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ABSTRACT

Aerodynamic investigations have shown that variable camber wings (VCW) for
transport aircraft have considerable potential in terms of improving aircraft performance
and enhancing their operational flexibility. In order to justify these benefits it is
essential that the camber varying system is structurally and mechanically feasible.

This research examined the feasibility of providing variable camber to two supercritical
aerofoil sections of different characteristics. The unique method of camber variation
was applied by rotating the forward and aft regions of the aerofoil on a circular arc and
keeping the surface continuous and matching at their attachment to the main wing box.
The change in camber thus increased the chord due to translational motion of the

aforementioned regions.

The geometries required for varying the forward camber by this method presented
formidable design difficulties and no immediate solutions could be found. As a result,
an alternative geometry was devised which accepts camber by simply drooping the nose

region.

A novel idea was developed for aft camber variation, which is considered to be
universal for all supercrnitical aerofoil sections. The system utilises a tracking
mechanism which guides a trailing edge element on a continuous arc. Surface
continuity is provided by a flexible skin on the upper side and a spring loaded hinged
panel on the under side. The flexible skin remains attached to the trailing edge element

through a series of roller link arrangement which locate the skin in a separate guide
rail. The large moment arm and therefore the increased torsional loads created due to

the translational motion of the trailing edge element necessitated investigation of
alternative deployment geometries. As a result two additional geometries were
schemed. One had reduced radius of rotation and therefore reduced extension, while
the other changed camber by drooping the aft region without any chordal extension.
Since there was no aerodynamic evidence on the possible benefits offered by these
geometries it was decide to postpone them until such information was available.

Some detailed aspects of the proposed concept for aft camber variation were considered
by applying the system to a modern transport aircraft wing. This resulted in a design
which is practically feasible. Justification of this concept was made by designing and
testing a half scale structural model of one trailing edge segment. Three dimensional
(3-D) geometric investigation showed that the camber-varying elements ride on a



frustum of a cone and therefore their deployment 1s skewed to the line of flight. The
3-D geometric implications of variable camber clearly suggested that the camber
variation by rotation on a circular arc, on a tapered wing can be possible if the rotating
element 1s made to flex and twist or it utilises a pin jointed arrangement. To provide
the necessary flexibility to the trailing edge element, its structural box best be made
from fibre reinforced plastic material. The deployment of the trailing edge element on
the structural model was made possible by designing it in laminated wood.

Comparison of the proposed variable camber system with a conventional single slotted
flap arrangement suggests that the two systems could be equally complex but the
variable camber could be slightly heavier.-

Further systems investigations are required to quantify overall aerodynamic, mass, and
cost implications of the use of VCW on transport aircraft.
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NOTATION

The notation used in this thesis i1s as defined in the main text.
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CHAPTER ONE

INTRODUCTION

1.1 GENERAL

The mission profile of a transport aircraft consists of take-off, climb, cruise, descent,
hold, and approach to touch down. During these phases the wing experiences a change

in camber when it is configured from a low cambered high speed setting to low speed,
take off and landing settings. This results in aerofoil sections which could only be
optimum for one flight condition!"), The change in wing profile is primarily made at
the leading edges (LE) and trailing edges (TE) by deploying slat and flap systems
respectively. In general these systems move in large increments away from the main
wing section, creating undesirable sudden changes to the curvature of the camber line

(Figure 1.1).

In service the aircraft often operates away from the design point, for example at cruise
at different altitudes, when undergoing manoeuvres initiated by the pilot, or during
atmospheric gust conditions. Conventional wings with ’discrete’ camber changing
systems similar to the one described above are not designed to have optimum lift
characteristics during operations under these conditions. This results in a non optimum
flicht which has a marked effect on the performance and therefore on the fuel

efficiency.

Variable camber (VC) implies changing the profile of the wing throughout the flight,
while keeping the curvature of the camber line continuous, such that the aircraft
operates at near optimum conditions. By varying the wing camber in this manner it is
possible to continuously optimise the lift to drag (L/D) ratio and therefore improve

performance, and reduce the direct operating cost (DOC) by increasing the fuel

efficiency.

The economic success of a transport aircraft depends highly on its operational
flexibility, the ability to operate over a wide and varying range of flight missions. For
instance, during the lifespan of a commercial aircraft frequent requirements arise for
increasing the payload or range to suit the market needs. In case of, say, the military
air-lifters the varying mission requirement call for the aircraft to have long range
strategic and short range tactical airlift capabilities. With the VC system it is possible
to give such a flexibility in operation by improving the L/D which would assist in either

increasing the fuel range or the payload mass.



Because of flexural deformation of wings under load, the LE and TE devices have to
be divided into several spanwise sections. It follows that if each section is individually
controlled, the camber can be varied across the span to suit the spanwise lift distribution
required for different flight conditions, both in steady level flight and whilst
manoeuvring. The ability to alter the spanwise lift distribution assists in reducing wing
structural weight by reducing wing root bending moments (WRBM) associated with the
gust and manoeuvre loads.

A smooth VC system therefore promises to contribute towards:-

1) Increasing fuel efficiency and reducing DOC,

2) Improving operational flexibility, and

3) Reducing WRBM,

These are the major goals in wing design for future transport aircraft.

The aerodynamic benefits listed above can only be justified if the variable camber wing
(VCW) system represents a practically (structurally and mechanically) viable solution.
This research explores the practical possibilities of achieving continuous camber
variation on transport aircraft wings by examining:-

- Geometric implications on both the two dimensional (2-D) aerofoil sections,

and the three dimensional (3-D) swept and tapered wings,
- The kinematic design of the system for achieving the camber,
- The possible complexities involved in the design of mechanical and structural

components,
- The increase in structural weight as a result of these complexities, and

- The possible changes in the structural design of the wing.
1.2 HISTORICAL OVERVIEW OF VCW MECHANICAL FEATURES

The ability to optimise the aircraft wing so that it would suit all flight conditions has
been a problem for aircraft designers since the early days of aviation. In order to

achieve near perfect flight with a relatively light structure, it is necessary to design the
wing, such that its profile can be altered continuously, in a manner similar to birds.

Such variations could be realised if the wing is made from a skin that can flex and
warp, and at the same time is sufficiently stiff to operate efficiently under aerodynamic

loads.



Indeed, one may view the Wright Brother’s attempt to alter the lift characteristics of
their wing as a possible step towards achieving camber variation. A cable connected
to the wing was hooked to a truss around the pilots hips, and when the hips moved the

wing warped out of shape. This was a rudimentary form of camber control for banking
the aircraft. |

A number of aircraft thereafter had in-flight camber varying devices in one form or the
other. Lack of material and mechanical technologies prevented designers from
developing automatically flexing wings. Therefore the camber controlling devices on
these aircraft (although automatically controlled) were limited in their applications and
were designed to operate at certain flight conditions. An example of one such design
is the 1914 Sopwith Baby!?, which incorporates the Fairey Aviation Company’s "Patent
camber gear". This consisted of full-span hinged trailing edge (TE) flaps that could be
used either in opposition as ailerons or symmetrically as devices to increase lift. The

flap deflections were controlled directly by the pilot through bungee chords, to provide
increase in camber for low speeds.

It was not until the emergence of graphite based and fibre reinforced plastic (FRP)

materials in the aerospace industry (some 25 years ago), that it became possible to
implement flexible skin technology in high performance aircraft wing. Aircraft
structural designers now had materials that could be tailored to have variable stiffness
and flexibility. An important practical application of flexible skin using FRP materials
was for the design of the leading edge (LE) variable camber (VC) Krueger flap on the
Boeing 747"\, The term *VC’ is used to describe the camber change that occurs to the
flap panel as it is extended from its relatively flat shape, when stowed as part of the
wing lower surface, to its fully cambered shape in the extended high lift position.
Schematic diagram of the concept is shown in Figure 1.2. The flexible panel provides
a smooth, gradually curved LE device with spanwise camber variation.

