airplane, used wing twist (controlled by the pilot through cables) to enable roll control. The
development of the common aircraft of today with the need for higher cruise speeds and pay-loads led
to stiffer aircraft structures, mainly due to a limitation in materials and actuators that could withstand
the higher loading while still enabling the required deformation (fixed wing, conventional flaps, slats
etc.) [Wagg et al, 2007].

The renewed interest in the possibilities and benefits of morphing technologies is related to a multitude
of factors. The development of new and smart materials and new actuation devices make seemingly
radical morphing concepts look possible. The demand for versatile unmanned aerial vehicles (UAV) has
increased the possibility to research and test morphing technologies on flight platforms with less cost
and certification requirements than traditional A/C. Another very important aspect is the demand for
greener and more efficient aircraft (e.g. Vision 2020) for commercial applications. This demand has
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shown the limits of optimization of standard A/C systems, which have been improved to near perfection
over the past decades.

To increase the overall efficiency (e.g. drag reduction) and to make
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aircraft more flexible in their flight profiles possibilities have to be
found which enable adaptive aircrafts (and also to evaluate these
changes upon their impact on the overall performance) [Wittman
et al., 2009]. Literature presents a lot of ideas, e.g. wing-morphing
in camber, span-wise or cord-wise direction and the benefits
therefrom [Bae et al., 2004, Cesnik et al., 2004, Thill et al., 2008],
but the actual technology to achieve the described morphing is in
most cases still missing or under development [Philen et al., 2006,
2007; Murray et al., 2007; Lan et al., 2009]. The motivation for this
research stems from the EU FP7-project SADE' and the national
project SmartLED [Monner et al., 2009]. The aim of both projects is :
to create a seamless and gapless high lift device (Droop Nose) at  Figure 2: Conventional slats on an
the wing’s leading edge with the goal to reduce the airframe’s A310 (Source: Adrian Pingstone)

noise and drag and to enable laminar wing flow. Laminarisation

(natural laminar flow) is one of the technologies which can
significantly reduce drag and is also within the scope of today’s
capabilities [Holmes et al., 1992 and Saeed et al., 2009]. On today’s
passenger-aircraft the gaps between the wing’s main box and slat

as well as flap (see Figure 2 or Figure 3) and also the rivets would Figure 3: Conventional droop nose A380
lead to a laminar-turbulent transition of the flow [Holmes et al., (source: Airbus)

1992], if today’s technologies would simply be transferred to a laminar wing profile. Therefore among
others a way has to be found to eliminate the gap between the static wing part and the active parts.
That leads to a recombination of the two previously separate structures and requires a new skin and a
new set of actuation methods for this new “morphing” structure. The skin in the region of the leading
and trailing edge has to be flexible enough to enable the required deflection and the actuation system
has to, apart from moving the structure, stabilize the skin enough to fulfill the requirements for a

laminar wing (e.g. surface quality, skin waviness).

On today’s conventional passenger turbojet aircraft the leading edge has two main aerodynamic
positions/functions, during cruise to create a continuous airfoil and for landing and take-off to drastically
alter the shape of the airfoil (from low to high camber). This change is needed firstly to enable a higher
angle of attack without flow separation, secondly to increase the camber of the wing to provide the
same lift (as undeformed) at lower airspeed and thirdly to increase the drag during landing. On
conventional aircraft the leading edge separates from the center wing box to reach its “drooped”
position. A difference has to be made between a conventional slat and a conventional droop nose,
compare Figure 2 and Figure 3. Both of these have the same basic function but a conventional slat has a

! http://www.sade-project.eu (see Newsletter 1 and 2)



better drag (more drag) performance in the deployed position. Multiple studies have been performed
on the impact of high-lift devices on aircraft with regard to performance [Rudolph, 1996; Sanders, 1996],
noise [Andreou et al., 2007; Chow et al., 2002] and laminar flow [Carmichael, 1979; Croom, 1988; Collier,
2010], which show the benefits and draw-backs of a droop nose leading edge and also challenges for
laminar wing flow. In this work the deformation is achieved without the separation present in the
conventional solutions. The target-shapes can be seen in Figure 4.