The successful use of flexible skin VC takeoff and landing flaps on the Boeing 747 was
a breakthrough for the advancement of flexible skin concept to devices that could
‘continuously’ change the wing profile. In addition to the flexible skin systems,
development in the areas of variable geometry mechanisms and actuation and drive

systems has helped to progress research into the VC systems.

The references which describe the above schemes also include mechanical aspects such
as linkage systems, variable geometry trusses with variable length members, cam and
follower concepts, hinged multiple section devices, reinforced rubber extensible skins,



fibreglass skins, carbon fibre reinforced plastic (CFRP) skins, graphite epoxy skins,
conventional hydraulic actuators, power hinges, rotary planetary gear units, pinion gear
units and screw 1acks.

1.2.1 Vanable Camber by Drooping the Aerofoil

The most common method of achieving variable camber has been by ’drooping’ the
forward and aft regions of the aerofoil. Indeed, this method is so widely accepted that
it has become the design norm. The first concept accepting this type of variation was
an invention of a simple mechanical system for a LE geometry by Pierce and

Treadgold™). An illustration of this idea is given in Figure 1.3a. The 'Royal Aircraft
Establishment Variable Camber Mechanism® or RAEVAM as it is known consists of

a flexible plate which is constrained by a series of swinging links attached to a rigid
plate fixed to the spar. Drooping the LE nose in this fashion reduces the effective
chord. In order to retain the chord length several variation to the basic scheme are
possible. One such method is illustrated in Figure 1.3b. The rigid plate sits in a track
and is made to translate by a separate jack. Moss, Haines and Jordan®! report on the
aerodynamic benefits gained by using the RAEVAM type of system for improving high
speed stalling characteristics of an aerofoil.

Since the RAEVAM concept, several inventors have filed patents for systems that
provide profile changes by drooping either the LE or trailing edge (TE) or both. Some
of the most significant ideas include inventions by:-

1) Rowarth!f! (For achieving a VC at the TE),

2) Brown and Statkus™ (a VC wing tip by a power hinge actuator), and

3) Cole® (a VC LE device having a movable nose section and an upper flexible panel).

Military aircraft have been the prime target for developing practical application of VC
technology. The first extensive study of conformly varying camber was made on a
fighter aircraft®%, A new advanced technology variable camber wing (ATVCW) was
designed around the F-8 which utilized the flexible skin technology derived from the
Boeing 747 camber Krueger flap. Figure 1.4 illustrates the details of the system. The
camber variation is obtained by drooping the LE and the TE of the aerofoil. One edge

of each flexible panel is supported by the front or real spar or by the nose beam or the
TE assembly at the other edge. The flexible skin of the TE is supported by transverse
stringers and links to provide rigidity.



Davice!'!! produced a report describing several possibilities of camber variation on a
supercritical aerofoil section by drooping the LE and TE elements in a similar way to
the ATVCW.

Current flying examples of continuous cambering systems are the F111 Mission
Adaptive Wing (MAW)!"? and the X-29 Advanced Technology Demonstrator'®,

An 1llustration of the MAW is given in Figure 1.5. It has the ability to change both the
chordwise and spanwise camber, while maintaining a continuous aerofoil shape. The
LE system consists of a two bay link system supporting a rigid aluminium nose cap and
upper and lower flexible skins. The fibreglass skins are designed to permit a
continuous contour at the LE without sliding joints or gaps at the nose and upper
surface, while a faired sliding joint exists on the lower surface in front of the spar. The
TE mechanism has a three-bay variable geometry. The upper and lower skins are

continuous (root to tip) glass reinforced plastic with no sliding joints at the upper or
lower contours. A slip joint i1s provided at the TE. The skins are supported on

spanwise beams. The steel-constructed linkages are moved by a rotary actuator gear
box. Each flexible section 1s assigned its own torque tube, which is driven by a pair
of high-speed hydraulic motors. Glass fibre material for flexible skins is used!!*
because it has a good modulus and fatigue properties.

The system on the X-29 is a discrete VC system, as opposed to a smooth type,
consisting of the 25% chord, full-span, double-hinged flaperon/lead tab-flap

arrangement depicted in Figure 1.6.

The development and application of VCW on commercial transport aircraft has been
very limited. Boeing Aircraft Co!"! carried out investigations to examine the potential
attractiveness of varying the camber of a transport aircraft wing during flight, to
continuously optimize the lift to drag (L/D) ratio and thereby reduce the fuel usage and

operating costs. The VC concept.developed in this study incorporated sharp altering
devices to deflect and smoothly re-contour the LE and the TE of the wing. The

mechanical devices to provide the wing with the capability for variable geometry are
shown 1n Figure 1.7. At the LE, an A’ frame is actuated to provide the required
deflection. As the LE moves down, the upper surface becomes longer while the lower
surface becomes shorter. The overall length of the skin remains the same without
breakup. A basic mechanism of a four-bar linkage driven by a rotary actuator is used
at the TE. The fibre skins are attached to the linkages with spanwise stringers, and

short links.



1.2.2 Varniable Camber by Drooping the Aerofoil and Extending the Chord

An alternative to simply drooping the LE and TE regions, VC is possible by increasing
the chord through translational motion of these areas. This feature is considered to be

very useful for providing extra lift to the wing while the aircraft is operating at
optimum lift coefficient (C,) and equivalent air speed.

Amongst the patented ideas:-
1) Hill"* invented a mechanism that provided a change in profile across an untapered

and unswept wing.

2) Sharrock!” achieved chordal extension by carrying an aft flap and an intermediate
wing portion on a tilting arm, depicted in Figure 1.8a. The upper surface is made
continuous by an inextensible skin which is anchored to the main wing box and the
intermediate wing. The tilting of the arm causes the upper surface skin to draw the
intermediate wing away from the flap element. The skin effectively slides over the flap
element and defines a smooth and continuous surface between the main wing and the

flap element.
3) Halliday and Sharrock!® suggest a way to anchor the flexible VC upper surface skin

to a fixed wing box (Figure 1.8b) by pushing the skin on the flap body using a cam
track arrangement. This arrangement includes a lower surface panel which is pulled
towards the upper surface thus remaining attached to the flap body on small camber

deflections.

Assessments of VC through increment in chord were carried out by Messerschmitt-
Bolkow-Blokom (MBB) in Germany to study VCW for commercial transport aircraft
(A330/340 type). Details include aerodynamic implications, performance
improvements, mechanical realisation and engine/airframe integration. As a result, a
concept was developed!IFIZIIZIB] which relied on the use of existing high lift devices
to provide camber variation. The design principle of the system is shown in Figure
1.9. At the LE a partially flexible auxiliary flap at the lower surface prevents a slot
opening during low lift, high speed slat settings. At the TE the corresponding operation
of the flaps and spoilers/air-brakes provide the necessary camber variation. The TE
track system is designed such that after the maximum camber position, any further

deflection results in a Fowler motion suitable for low speed setting. The shape of the
upper surface of the flap and the control track have to be such that there are minor

discontinuities during VC operations®, The system is projected across a typical
transport aircraft wing by segmentising it in-to four sections, as depicted in Figure
1.10a. If a spanwise variation is required, the two neighbouring flap supports have to



be driven by individual flap drive units, the principle system suggested is depicted in
Figurg 1.10b. The independent input commands would result in the flap being twisted
between the two support stations®,

1.3 BACKGROUND TO THIS RESEARCH

In his quest to assess the aerodynamic benefits of VC, Spillman'! suggested a method
of increasing camber by increasing the aerofoil chord. In view of the objective to

enhance the cruise and field performance of a transport aircraft, Rao"™* furthered the

work of Spillman!! by carrying out low speed computational (theoretical) and
experimental investigations.  These studies showed improvements in aerofoil

performance from 2-D camber variations and suggested possible reductions in WRBM
by varying the camber across the span.