To develop such a morphing system certain
technological challenges have to be mastered. As
mentioned above the surface quality of the skin is of
paramount importance and therefore one major
requirement. The skin smoothness is important not
only in flight direction but also in span-wise
direction, as the wing will most likely have a sweep

angle, inducing cross-flow over the airfoil.
Additionally the system has to be able to withstand Figure 4: Cruise shape vs. landing shape (dotted line) of a
all forces acting on the wing (e.g. aerodynamic, leadingedge (based on F15 wing by DLR)

gravitational (constant, maneuver), landing shock, etc.). If the wing did not have to change shape, these
points while still challenging could be solved with existing technologies (already in use on
gliders/sailplane). To deform the skin some sort of actuation system is needed. Optimally this system
adds the required stiffness to the skin, as the skin is most likely not able to provide sufficient stiffness
while maintaining its flexibility.

In the EU-FP7 project SADE a mechanical solution was developed to deform the wing nose. The so called
droop nose required a relatively heavy kinematic system, see Figure 5. Additionally this system
introduced a high complexity, which is relatively common to mechanical morphing solutions. Based on
this work a more unusual idea was proposed. The
new concept aims to create a pneumatically

actuated droop nose. Under the words = R ~4 s
“pneumatically actuated droop nose” lie a : g 1 .
multitude of different possible solutions. Parts of o N

the levers and struts used in the mechanical

solution could be replaced by pneumatic muscles,

or the kinematic could have been redesigned to use

pneumatic cylinders as actuators. One aim was to . .
reduce the complexity of the actuation system. o R l /_w
Therefore the basic idea was to eliminate the need ° e a
for kinematics and to use pneumatic bladders and

the inflation-deformation of these bladders to act o
as actuators, see Figure 1. These bladders have a

two-fold requirement, on the one hand they have Figure 5: SADE Kinematic Cruise (top) and deployed position
to facilitate the deformation, while on the other (bottom) (missing the fourth skin connection lever)



hand provide stiffness to the system. From a material point of view large deformation and stiffening are
contradictory demands and require a thorough look at potential materials and material behavior for
these actuators and additionally the interaction of the various components. The idea to use pneumatics
as actuation devices on aircraft is not new, compare: [Gomis-Bellmunt et al., 2010; Jenkins, 2001;
RameshGupta et al., 2007; Ruggerio et al., 2002; Salama et al., 2000; To et al., 2002; Vos et al., 2011;
Wernicke, 1996, Woods et al., 2013]. Based on this research pneumatic actuation for the leading edge
was judged to be feasible and beneficial in terms of weight and complexity.

The kinematical solution is based on the Patent DE 2907912 A1l of the Dornier Company (today Airbus
Group). The research for these particular kinematics started with the project HID-SmartLED, 2007 and
was continued in the SADE project, see also e.g. [Kintscher et al., 2013; Pecora et al., 2011]. As can be
seen in Figure 5 the concept is based on a flexible skin (yellow line) supported by an internal framework
of discrete struts and force transmission points between the skin and the framework. A centralized main
lever is connected to the skin via (in this case) four discrete levers. The main lever rotates around a pivot
point and transmits the actuation moment to the skin and thereby deforms the skin. During cruise
(undeformed position) the internal framework transports the loads from the skin into the structure and
holds the skin in position. For the loads transmission between skin and levers omega-stringers were
introduced in this concept in span wise direction (not shown in Figure 5). The stringers help to spread
the load from a discrete point to an area, avoiding localized deformation peaks, and also act as a
stiffening support for the nose in span wise direction. Extending this design to a whole wing could be
done in two ways. Either all kinematic stations (36 per wing) in one wing are connected and driven by
one torque shaft (Option A) or each station is individually actuated by an (electromechanical) actuator
(Option B), see Figure 6.

gear torque 5 smart leading edge n AC-BUS 5 smart leading edge

box limiter devices with rotatory devices with EMAs
actuators\t‘36 per wing half) — (36 per wing half)

A = S e

torque (R X Aircraft Essential |
Pcy shaft l N VAN AC-Bus system, \J N VAN
NI 115V / 400Hz EMA &~ SN0,
wTB - 5 (AN control unit ' X
S—( —-— [ _—-\ A\ S—{ bt e
1 "\\'.'N S 'l~, | 1 ! a " \ \‘\
{ ! ; ‘ iy K - U I ~ i N
PCU I PCU /
Option A — conventional drive Option B — electrical drive

Figure 6: Different implementations of the kinematic actuation system [Lammering et al., 2010]



1.2 State of the art: Shape adaptive technologies for aircraft
In this paragraph an overview is given about shape adaptive technologies with a strong focus on
aerospace concepts. Even if e.g. classical slats or flaps movement can be considered as shape adaptation
the concepts discussed here focused on larger shape-change or deliver a more integrated approach to
the classical flaps. The aim of most shape adaptive aerospace technologies on the wing is to enable a big
geometrical change while keeping an aerodynamic profile.