Lunn™! used the preliminary 2-D experimental results by Rao™ to estimate the possible
weight savings by reducing WRBM, and reported that the overall wing weight for a 150

seat transport airliner could be reduced by 10%.

These preliminary investigations indicated that the VCW had considerable potential,
however the feasibility of applying the concept to a transport aircraft wing required
further research in the areas of high speed aerodynamics, and detailed
structural/mechanical design. A research contract was awarded to Cranfield Institute

of Technology in 1989 (reference [26]) by the Department of Trade and Industry
(United Kingdom) and British Aerospace (Commercial Aircraft Division) to continue

this work.

Mackinnon” explored the aerodynamic avenues by carrying out computational and

experimental studies.

The research presented here concentrates on the investigations made to assess the
practical, structural and mechanical aspects of VC on a transport aircraft wing.



1.4 RESEARCH OBJECTIVES AND THESIS OUTLINE

The objectives for this research were to:

1) Examine the practical possibilities of achieving the VC by rotating the forward and
aft regions of the aerofoil section on a circular arc while keeping the upper surface
continuous, which as far as could be ascertained has not previously been attempted.

The method of deflection adapted by Rao'™*! necessitated translation as well as rotation
of the moving elements, thus increasing the overall chord. Mackinnon™" designed an

acrofoil section specifically for VC application and achieved chordal extension in a
similar way. This method is considered to be novel in that both the forward and aft

sections of the aerofoil are rotated on a circular arc, which provides a continuous
change in profile giving an ideal roof-top pressure distribution for minimum drag™!.

Illustration of the design devised for the wind tunnel model used by Rao®! is given in
Figure 1.11. The upper surface is kept continuous by sliding the solid LE and TE
devices on top of solid sections which are part of the wing box, while on the lower
surface, flexible plates are provided which keep the underside unbroken. It is believed

that such a change in camber can be used to an advantage by implementing large
extensions of chord suitable for low speed (high lift - take off) settings. None of the

ideas disclosed in the literature search provided this benefit.

The objective was to design schemes around the aerofoil sections and the deployment
profiles developed by Rao™ and Mackinnon™,

2) Explore the possibility of changing the deployment geometry.

The majority of the ideas reviewed in the literature search obtained camber variation
by drooping the front and rear parts of the aerofoil without increasing the chord. The
objective was to scheme geometries which provide forward and aft VC in a similar way
around a thick supercritical aerofoil section (commonly used for transport aircraft

wings).

3) Consider the geometric implications of spanwise variation of camber on a typical
transport aircraft wing and extend the 2-D concepts to a real 3-D wing.

On a 3-D wing, ideal acrodynamic requirements (reference [24] and [27]) called for the
camber controlling devices to be split in-to several spanwise segments, similar to the



high lift devices on a conventional wing of high aspect ratio, high sweep and high taper.

The objective was to assess the possibilities of achieving the required camber variation
across the wing span.

4) Design and develop a 3-D structural/mechanical model and carry-out tests for design
verification, and thereby establish the practical feasibility of the concept at a level
commensurate with a real aircraft.

5) Consider the application of the VCW system to a transport aircraft and compare its
performance with a conventional wing.

The objective was to consider the overall aspect of applying VC systems to a transport
aircraft wing and compare its gains and losses with a wing that has conventional control

systems.

1.1.4 Thesis Qutline

The work towards meeting the first and second objectives is described in Chapters Two.
2-D geometric and aerodynamic considerations and practical ideas are presented and
evaluated for their implementation. The geometric implications of spanwise camber

variation are covered in Chapter Three.

Chapter Four discusses the application of the VC system to a transport aircraft. Details
are given of a conceptual design study made to establish a base line aircraft
configuration for VC operation. Geometric details and wing planform dimensions are
outlined. The proposed scheme for aft camber vanation is extended to a 3-D
mechanical solution. Calculations made to carry out these investigations are presented

in Appendix A, B and C.

Chapter Five contains the design, manufacturing and assembling details of the structural
model. Chapter Six outlines the test procedure and discusses the test results. Stress

calculations made to size the major components are contained in Appendix D.
Appendix E includes the drawings made to manufacture the structural model.

Chapter Seven draws together the ideas and results discussed in previous chapters. An
attempt 1s made to compare the proposed VC concept with a typical conventional high

lift device concept.

Conclustions drawn from this research and recommendations for further work are given
in Chapter Eight.
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Figure 1,2: Variable camber leading edge Kruger flap
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CHAPTER TWO

TWO DIMENSIONAL (2-D) VARIABLE CAMBER (VC)
SYSTEMS

2.1 INTRODUCTION

The prime objective of this research was to study the practical feasibility of varying the
wing camber for the type of deployment geometries developed in reference [24] and
[27]. This chapter gives the details of these geometries and describes the appropriate
acrofoil sections used by the two authors.

To justify the application of the variable camber (VC) system to a real aircraft the
design must be suitably practical, light in structural weight and mechanically simple.
This chapter discusses these aspects by examining two dimensional (2-D) design
schemes for the leading edge (LE) and trailing edge (TE) regions.

2.2 VARIABLE CAMBER (VC) GEOMETRIES AND DESIGN SCHEMES

The investigations carried out in this research centred around two aerofoil sections.
These are depicted in Figure 2.1. The first of the two sections 1s labelled Section A

while the second is labelled Section B.

Modern transport aircraft wings are, in general, designed to operate in transonic flight
regimes. The wing sweep angles associated with such operations may be reduced by
using supercritical aerofoil sections. In order to demonstrate the applicability of the
(VC) principles to transport aircraft, Rao™! carried out aerodynamic tests on a
supercritical aerofoil section (Section A). This was designed by the Aeronautical
Research Association (A.R.A). The characteristics and the basic features of which are

as follows:-
- A fairly generous LE radius to reduce the LE suction peaks,

- A flattened upper surface,
- A blunt TE with a small TE angle and

- maximum thickness to chord ratio, (t/c),,xof 11.85%.

Mackinnon®” appreciated the requirement to have a supercritical aerofoil for a transport
aircraft wing. He developed a section specifically to accept the VC principles adapted
in reference [24]. This section, (Section B) was designed with the assistance of British
Aerospace (Commercial Aircraft) using their aerodynamic computer codes. The basic
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features of the section are given bellow:-
- A larger radius than Section A,
- A flat top surface, (the emphases was to have a section with very little initial
camber which could be increased to suite a particular condition),
- maximum thickness to chord ration, (t/c)y.x of 14 %,
- A TE thickness of 1 % and
- A TE angle of 5°.

Further details of the above two aerofoils can be found in the appropriate references.
The VC geometries and the design schemes developed around these aerofoil are all
labelled 1n accordance with the system described in the notation at the beginning of this

thesis.

The variation in aerofoil camber was applied®**"’beyond the unchanged wing structural
box, therefore the change in profile was limited to the LE and TE regions only. These
regions (the LE and TE elements) were rotated and translated on circular arcs to give
increments in chord. Such variations give continuity in curvature at the junctions
between the moving elements and the wing centre section. The VC geometry for
Section A is depicted in Figure 2.2a, while Figure 2.2b shows the same principle

applied to Section B.
2.2.1 Leading Edge (LE) Camber Variation

In order to reduce the LE velocity (suction) peaks caused by the variation in TE
camber, it is necessary to introduce a *droop’ at the nose of the aerofoil (reference [1],
[24], [27] and [28]). Aerodynamic investigations suggest that the transition from one
camber setting to the next must be smooth and continuous. This continuity helps to
maintain the desired upper surface roof-top pressure distribution and so helps to delay

the wave drag.

2.2.1.1 Variable camber (VC) on Section A

Figure 2.3a (LESA1) descnbes the deployment programme which gives the required
camber variation on Section A. Point A marks the junction between the LE element
and the wing centre section. This point 1s rotated on a circular arc and has sufficiently
large local curvature to eliminate any localised suction peaks during LE deployment
(reference [24]). The LE element is therefore separated from the main wing body by
an arc (A-B) drawn forward from point A, which lies within the original aerofoil
section. It strikes the lower surface at point B. This arc represents the defection
profile for the LE element. The radius of curvature for A-B is considered to be small
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enough to give a large droop at the nose (which is necessary for high TE camber
settings).

In order to retain continuity on the under side, the LE nose extends to point C on the
lower surface, as depicted in Figures 2.3b (LESA2) and 2.3¢ (LESA3). The continuity
on the under side 1s maintained by clamping a flexible plate at the front spar position.
This plate runs in a rail by means of a set of roller and link arrangement. The rail 1s
part of the deploying LE device which is so shaped in order to allow the under surface
plate to slide above it.

The deployment of the LE element is by means of track roller system, shown in Figure
2.3c (LESA3). This has a similar profile to the arc A-B. The track being part of the

LE element and the rollers fixed to the solid body.

2.2.1.2 Variable camber (VC) on Section B

The point of rotation on the upper surface for Section B was initially taken at 17%
chord. This is shown as Point A in Figure 2.4a (LESB1). Problems associated with
this centred around the position of the axis of rotation for the LE and the length of the
radius, R. As depicted in Figure 2.4a, the centre of rotation and therefore the radius

required to keep the necessary continuity on the upper surface 1s notably higher than
that for LESA1. Such a large radius gives an insignificant droop of only 4° of rotation
(arc A-A’). This setting proved to be insufficient to relieve the LE suction pressures

associated with the large TE camber settings (reference [27]). Furthermore, arc A-A’
projects outside the profile of the main aerofoil section and caused such design

difficulties that no solution was possible for this geometry.

In order to achieve a reasonable degree of droop, Point A was moved further forward
in steps from 17% to 6% chord, as shown in Figure 2.4b (LESB2). Continuity is
maintained when A is rotated through, say 15° to A’. In comparison with LESBI,

greater degree of rotation and larger droop is possible. Although the arc A-A’ lies
outside the original contours of the aerofoil there is a possibility of maintaining smooth

profile with flexible skins for the upper and lower surfaces. Figure 2.5 (LESB3) and
2.6 (LESB4) display two alternative solutions.

The flexible upper surface skin for scheme LESB3 (Figure 2.5) is stretched between
two solid LE pieces (forward and aft). It is similar in principle to a roller top desk.
One end of the skin is fixed to the main wing body (at 6 % chord) while the other end
is pulled toward the front spar by a compression spring. The aft LE device is curved
on the upper side such that during camber variation it drags the upper surface skin on
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to it self, which helps to control the continuity.

With scheme LESB4 (Figure 2.6), the flexible upper surface skin is fixed to the nose
piece at A. The skin sits on top of a support structure and extends up to 17% chord.
This support structure is part of the wing box section. A series of compression springs
provide the necessary load to hold the skin down, first on to the support structure and
then on to the nose piece (during VC operation). The nose piece pulls the skin out
while extending and therefore helps to maintain the continuity of curvature at A. The
profile changes and the deployment of the LE device is by means of a track roller
system.

The under surface is kept continuous by a flexible plate which can be controlled with
a link roller arrangement similar to the design presented for LESA2 (Figure 2.3b).

2.2.2 Trailing Edge (TE) Camber Varnation

Ideally the change in section profile aft of the rear spar should not cause separation of
airflow, which would otherwise give rise to the profile dragi®). " To overcome the

problem of separation, the radii of local curvature must be greater than half the
chord®, A smooth profile is achieved by sliding the TE backwards and downwards,

which effectively extends the basic chord. To obtain favourable pressure characteristics

behind the 50% chord position and to operate at high subsonic cruise speeds, the aft
camber must be varied by keeping the curvature constant, continuous and matching at

the junctions between the TE element and the main wing section.

An illustration of the TE camber variation by this method is given in Figure 2.7a for

Section A (TESA1) and in Figure 2.7b for Section B (TESB1). The requirement is to
achieve a maximum positive rotation of A to A’ and a negative rotation of A to A’’.

The local radius at A for both the sections is considered to be very large giving a
significant extension of the aerofoil chord during the deflection of the TE element. This
would help towards meeting the take off lift requirements. Negative camber, or chord
reduction is desired for roll control and manoeuvre load control. The degree of rotation

and the extension and reduction for the two sections 1s as follows:
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Section A Section B

15.0
-3.0
6.3
16.4

77.08
(0.5, -0.7008)

Geometric variation
A-A’ (Deg)
A-A”’ (Deg)
Chord reduction (% x/c

- 3.5
9.28
26.73
164.49 ~
(0.5006, -1.57783)

Chord extension (% x/c)

Radius (% x/c)
Origin of Rotation

Comparison of the two VC geometries indicates that TESB1 has a greater radius of
local curvature than TESA1. The former therefore experiences more extension for a
smaller degree of rotation than the latter. This is due to the flatter nature of the upper

surface on Section B.

The first scheme that was devised for the aft camber varnation explores the design of
the wind tunnel model used in reference [24]. The system is depicted in Figure 2.8a
(TESA?2) for Section A. The TE element comprises of a solid rear section which slides
backward on a ridged body on a rail let in-to the fixed wing structure. The radius of
arc A-B keeps Point A continuously attached to the ridged body during the deflection

of the TE device.

The transitional motion detaches the TE element from the underside at large camber
settings. In order to keep the lower surface continuous, a hinged (closing) plate is
introduced. The rotation with a single plate is limited to only 10°. Rotation of up to
15° requires an additional plate which can slide backwards with the TE element. This
feature is illustrated in Figure 2.8b, which shows a photograph of a demonstration

model built around Section A.

Figure 2.8c (TESB2) features this scheme for Section B. The TE sliding element and
the under surface plates are seen to have very little stiffness. Furthermore the
sharpness of the TE element at Point A suggests very little contact region (attachment
area). This scheme therefore appears to be unsuitable for aerofoil sections which are

relatively flat on the upper surface.

Investigations to eliminate the possibility of using extending plates and to seek a
solution which could be applicable generally to any aerofoil section led to a simple
scheme designed by Lunn™), who estimated the possible weight savings by applying the
VC system to a transport aircraft wing. Lunn™)! suggested a scheme that would vary
the TE camber by the method developed in reference [24]. Illustration of this scheme
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is given in Figure 2.9. A shroud on the upper surface keeps the continuity between a
conventional flap and the main wing box. This shroud is assumed to be designed such

that it exerts a constant downward pressure on the TE flap.

Examination of the concept suggests that it is highly unsatisfactory from both the
structural and the aerodynamic points of view. The flexible shroud skin is assumed to
be restrained only at the rear spar position. Apart from which there are no physical or
mechanical restraints to hold its shape or control the flexibility during VC operations.
The latter 1s only dependent on the characteristics of the skin material. Such an
arrangement cannot be practical, since the long unsupported skin panels will simply
warp and lift due to aerodynamic loading.

An initial modification to this idea resulted in the scheme shown in Figure 2.10a
(TESA3). The upper surface skin 1s held in a track through a roller system at one end

while the other end is clamped at the wing rear spar: the track being part of the TE
device. Figure 2.10b shows a photograph of a model made to demonstrate the system.