Today shape-change is achieved usually by moving discrete bodies in relation to each other with the use
of separate actuators and connected kinematic solutions. In shape-adaptive technologies this discrete
separation between structure and system is becoming blurry. Shape-memory alloys for example have
the ability to act as a load carrying structure while at the same time provide movement actuation.
Research in the field of shape adaptability is very divers and not easily summarized. Most notably is the
use of a multitude of different materials which are used and researched, the following Table 2 is an
exemplary list of possible materials. Table 2 is by no means a complete list of all possible materials, it is
to be understood as a selection to demonstrate the wide range of the topic. Descriptions and examples
on the use of most of the presented materials are given in the following paragraphs (with focus on the

use in this work).

Table 2: Materials used in shape adaptive applications (selection)

Shape adaptive materials

Details

Use

Piezo materials

Polymers, Ceramics, Crystals,
Organic materials) (Stacks, fibers
(MFC), etc.); electrical

Low stroke, high frequency
applications (e.g. active vibration
damping); active variable stiffness

Shape-memory alloys
(SMA)

CuAlNi or NiTi alloys;
temperature

Valves, several medical
applications; reaction time usually
below 1s

Shape-memory polymers
(SMP)

Polyurethanes, polynorbornene,
PEO-PET, PEEK; Temperature,
magnetic or electrical, light,
chemical

Sealing, self-repair plastics; very
slow actuation (up to minutes)

Magnetorestrictive
materials

Cobalt, Terfenol-D; magnetic

Similar to piezos; (higher stresses)

(Carbo-nanotube) Aerogel

Silica, Carbon, Alumina; passive
ultralight structure

Insulation, passive structure,
heating elements

materials (e.g. CFRP, GFRP);
mostly passive structure

Solid foams Can be adaptive by using SMPs as | Lightweight filler material, in most
basis; externally actuated cases passive structure
Composites Fiber or particle reinforced Lightweight structure, bistable

composites need external stimuli

Microstructures

Structurally determined surface
of (almost any) material; passive

Influences mechanical as well as
chemical properties (e.g. corrosion
resistance)




The materials can be roughly divided into two groups: active and passive. This classification is not
consistent as it depends on the combination or intended use of the materials. For example composites
are usually understood to be passive (and in general stiff) materials, but in the case of piezo-fibers (MFC)
they become active. The two last entries in Table 2 are not materials in the classical sense but e.g. in
case of composites a combination of different ones. And it is this combination that decides whether the
material can be used as shape adaptive or not.

Piezo materials generate an electrical charge in response to applied mechanical stress/force and vice
versa. This effect makes it possible to use piezo materials as actuators. Regrettably piezos have only a
relatively small stroke and are usually not applicable for large scale deformation application without
movement amplifier mechanisms (such as e.g. levers) [Gautschi, 2001]. Piezos as actuators for active
helicopter rotor blades have been heavily researched over the last years [Grohmann et al., 2009;
Grohmann et al., 2011 and Airbus Helicopter Blue Pulse™].

Shape-memory alloys (SMA) are alloys that in a way “remember” their original form and return to it
after deformation through heating. This effect can be used as an actuation mechanism. But the
temperature-range for most materials is too close to the operating temperature of the A/C leading edge
to be of use for this application. A recent use-case of SMAs was the variable-geometry-chevrons on an
engine nozzle fan by Boeing in 2007 (Dreamliner 787 prototype) based on the Boeing patent 6718752,
2002.

Shape memory polymers (SMP) are comparable in their functionality to SMA, such as that they return to
their permanent (original) shape through external trigger. This trigger can be a temperature change, as
for the SMAs, or electric/magnetic field, light or a (chemical) solution.