It is obvious that the stiffness of the flexible upper surface plate would not be sufficient
for it to hold shape when subjected to aerodynamic pressure loads. A way around this

problem is to support the length of the plate through a series of rollers holding it
continuously in a track. Figures 2.11a and 2.11b show the essential features of the 1dea

for aerofoil Section B (TESB3). The scheme comprises of the following elements:-
1) a solid T E piece,

2) a flexible upper surface, -

3) a hinged and spring loaded lower flap,

4) an extending track

3) a support track
6) a set of rolling elements for the conforming of the upper surface, and

7) a conforming track.

Curvature to the TE flap is provided by attaching it to a curved extending track which
slides inside a support track of similar profile. The shape of these tracks is in keeping
with the profile of the deployment arc A-B. Sliding between the two tracks is possible
by placing rollers or low friction sliding material between them. Continuity between
the TE element and the wing structure 1s maintained by a flexible skin on the upper

surface and a hinged flap panel on the lower surface.

The flexible upper skin is clamped at the rear spar position and sits in a conforming
track through a set of rolling pins. The conforming track is part of the TE device and
the extending track, and therefore matches the upper surface of the un-deflected TE
device from Point C to the TE tip and curves from Point C forward to match the shape
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of the extending track. The upper surface thus slides within this conforming track
during the transition of the TE device.

On the lower surface a hinged plate is provided which is spring loaded so that it
automatically deflects to follow the movement of the TE device. It can be seen in both
the scheme TESA3 and TESB3 that the under side is reduced along the chord of the TE
device (Cg in Figure 2.11a). The under side of the TE device is so shaped such that
the transition from one camber setting to the next is smooth on the lower surface of the
acrofoil. With this geometry the lower surface remains continuously attached to the TE
device. Table 2.1 contains the coordinates of the reduced TE device of Section B.
Computational investigations”””? showed no aerodynamic effects due the slight kink
appearing at the hinge point of the lower surface of TESB3 (Figure 2.11a).

2.3 VARIABLE CAMBER WITH HIGH LIFT DEVICES

Reference [24] and [27] suggest that the high lift requirement necessary for low speed
approach and landing conditions for a transport aircraft can not be achieved with full

VC settings. Maximum VC for aerofoil Section A and Section B gives maximum 2-D
C, in the range of 1.6 to 1.8. C,.,, for transport aircraft is generally in the range of
2.5 to 3.0. To ensure that such high lift demands are satisfied, it is necessary to add
high lift devices to aerofoil as part of the VC control system.

Unfortunately in both reference [24] and [27] the investigations were limited to VC only
with no aerodynamic suggestion as to the type and size of the high lift device necessary
for low speed conditions. For sake of completeness it was decided to look at some
methods of incorporating geometries of such devices with the VC geometries described

above. The intention was to investigate only the possibilities without carrying out a
detailed design study. Thus high lift devices were simply positioned inside the schemed

profiles of the LE and TE cambering elements. No attempt was made to
aerodynamically optimise the proposed geometries.

2.3.1 Leading Edge High Lift Devices

A conventional slat as an extension to the VC device 1s suggested for providing extra
lift for scheme LEAS2. The original LE nose is divided in to two sections, a slat body
and a LE aft body (LE device), as shown in Figure 2.12 (LESA4). The variation in
camber is possible by actuating the LE device and sliding it in the track roller system
previously described. The slat is actuated independently and it travels on a separate
tracking system which is of the same profile as the VC track. On full VC setting the
LE device comes to a stop. Thus further actuation simply detaches the LE device from
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the slat which starts performing as a high lift device.

The size of the LE nose piece for schemes LESB3 and LESB4 eliminated the possibility
of including an extra high lift device. Thus the maximum C, is limited to what is

achieved with full VC leading edge settings.
2.3.2 Trailing Edge High Lift Devices

With scheme TESA2 it is possible to install an auxiliary flap of approximately 10%
chord, as depicted in Figure 2.8a. Flap operation would be on full VC setting with a
separate drive system for which a screw jack or a linear actuator could be used. The
actuation system together with the tracking system for the flap can be carried within the

TE device.

With scheme TESA3, an auxiliary flap or a hinged (drop) flap of up to 30% chord
could be installed to satisfy the high lift requirement. Figure 2.13 illustrates a
photograph of a model made to demonstrate the former feature with a 10 % chord flap.

The operation of the flap would be on full VC setting. The system can be carried
within the VC aerofoil between the upper and lower surface skins aft of the rear spar.

2.4 DISCUSSIONS AND DESIGN EVALUATION

The selection of any of the combination of schemes depends on whether the:-

1) aerodynamic requirements are satisfied and

2) the design is structurally, mechanically and practically feasible.

A preliminary assessment and an evaluation was therefore necessary in order to select

the best possible solution.

2.4.1 General Mechanical and Practical Design Considerations

In an attempt to judge the practicality of the designs an initial consideration was given
to the following guide-lines:-

1) Safety and structural integnty, .
The basic philosophy governing the design of the VC system was to develop

mechanisms and structural components with adequate safety margins.

Since the system will be operating continuously throughout the entire flight of the
aircraft, the load environment will involve many load factors such as fli ght manoeuvring
loads, atmospheric gust loads, take off and landing loads, repeated loads, high and low
temperature conditions, etc. The moving components will be susceptible to wear and
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tear, and structural components i.e skins, will be susceptible to environmental
degradation, i.e humidity/temperature vanation, contamination. The likelihood of parts

jamming and binding will be considerable high.

2) Mechanical reliability,

The proposed system had to be mechanically reliable without parts failure. Knowledge
of reliability in terms of analysis is necessary in order to quantify and make comparison
of different designs. The systems would have to have development tests for a
considerable period before the initial analysis can be confirmed. However, a certain
degree of confidence could be gained if conventionality is retained within the design.

3) Reduced complexity and weight,
Mechanical reliability could be guaranteed or improved if only few components are used

to make up the system. Traditional flap/slat designs have shown that in order to reduce
the design complexities aecrodynamic sacrifices must be made. If however, the
aerodynamic constraints are satisfied then the design becomes very complex. The use
of VC on the Mission Adaptive Wing (MAW)!'? is a good example of a complex link
arrangement designed so that aerodynamic characteristics could be maintained.

Complex structural components and mechanical systems invariably mean extra weight.
Reducing the number of moving components, would effectively keep the weight down.

4) Maintainability and inspection

This is an important aspect from the overall structural design point of view of the
aircraft. The design philosophy of all modemn aircraft cover the aspect of maintenance
and inspection. It is necessary to design a system whereby the components are easily
accessed to check and/or modify in case of failure.

5) Fuel Storage and Spar Position
The bulk of the fuel on transport aircraft is stored within the wing structural box. It

is therefore crucial to design a system that will minimise the invasion of the fuel space
and reduce fuel capacity owing to the size of system components, such as actuators,

links and tracks.

The relative position of the front and rear spars is governed by fuel and torsional
stiffness criteria. Observations of transport aircraft suggest that the front and rear spar
are usually positioned at approximately 20% and 65% chord respectively. These
positions provide sufficient fuel storage within the wing box. Preliminary stiffness
calculations suggest that the structural box width with these spar settings is also

adequate.
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2.4.2 Advantages and Disadvantages of the Proposed Schemes

In view of the aerodynamic requirements and the general practical considerations
outlined above, the relative merits and the probable disadvantages of all the schemes

are discussed.