Foam is a structure that is formed by trapping pockets of gas in liquid or solid materials. Foams are
divided in open- and closed-cell foams. Solid foams are typically made from plastics but metal foams
exist as well. Solid foams are commonly used as a filler or insulation material. In aerospace applications
foams are mostly used for sandwich-structure. Foams can be made from shape memory polymers and
become active structures or actuators. Research on foam as an actuator was e.g. performed by [Larsen
et al, 2009].

Magnetorestrictive materials are able to transform magnetic energy into kinetic energy (or vice versa)
and can as such be used as actuators or sensors. Similar to piezo materials the achievable stroke is very
small but very precise.

Composite materials are a combination of two or more distinctively, different materials. The purpose is
to create a material with different properties than the base materials. The mechanics of composite
materials are discussed in more detail in chapter 6.3 and appendix G. Use of composites as a morphing
material (bistable states) was looked at e.g. by Daynes et al., 2011.

Microstructures are not a particular material themselves, but they can have large influences on the
physical properties of the material-substrate they are applied on. Microstructure is e.g. the prepared
surface or thin foil of/on the substrate material.



Active materials are researched for morphing applications as they have a dual-functionality; they behave
as load-carrying structure and as actuators. Thereby reducing the need for a separate actuation and
therefore in most cases leading to a reduction in weight and complexity. Good examples of this duality
can be seen in e.g. [Chen et al., 2014, Fink et al., 2007; Olympio et al., 2010].

Very often in morphing the actuation mechanism appears as a secondary system, whereas it makes
more sense to combine both structure and actuation system and see it as a unit. In this work the
actuation system is highly integrated with the structure and creates such a unit, as well as having
structural properties. The actuation system is developed based on the structural behavior and response
of the deformed structure. Stabilizing the structure in the required positions and also enabling the
necessary deformation.

A good overview and further information about state of the art morphing structures and materials with
regards to aerospace applications is given for example in “Morphing Skins by Thill et al., 2008”, “
‘Classic’ and Emerging Smart Materials and their Applications by Monner, 2006” and “A Review of

Morphing Aircraft by Barbarino et al., 2011”.

1.2.1 Shape adaptive technologies focus: Pneumatics

Pneumatic in a general sense is the overhead word used to
describe any and all technical applications were pressured
gas (commonly air) is used to perform mechanical work. It
can be compared to hydraulics with the difference, that
hydraulics use fluids (non-compressible) as a working
medium instead of gas (compressible). Pneumatic driven

actuators are used in a wide variety of technical applications 18 1
and are often used as a clean alternative to hydraulics Figure 7: Adaptive pneumatic wing for fixed wing
(leakage leaves no residue). Background information on [Reinhard etal., 2001]

hydraulics and pneumatics can be found in [Parr, 2006].

In the field of industrial processes and controls an actuator is a device that turns a signal from the
control loop into a mechanical or temperature change. The actuator enables e.g. movement, change in
pressure, change in temperature, etc. Actuators are available in a wide variety of working principles:

° Electrical

. Hydraulic

. Pneumatic

. Electrochemical

. Electromechanical

. Piezo

. Shape-memory alloys
o Magnetostrictive

° Rheological



A good general overview on actuators is given by Zupan et al., 2002. Pneumatic actuators can be
regarded as mechanical actuators, which turn a (positive) pressure difference (compressed air) into a
mechanical motion or force. Traditionally a pneumatic actuator consists of a piston, cylindrical housing
and valves or ports. Common pneumatic actuators are, for example:

e Tierod cylinders

e Rotary actuators

e Pneumatic artificial muscles / Fluidic muscle [Yerkes et al., 2008; Wereley et al., 2009; Philen
et al., 2007] (see Figure 10)

e Vacuum gripper

e rodless actuator (with or without guide)

e bellow and diaphragm drives (see Figure 8)

e clamping cylinders

Figure 8, Figure 9 and Figure 10 show some existing pneumatic actuators that
could be of use to this study. Especially pneumatic artificial muscles, bellow and
diaphragm drives or a combination have the potential to be beneficial; for
example in the form of the in Figure 9 shown flat tube actuator. Figure 7 shows
a patented idea of how pneumatic systems could be used on shape adaptable
aircraft structures. Several studies over the years have discussed the potential
benefit of a pneumatic leading edge [Jiang et al., 2009], pneumatic trailing (F;i‘t"'rij‘ﬁ:::‘:n‘?““at°’
edge [Gramiiller, 2015] or whole wings comprised entirely of an adaptive,

pneumatic structure [Cadogan et al., 2004 or Harris et al., 1984]. Pneumatic

structures show the potential of being a lightweight, reliable actuation systems,

see [Suhey et al., 2005].

Figure 9: Flat Tube Actuator (Prototype, natural rubber skin)

Figure 10: Festo pneumatic muscle
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1.3 Objectives of this thesis
In this thesis a pneumatic actuation mechanism for highly adaptive aircraft structures is researched. This
thesis will answer if and where such a system is feasibly used and which benefits can be reached in
comparison to a mechanical (kinematic) solution.

Pneumatic actuation is used in multiple different applications, mostly to power linear actuators such as
pistons. The system developed here will also be a linear actuator as such as it will provide
deformation/force in one main direction. Different from a piston actuator is the area of effect. Instead
of a single load introduction point, here the force is introduced over a wide area. Additionally the
actuator can become an important structural component and partly adopt the role of a stringer. So the
distinct differentiation of structure and system becomes obsolete and an integrated solution has to be
considered during the design. This thesis aims to provide a thorough understanding of the involved
material, the developed actuators and the overall system as well as the challenges involved in designing
an adaptive structure-system hybrid. Additionally a background on the involved theory and tools is
included. Due to the special nature of the actuators a study on possible materials and manufacturing
processes was performed. To properly describe the behavior of the actuators, material testing was done
to create and validate a simulation model of first the material, then the actuators and finally the
complete system. The development of a simulation model of the overall system can become very
challenging for adaptive structures as a separation of system and structures is usually not possible.
Therefore the selection and evaluation of an appropriate simulation model is an integral part of this
work and has to find the right balance between detailed material representation and overall system
behavior; as these two requirements can be contradictory. Additional focus was placed on preparing
and performing large deformation simulation. In the final section of this work the difference of 2D to 3D
simulation is discussed and the issue of scale-ability of such a system is evaluated. As a last step the final
design for the adaptive droop nose was compared to an adaptive mechanical system, which was
developed in correlation to this work in the publicly funded FP7-project SADE - Smart High Lift Devices
for Next Generation Wings.

11



1.4 Outline

Over the course of this thesis the tools to design and evaluate a functional actuation system of a droop
nose using pneumatic actuation are identified and developed. This new design has to fulfill the criteria
for a NFL — leading edge device, as listed in chapter 2. The outer skin of the in parallel developed
mechanically actuated system (see FP7 SADE project) can be used as a baseline design for the pneumatic
system. The pneumatic actuators have to be able to provide sufficient deformation under air loads and
add to the stiffness of the skin, as the mechanical support structure is completely removed. Additionally
the available space for the actuators in the neutral/cruise position of the droop nose is limited.

Based on these general requirements the development of the pneumatic actuators is one focus. In
addition to designing the actuators, reliable methods for the evaluation of the performance of the
actuation and the whole system are defined and selected.

The design of the actuators can be differentiated into the following points:

e  Material study
e Production method of actuator skin material
e Production method of actuators (if separate from production of material)
e System requirements
e Actuator evaluation
o Inflation tests
o Comparison of test and simulation
o Complex simulation model

In and following the third chapter the challenge of developing a pneumatic actuation system is
highlighted and several different concepts for such a system are presented. Based on the various
concepts, the necessary behavior of the actuators is identified and further described. This description is
used to start the development of a finite element model for the described structures, which is further
tuned and validated in chapter 6.6 and chapter 7.2. Chapter 6 starts with an overview on different types
of materials (with potential to fulfill the requirements) and describes them analytically. Then the
development process of the flexible matrix composites is described. Here different material
combinations are tested with various production methods. After a suitable material is identified it is
mechanically tested and its properties are documented. The data collected in the material tests is used
to create an analytical material model using the previously described analytic models. Additionally the
behavior of the developed material is reproduced with the finite element model and compared to the
different mechanical tests.

The successfully produced material is used to produce several different pneumatic actuator prototypes,
see chapter 7. For this a production process is developed and various end-caps for the actuators are
looked at. The produced actuators are then mechanically tested and the tests are compared to
simulation results. The simulation model is further validated by replicating the deformation behavior of
the pneumatic actuators.