2.4.2.1 Leading edge design schemes

Initial observations of the three schemes presented in Section 2.2.1 (above) suggest that
LESA?2 (Figure 2.3b) is by far the best way of changing the LE camber. However, this
idea can only be used on fairly well cambered aerofoil sections (Section A) and not on
flatter aerofoils such as Section B. Unless the deployment programme for the latter
type of aerofoils shifts away from giving a constant upper surface curvature, which

would obviously be aerodynamically unsatisfactory.

Owing to the large deployment radius for Section B, the designs of both LESB3 (Figure
2.5) and LESB4 (Figure 2.6) require a flexible skin for the upper surface. Closer
observations of the two ideas suggest that the former scheme is not satisfactory since

the skin can only be supported at the two ends. When subjected to pressure loading the
skin will be susceptible to warping.

The track length required for all three schemes has to be partially positioned 1nside the
wing box. Thus, the front spar web will have to be cut locally to accommodate this

intrusion into the fuel space.

The positive aspects of LESA2 are that it has a solid LE body and support structure.
There is a possibility of including a high lift device with a positive drive mechanism.
These features can not be implemented on either the LESB3 or the LESBA4.

The problem with LESA?2 arises when trying to blend the under surface between the LE
and the main wing body. It is apparent from Figure 2.3c that there is slight mismatch
at point C on maximum deployment (15°). For the wind tunnel model™! simple curved
plates were placed to close the gap occuring between the LE nose piece and the main
wing box. In reality it is not possible to do this. Furthermore, owing to its physical
size, the step near the aft region of the upper surface of the LE device (Figure 2.3b)
will be difficult to hold during high pressure loads. Scheme LESB4 suffers from a
similar basic disadvantage. Steps created near the aft region of the flexible upper
surface and near the front spar position will cause disruption to the airflow.
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Accepting all the problems associated with the three schemes it was concluded that VC
by rotating the LE to increase the chord is not a feasible proposition. In view of this
an attempt was made to denive an alternative geometry which simply drooped the LE
without increasing the basic chord.

VC by drooping the LE is not a new concept. In Chapter One several designs are
presented which achieved camber variation without any chordal extension.
Investigations with regards to deployment by this method were made on Section B.
From the two available aerofoils it seemed appropriate to use this section since it was
designed with very little initial camber and had a flatter upper surface than Section A.
The LE therefore required a greater degree of droop to meet the aerodynamic needs,
thus presenting a greater design challenge.

The deployment geometry was determined by a trial and error basis using a Computer
Aided Design (CAD) system. Figure 2.14a (LESBS) shows the geometric details of the
LE in its un-deflected and deflected position. The nose is fixed between 4% chord
(Point A) on the upper side and 6% chord (Point B) on the lower side. The length
between A and 17% chord (Point D) on the upper surface and between B and 12%
chord (Point C) on the lower surface 1s assumed to be flexible.

The method used to droop the LE geometry is described as follows:-

The region between A and D is isolated and subdivided into 15 points. Starting at point
1 (on the upper side) as the pivot, all the points greater than point 1 (2-15), and the
nose piece are rotated about point 1 through an angle of 1.5°. Moving to point 2 (as
the pivot) the procedure is repeated 1e, all the points greater than point 2 and the nose
piece are rotated through 1.5° about 2. After repeating the procedure for the rest of the
points, the final position of each point is joined by a cubic spline. Resulting in a
smooth curve from nose to 4.5% (A’) and subsequently to 17% (D). Where A’ is the
deflected position of A. Point B become B’ as the nose and the upper surface are
deflected. Point C is fixed without any rotation.

Detailed design investigations with this arrangement were not made but preliminary
investigations suggested that the upper side of the aerofoil (forward of 17% Spar
position) can be made to simply bend down without changing its length. The under
surface must push down as well but will experience a reduction in length, thus the
design must incorporate sliding members (slip joints) to compensate for that. As shown
in Figures 2.14a and 2.14b, the essential features of this scheme are likely to be:-

1) a flexible upper surface, from point A to D,

2) rigid nose piece from A to B,

3) a flexible lower surface between points B and C,
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4) a solid lower surface body between D and forward spar E,
5) a system of three to four linkages to control the conformation of the upper surface

(not shown),
6) a deployment track for the nose piece (not shown), and
7) a lower surface support track

The flexible upper surface would be attached at point A to the nose piece and at D to
the wing structural box (near the forward spar position). The link system should hold
the upper surface skin and conform 1t to the required shape during the actuation of the
nose. The deployment of the LE nose piece can be made through a linear or a rotary

actuator (power hinge type).

Figure 2.14b (LESB6) shows the lower flexible surface being held by a series of rolling
elements in a track on one end and 1s fixed to the LE nose at the other end. Any
rearward movement of the LE would therefore slide the lower surface skin backwards

towards the rear spar.

A Krueger flap is suggested for high lift purpose. Detailed designing of the mechanism
has not been carried out, but the operation and the control would be through links and
rotary drive system similar to the one shown in Figure 1.2 of Chapter One. Flap
operation is likely to be separate from VC operation and its deflection will only be

possible on full VC setting.

This scheme does not suffer from the disadvantages related to the other three LE
schemes discussed above. It also realises the following advantages:-

1) It has a generous droop to suite the TE camber,

2) It gives a roof top pressure distribution’),

3) There is no aerodynamic interference,

4) It is easy to incorporate a high lift device with the VC system,

5) All moving parts can be confined within the LE (forward of front spar), but this will

require detail design work, and
6) The system can be applicable to any aerofoil section.

The main drawback of this design is that 1t is likely to have too many moving parts and
therefore its reliability could be questionable. There is also a question of access to the
system, which appears not to be easy. Therefore inspection and maintenance will be
difficult. This problem 1s shared by the designs of the other three LE schemes.
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2.4.2.2 Trailing edge design schemes

From an aerodynamic point of view both scheme TESA2 (Figure 2.8) and TESB3
(Figure 2.11) satisfy the deployment constraints placed on the aerofoil sections®17),

Closer inspection of the two ideas suggests TESB3 is decisively better than TESA2.
The latter suffers from a forward facing step and it also has a double kink on the lower
surface (sliding plates), which will probably cause flow separation particularly at high

speed conditions.

On a real wing the exposure of the tracking system to the airflow in scheme TESA2

means that large cover fairings will be required which will undoubtedly increase the
overall drag. Scheme TESB3 on the other hand gives a much smoother profile without
any breakup of surface continuity, except for the presence of a slight kink on the lower

surface (hinged plate) which 1s not considered to be very significant. The tracking
system for this design 1s all within the main body of the aerofoil therefore there is no
reason for cover fairings. This is an obviouse advantage for keeping the drag down.

From structural point of view the positive features of scheme TESA2 are:-
1) The TE system components are all aft of the rear spar therefore the centre section

remains intact.
2) It has a ridged support structure which can be used for fuel storage,

3) It has a positive motion,
4) It has a conventional tracking system,
5) An auxiliary flap can be installed to meet the high hft and roll control requirements,

and
6) The system can easily be inspected and maintained.

The practical disadvantages of this scheme is that it can only be used on aerofoil
sections with a high degree of 1nitial camber. Even with such aerofoils, sliding plates
have to be used on the under side to give the required deflections. These plates must

be controlled and supported.

As well as the aforementioned aerodynamic advantages, TESB3 realises the following
practical benefits:-

1) The system has no links and very few moving parts,

2) Both positive and negative deflections are possible to give the required profile
changes,

3) Inspection and maintenance are not envisaged to be a problem,

4) It can be applied to any aerofoil section, and

5) The TE device can be installed with a high lift device that has up to 30 % local flap



- 34 -

chord.

The disadvantages of this design are:-
1) Wear between rolling elements and the tracking system, interchangeability and

contamination problems if not protected and sealed properly from the environment could
cause clogging and eventual jamming of the rolling pins, leading to binding and
wrinkling of the upper surface skin,

2) Tracks have to be attached to the wing side nbs, thus reducing the fuel volume, and
3) Interruption of the wing rear spar web will reduce the structural efficiency.