12



After this the validated finite element model is used to simulate the proposed actuation concepts
introduced in chapter 3. The different results from these simulations are discussed and a finalized
actuation concept for the droop nose is presented at the end of chapter 8.3. Based on the finalized
system a sensitivity study is performed. With the knowledge gained during the simulation a design
guideline for such kind of a system is presented.

As a last point the up- and down-scaling of a 2D-pneumatic system to a 3D-geometry is discussed and a
weight comparison with the in parallel (not as part of this work) developed mechanical system is
performed. As a reference values for an A320 leading edge system are included in the weight
comparison. Additionally the comparison includes also a rough estimate on system complexity, scale-
ability and overall requirements.

13



2. System requirements for leading edge devices on laminar aircraft
wings

As written in chapter 1.3 the aim of this work is to develop a pneumatically actuated droop nose. To be
able to properly define the requirements of and also to be able to evaluate such kind of system the
following paragraphs will describe the overall system requirements. At this point it has to be mentioned
that a droop nose is inferior to a conventional leading edge system (slat) in terms of maximum lift
coefficient. The reason for this difference is the missing gap between center wing box and slat on a
droop nose configuration [Raymer, 2006]. During cruise this draw-back can be neglected, only during
take-off and landing this is of interest, as the maximum lift coefficient directly impacts the maximum
take-off weight of an aircraft. This issue will be further discussed during the evaluation of the different
concepts in subchapter 8.6 and following. The following paragraphs establish an overall basis for the
system requirements for the leading edge.

2.1 Aerodynamic requirements for laminar wing flow
Natural laminar wing flow requires a very precise surface to remain laminar. A list of requirements for
NLF can be seen in Table 4.

Table 4: Estimates for surface quality of NLF wing application [Kintscher, et al, 2011]

Upper Side Lower Side
Forward Facing step [mm] 0,26-0,27 0,28-0,30
Backward Facing step [mm] 0,13-0,14
b/a chord wise for a > 30mm 0,001
b/a span wise for a > 30mm 0,001

The data derives mostly from theoretical investigations and flight test done by NASA in the 1980s. The
maximum height of a forward facing step is 0,26-0,27mm. Backward facing steps cannot exceed a height
of more than 0,13-0,14mm. These limits were found to be the critical values at which the flow did not
transition from laminar into turbulent directly at the disturbance. Nonetheless even these small
disturbances can lead to an earlier transition than without these kind of gaps or steps. This was shown
by flight tests performed by MBB in 1988 [Drefiler et al, 1988]. With just 0,05mm “thick” tapes they
showed that the transition point could shift forward by 25% chord. In their study it also became
apparent that disturbances in the area between 5-20% chord have the highest influence on the
transition behavior of the flow. One important fact to be kept in mind is that the susceptibility of the
flow to surface irregularities is extremely dependent on the airfoil shape. The study performed by MBB
also mentions that 3D disturbances (such as insects or rivets) have an even higher negative impact than
steps or gaps (can be considered 2D disturbances). However it can be concluded that these overall
requirements have to be investigated for each airfoil individually. The stated requirements do not
guarantee a laminar flow over sufficient length of the airfoil. The quality of the skin surface has to be as
perfect as possible to provide a margin for contamination, which can be expected during operation. In
row 3 and 4 of Table 4 a maximum for the ratio of b to a is defined, where a is the length of a “bump”
and b the height. This ratio is mostly called skin waviness. Criteria and requirements with regard to skin
quality can also be found in Holmes et al, 1986 and Pennycuick, 2008.
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2.2 Certification specification of leading edge devices

The baseline aircraft for the SADE project is a single aisle passenger aircraft with short to medium range,
therefore the EASA CS25 certification specification can be used to evaluate the system. The CS25 defines
the structural and system safety factors and specifies failure behavior for individual systems and the
whole aircraft. In CS25.675, for example, is stated that each control surfaces shall be limited in their
range by stops. This means the droop nose has to have a system in place to limit the range of motion.
Also related to leading edge systems is C525.701, which states the high-lift devices of both wings have to
be mechanically coupled. The aim of this is to avoid unsymmetrical setting of the high-lift devices, as this
would lead to unsafe flight conditions. CS25.697 and CS25.699 specify the safe control and indication of
flight-systems. Inadvertent operation must be avoided and the status of the system has to be indicated
at any time. Any leading edge on an aircraft also has to fulfill the requirements for ice protection system
(CS25.1419), bird impact protection (C525.631) and lightning strike protection (CS25.581).

2.3 Aircraft manufacturer and operator requirements

Additionally to the official safety requirements the A/C manufacturer and the operator have the
competitiveness of the product in mind. This leads to the manufacturing and operational cost of an A/C.
The cost is directly related to the weight and complexity of the overall and also particular systems.
Complexity is obviously always relative; in this case complexity is to be understood as a multitude of
different parts or systems. If a new system is to be introduced it is important that the overall complexity
of the A/C is not increased disproportionally to the benefit. Therefore a reduction in weight with an
increase in complexity has to be carefully evaluated. Introducing new systems, new features or new
material to the aircraft often includes an inherent danger of increasing the complexity in terms of
validation and integration. In the end the benefits of the new system have to outweigh the drawbacks to
be considered for an aircraft. In this work the pneumatic system will be compared to the equivalently
new kinematic system and partially to an existing one on the A320.

Maintenance is an important criterion for all aircraft systems. As both the kinematic and the pneumatic
system are still very new, any assessment with regard to maintenance can only be engineering judgment
[Scholz, 1998].

2.4 Overall assessment criteria for leading edge systems

In Table 3 the requirements from the three paragraphs above for an adaptive leading edge for laminar
wing flow are summarized and sorted based on their most likely system/structure impact. This list shows
the diversity of the tasks that have to be “performed” by the leading edge. As can be seen this list is
separated into three rough blocks and the points from this list can be roughly associated with one of the
three “separate” system-components: skin, actuation system and passive structure. Which item is
directly linked to the pneumatic actuation system and which is rather part of a different system will be
one result of this thesis.
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Table 3: Overall requirements for (adaptive) leading edge devices

Requirement

Impacted component

Aerodynamic performance

high-lift performance

Skin, actuation system

surface quality (NLF)

Skin, actuation system

deformation-precision

Skin, actuation system

Safety

bird strike protection

Actuation system, passive structure

lightning strike protection

Skin

Anti-Erosion

Skin

Anti-lce

Skin

Monitoring capabilities

Actuation system, skin

Defined range of motion

Actuation system, skin, passive structure

Low Complexity

Actuation system, skin

Reliability

Skin, actuation system

Low Maintenance

Skin, actuation system, passive structure

Maintenance possible

Low cost

all
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3. Design concepts of a shape adaptive leading edge actuation

mechanism

As mentioned in the introduction the baseline geometry for this work is based on the EU-FP7 project
SADE and the work performed therein. This chapter describes the geometrical boundaries, the relevant
load cases and several general requirements for the shape adaptive leading edge. The requirements
include surface quality (see above), deformation shape and design space. The reference wing for this
work is the FNG (F15) (“Flugzeug nachster Generation (airplanes of the next generations)”)-wing
developed during a LuFo project in 2001. A main focus is on a 2D cut just outboard of the engine pylon;
see Figure 11 and Figure 12. The section is roughly 4m chord (flaps and slats retracted) and has a
maximum thickness of 45cm. To create an actuation system for the droop nose, the design-space, the
range of motion and the force distribution on the structure have to be evaluated.
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Figure 11: FNG-Planform SADE profile position (Source: SADE-project)
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Clean Nose
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Figure 12: 2D FNG section for SADE (Source: SADE project)
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The relevant nose section is about 70cm x
35cm, dimensioning the available design
space. The front spar is the limiting factor in
the rear. For any static structure the design-

35cm

space is further limited due to the droop of
the nose, reducing the available space by
roughly 10%. Figure 13 shows the

dimensions of the complete droop nose and

the relevant design space. For a full-wing - 70 cm

design these dimensions obviously change Figure 13: Design space static structure of the droop nose