It is apparent from the advantages and disadvantages of the designs discussed above that
TESB3 is more attractive than TESA?2 and 1s therefore considered to be a better solution
to provide aft camber variation on a supercritical aerofoil section.
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Table 2.1: Lower surface coordinates of the TE device of Section B

Coordinates along y-axis (y/c)
0.061130
-0.015494
-0.014815
-0.014598
-0.014231
-0.013723
-0.013090

-0.012353
-0.011538
-0.010674
-0.009792
-0.008924
-0.008099

-0.007342
-0.006673

-0.006101
-0.005634
-0.005269
-0.004999
-0.004812
-0.004702
-0.004661
-0.004668
-0.004704
-0.004757
-0.004825
-0.004906

-0.004999

Coordinates along x-axis (x/c)
0.645142
0.645142

0.668445
0.691342
0.713778
0.735698
0.757051
0.777785

0.797850
0.817197

0.835779
0.853553
0.870476
0.886505
0.901604
0.915735
0.928864
0.940961
0.951992
0.961940
0.970772
0.978470
0.985061
0.990393
0.994588
0.997592
0.999398
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Figure 2.6: Variable camber design scheme two for LESB?2 - LESB4
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Figure 2.7: Trailing edge variable camber geometries
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Figure 2.8a: Variable camber trailing edge design scheme one for TESA1 - TESA2
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Figure 2.14b: Variable camber scheme LESBS installed with a Kruger flap - [ ESB6
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CHAPTER THREE

THREE DIMENSIONAL (3-D) VARIABLE CAMBER WING
(VCW)

3.1 INTRODUCTION

The desire to change the profile of a wing across its span necessitated dividing the
camber controlling devices into several segments. For an ideal aerodynamic solution
these devices must be deflected in-line of flight with splitter plates placed between them
for controlling the vortex drag. This chapter discusses the geometric implications of

such an arrangement on a typical transport aircraft wing.

3.2 GEOMETRIC AND DESIGN CONSIDERATIONS

Figure 3.1a shows a wing planform with a TE variable camber (VC) system. The
camber-controlling devices are split in-to several spanwise segments similar to the high

lift devices on a conventional transport aircraft wing of high aspect ratio and high taper.
The spanwise lift distribution may be controlled and altered by independent deployment
of these segments. This is considered to be a very useful feature for reducing the
overall wing root bending moments due to pilot initiated manoeuvre and atmospheric

gust loads. The system should be capable of reducing the peak loading experienced by
the wing due to these loads so reducing the weight of the structure. It is also thought

that by choosing an asymmetric camber distribution across the two wings, roll control
can be achieved thus eliminating dedicated roll control devices such as ailerons and

spoilers. Further benefits of achieving the spanwise variation in camber are realised
and fully outlined in references [24] and [28].

3,2.1 Sweep and Tapering Effects

3.2.1.1 In-line of flight motion

Independent deployment of the segments would cause a mismatch between two
neighbouring segments if these were positioned at different VC settings. This feature
necessitated the following two important aerodynamic considerations:-

1) The spanwise split between the segments would cause excess drag due to induced
vortices®®. To reduce or prevent these vortices, a plate must be introduced between
each segment in order retain the airflow. These ’splitter’ plate are likely to be twice
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the depth of the aerofoil in order to cover the full VC deflection range.

2) All the segments must 1deally be deployed in-line of flight. Deployment on any
angle from this would obviously increase profile drag of the splitter plates and therefore

reduce the overall efficiency of the VC system.

The required planform geometry is similar to the layout of Figure 3.2, which satisfies
the requirements for spanwise variation in camber with the chordwise VC from
rotational and translational motion of the TE elements. In reality such a geometry is
impossible to achieve on a swept and tapered wing, for the following reasons:-

Consider the 2-D geometry of the TE shown in Figure 2.7b of Chapter Two (sub-
section 2.2) where the origin of rotation is (0.506, -1.57783)x/c of the local chord. If
several of these points (origins) were joined along the span of the wing for each real

chord, the constructed imaginary hinge-line (H/L) will be swept and tapered, as shown
in Figure 3.3a. The local radius of curvature therefore varies along the span,

decreasing from root to tip. The deploying point A (Figure 2.7b) thus lies on a frustum

of a cone, the centre line of which 1s the imaginary hinge-line (H/L). Figure 3.3b
shows the wing plan of the streamwise TE segments of Figure 3.1 being deployed

perpendicular to this H/L. Quite clearly this geometry is unsatisfactory in both
spanwise and chordwise planes, since all the segments shift laterally across the span

from the inboard (I/B) to the outboard (O/B). If the segments are to move backwards
in a streamwise direction with their edges streamwise, and at the same time rotate to
give an angular deflection, the axes of rotation must be unswept. Figure 3.4a shows
an untapered and unswept H/L, fixed such that the radius of curvature (R) matches at
the centre of each segment. Thus, the local curvature only matches at one point along
the span of the segment. The 2-D deployed profile shown in Figure 3.4b, of the centre,
inboard and outboard part of a segment indicates that there is a miss-match in curvature
along the span of the segment. Aerodynamically this will give undesirable flow
characteristics, with the certainty of separation near the I/B end due to sharp changes
in TE curvature. To avoid this problem and retain the in-line of flight motion, the
forward and aft ends of the TE device must be unswept. Figure 3.5 illustrate how this
would effect the planform of the wing of the same aspect ratio as Figure 3.1. R
matches the O/B ends of the segments. With this arrangement the chord of the TE
device (Cyp) decreases rapidly as the span of the segment increases, thus reducing the
effectiveness of the VC system by practically restricting the degree of deflection,
particularly at the IB end of the segment. To overcome this, the size of the segments
must be reduced and therefore the number of segments across the span must be
increased. That would introduce undesirable complexities and increase the overall
weight of the system (further details are covered in Chapter Four).
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3.2.2.2 Conical deployment

From the above arguments it can be assumed that it is unlikely, if not impossible to
keep the profile smooth along the chord and at the same time retain the streamwise
translation of the segments. It would appear that a VC profile can only be maintained
if the moving elements were kept perpendicular to the conical H/L. The rotation of
these elements would be on a frustum of a cone, as shown in Figure 3.6. A 'true’
conical motion shifts the segments across the span. If splitter plates were to be used
they would be skewed to the line of flight and therefore will require substantial cover
fairings which undoubtedly will increase the profile drag of the wing. From a structural
point of view the design complexities would be considerable and structural efficiency
will be highly reduced in order to have a practical solution with 'true’ conical motion.
For example, to achieve this motion with the proposed TE design, the support tracks
must be mounted at an angle equivalent to the sweep angle of the axis of rotation,
shown as dotted lines in Figure 3.7. To improve the efficiency, these tracks must
obviously be mounted directly to the wing side ribs, depicted by the full lines in Figure
3.7. Such an arrangement implies that the motion no longer remains truly’ conical but
slightly diverges. A compromise must therefore be made to obtain a ’near’ conical
deployment. This is possible by placing the segments parallel to the main wing box and
deploying them perpendicular to the conical H/L. Simplistic illustration of this method
is given in Figure 3.8. Structural constraints must be applied to keep the segments
parallel to the wing box during translational motion. For example the TE structural box
must be made to flex and twist or it must be attached to the extending tracks through
pin jointed arrangement. Details of these possibilities are covered in Chapter Four, Six
and Seven. With the arrangement shown 1n Figure 3.8, it is still disadvantageous to
include splitter plates, since the segments are skewed with respect to the line of flight.