based on span wise position. The droop nose has two primary functions. During cruise it has to ensure
the optimized airfoil shape for cruise-flight. For take-off and landing the droop nose becomes a high-lift.
The deployment of the droop nose changes the camber of the wing, allowing higher angles of attack
(AoA) and slower airspeeds. These two requirements translate into two distinct geometrical positions
for the droop nose; retracted or deployed. These two distinct positions are the target-shapes for any
actuation-system device (studies performed by the DLR during the SADE project showed the same droop
shape could be used for take-off and landing). Traditionally the droop nose is a discrete part of the wing,
mounted e.g. with a hinge kinematic to the center wing box. Here, as mentioned above, the droop nose
is an integral part of the wing, and the whole wing-tip is elastically deformed. For this the skin is very
flexible and supported by an actuation system. This actuation system does not only provide the
necessary deformation/movement of the skin but also supports the skin against unwanted deformation
(see Figure 14). The actuation system is therefore a hybrid between structure and system. For an
actuation system this means that it has to be able to carry all loads seen by the skin and transport them
to the underlining (static) structure. For this the different loads and load cases have to be identified and
described. Also the structural change between retracted and deployed position needs to be understood
and analyzed. The loads on the structure and therefore on the actuators come predominantly from the
aerodynamic pressure distribution. Smaller but equally important is the inherent stiffness of the skin
(through geometrical or material stiffness), which adds a force to be overcome by the actuators during
deployment. In the retracted position the skin-stiffness helps to achieve the target shape during cruise.
As shown in Figure 13 the static design space for the actuation system is limited by the deformation of
the nose.

unsupported skin under cruise loads (WT)

//‘ -

\ T

Cruise shape (target)

Figure 14: Cruise shape in comparison to unsupported skin under airloads
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Figure 15: Airloads on the leading edge during cruise (WT) 0°-AoA (left) and airloads on the deflected leading edge during
landing 15°-A0A (right) (Airloads were provided by DLR within SADE consortium)

This means, that any support structure for the actuators has to be situated in the designated space. The
actuators have to bridge the gap between neutral and deployed configuration and fit mostly into the
design-space for static structure. Obviously if the actuators are deformable pneumatic bladders or tubes
they can encroach in the space “reserved” for the deflected skin. Figure 14 shows the deformation of
the skin, if no support structure exists. The shown deflection is a result of the cruise pressure
distribution (an aerodynamic adaptation of the pressure-distribution to accommodate the deformation
has not been performed). As shown a proper support of the skin is necessary at all stages as the skin
stiffness (in the regarded section) is not sufficient to bear the aerodynamic forces. When looking at the
pressure distribution during cruise in Figure 15 (left), it quickly becomes clear that the main force acting
on the skin is directed in —z and slightly x direction from the skin; pulling on the skin, creating lift. This
pulling force has to be directed from the skin to the underlying structure without deformation of the
skin during cruise. To calculate the air load as a single force, special care has to be taken to account for
the change of the geometry. The pressure-values are always perpendicular to the surface.

This fact changes their influence on the geometry in terms of moments and force continuously. Dividing
the force into F, and F, shows, that the load in x-direction is higher than in z-direction.

Pressure Distributiog ose Section SADE

Tal~
udo

-200 - - - 200

N/mm?

—fli—2D-CFD Analysis-Droop
2D-CFD Analysis-Clean

Figure 16: Pressure Distribution Nose Section, cruise (green) and deployed (red) from 2D CFD simulation
(Airloads were provided by DLR within SADE consortium)
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Most of the x-load is transferred through the skin to the two constraints on top and bottom of the nose,
however thinking of the skin as a rope, the force would also pinch the nose together, this effect has to
be counteracted with the actuation system. The design of the actuation system therefore has to
consider these forces. The force vectors in Figure 15 (left and right) are only rough representations of
the overall force direction for the depicted section of geometry. The overall force on the wing is
obviously different. Figure 16 shows the pressure distribution over the height of the droop nose, the
graph shows the difference between clean and drooped configuration [Airloads were provided by DLR
within SADE consortium]. Important to note for the actuation system design is the overall increase in
force on the system from clean to droop.

The actuation solution in the SADE
project for the deformation and 1

stiffness requirements was to
develop a complex mechanical
kinematic. For this four load-
introduction points were identified

and used to connect the skin to
the kinematic system, see Figure
17. The skin stiffness was

optimized for this kinematic
system and for these specific load e

introduction points, with regard to

the two operational use cases. The Figure 17: Kinematic actuation system (SADE project)
skin is made from (Hexply 913, see Appendix A) GFRP and (therefore) the stiffness-tailoring was
achieved through fiber-angle and thickness adaptation. The aim was to create a layup which was as stiff
as possible but also allowed the large deformation; especially controlled by the high strains in the skin

[Kintscher, et al.; 2011].

The first step when trying to recreate the function of the kinematic system with a pneumatic system,