It is therefore recommended not to have these plates.

From the above discussions it can be assumed that Figure 3.8 is a better representation
of a spanwise geometry than Figure 3.2 (the required planform).

3.2.2 Negative Deployment

With the proposed design for the aft camber variation, it is apparent (from Figure 2.11
of Chapter Two) that in order to have a negative deployment the rear spar must be
positioned at 54 % chord for Section B. Therefore if some of the segments were to

have both negative and positive deployment while the rest only, the positive deployment
the rear spar must be staggered. This is an obvious drawback since the structural
efficiency of the system will be much lower than say the continuous spar arrangement.
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CHAPTER FOUR

THE APPLICATION AND SOME DETAIL DESIGN ASPECTS OF
THE VARIABLE CAMBER WING (VCW)

4.1 INTRODUCTION

Confidence in applying the proposed variable camber (VC) concept to a real aircraft
wing can only be gained by carrying out a comprehensive design investigation, and
comparing the design to a similar wing that has conventional control devices. It was
necessary however to examine a number of detailed aspects in ordér to justify whether
the system is practically feasible, but a comprehensive comparison was beyond the
scope of this research. Therefore as a preliminary study a particular aircraft application

was selected for investigation.

The concept for forward camber variation, the leading edge (LE) nose scheme
resembles some of the previous concept disclosed in the literature search. These
include the *Royal Aircraft Establishment Variable Aerofoil Mechanism’ or RAEVAM!

and the F-111 Mission Adaptive Wing (MAW) 1, Detailed design of the proposed
scheme was therefore not considered to be essential, since the idea such as the MAW

have proved to be applicable to a real aircraft.

The novelty of the proposed VC system 1s the manner in which the aerofoil profile
towards the rear is changed (the trailing edge, TE scheme). It was therefore decided
to concentrate on the details near the aft region of the wing.. Before attempting to study
these details, knowledge of the relevant loading conditions, operating load environment,
design cases, critical design loads, distributions of these loads, and hinge (track)
reactions loads was required. In order to assess the loading and the design aspects, a
decision had to be made as to what aircraft to select for the application of the VC
system. This chapter gives the details of the chosen aircraft and outlines briefly the
reasons for selecting it. The chapter concludes with a description of the design of one
TE segment. Calculations involved in the analysis are included in Appendix A, B and

C.

4.2 APPLICATION OF THE VARIABLE CAMBER WING (VCW) SYSTEM

The VCW concept lends itself to both civil passenger aircraft from small executive jets
to large commercial aircraft such as the 400 seat 747-400, and military aircraft used for
airlifts, aerial drops, transportation of troops and cargo. The success of both categories
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of aircraft depends on a wide and varied range of flight operations. For instance, the
varying mission requirements for military airlifters call for the aircraft to have long
range strategic and short range tactical airlift capabilities. In the case of passenger
aircraft, the continuous change in market requirements with respect to payload, and
range, suggests that it 1s necessary to look for technologies that provide commonality
in wing design. This should therefore reduce the development of an increased number
of variants, and hence prove to be an economical solution. The design of a common
wing on the Airbus Industries A330/340 is a classic example of two aircraft with
differing range requirements. One is a twin engine aircraft while the other has four

engines.
4.2.1 Design Philosophies

The design of aircraft in both the civil and military transport category is based on an
initial set of requirements which form a guide-line for a preliminary design work. As
well as these a set of ’specific’ requirements are established in order to meet a

particular need.

4.2.1.1 General requirement

For civil passenger aircraft, current trends and key features for the overall wing design
are to:-
- save fuel and reduce direct operating cost (DOC),
- achieve minimum weight design through structurally optimising the wing, i.e
by reducing wing root bending moment (WRBM) through gust load alleviation
(GLA) and manoeuvre load control (MLC),
S - reduce initial development and eventual maintenance costs by designing
common wings to satisfy the long term market requirements (reference [23)),
v - Design safe and reliable systems that meet the airworthiness requirements,
v/~ -reduce sensitivity of aircraft to atmospheric turbulence for improved passenger
comfort
- provide sufficient volume within the wing for fuel storage, and

- have provision for control devices to meet the roll and high lift requirements.

Simplicity in the design of the military aircraft wing is of prime importance to meet the
stringent reliability and maintainability targets. Favourable designs with regards to

control systems therefore usually incorporate fewer components which may be easily
replaceable and modified at low cost. Wing aerofoils for these aircraft are generally
designed with deeper sections to meet the aerodynamic needs and fuel requirements,
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thus further reducing the design complexities. Other features which gbvern the overall

design of the military aircraft are:-
- Survivability in a hostile environment and the ability to sustain battle damage,

- Alleviating ’bulking-out’ problem due to shift in centre of gravity (cofg)
position, -

- Reduce the demands in fuel stocks in tactical operations during wartime and
give operating economy in peacetime,

- Low production procurement and operating costs.

4.2.1.2 Specific requirements

To realise the full potential of the VCW system, the chosen aircraft must be designed
to meet the following set of specific requirements:-

- Varying range of flight operations and mission requirement,

- Aircraft designed for short and long range operation,

- Operation through varying range of optimum C, (good field and cruise

performance),
- Longitudinal stability control to trim the aircraft due to changes in the cofg

position.
- Passenger comfort by reducing sensitivity to atmospheric turbulence.

4.2.2 Aircraft Selection

It was recognised that the VC system could be applied to a very large number of
aircraft in current operation. It was decided that in order to fully justify the concept,
the ideal candidate must be of current interest for near-term development. The ideal
process would be that two alternative wings could be designed. One installed with a
conventional control system arrangement while the other installed with the new VC
control system. This would eventually allow for a comprehensive performance analysis

and a comparison between the two options.

One such aircraft was the FLA (Future Large Aircraft) which is still at its preliminary
design stage. The FLA is an airlifter design involving several European aircraft
manufacturing organisations. It is to replace current versions of the Hercules C-130.

A brief history and the details of the aircraft are given in Appendix A. It was decided
to select the FLA for further investigations of the VC concept for the following

rcasorns. -
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(1) Considerable fuel savings were envisaged by operating the aircraft at the optimum

cruise conditions.
(2) Being a medium to large transport airlifter, it was thought the aircraft is likely to

have sufficient wing depth to allow for the instalment of VC mechanisms and system,
thus avoiding the need to use large external fairings and shrouds and therefore -adding

to the overall aerodynamic efficiency.
(3) As shown in Figure 4.1, Common to this type of aircraft is a wide variation in C,

range, ie, critical design conditions include take-off, climb, airdrops at different
altitudes, various cruise conditions, landing, gust loading, etc. It was thought that
optimum C_ by operating at these conditions could best be achieved by varying the

wing camber.

4.2.3 Conceptual Design Study and the Base Line Wing Configuration

Being a new and a joint pursuit, the specification of the FLA and details with regards
to its configuration and layout could not be obtained. Limited information was

available in several journals and publications, but this was not adequate to give a clear
picture of the aircraft and its intended role. In order to identify the required details,
i.e wing planform arrangement, weights and loading, design conditions (to establish a

base line configuration), it was necessary to carry out conceptual and preliminary design
investigations. Prior to that a parametric study was carried out to collect data on

relevant aircraft. Full details of these studies are given in Appendix A.

Much emphasis was placed upon the geometric details and layout of the wing, because
of the thrust of the current research. The overall layout of the aircraft was based on
comparison with current aircraft in the same category (details of the layout are given

in Figure A.3 of Appendix A).

A general arrangement drawing of the wing for the derived FLA is shown in Figure
4.2. Tt has a moderate sweep back combined with thick and relatively low cambered
aerofoil section (description of which is given in Chapter 2) to enable a cruise Mach
number of up to 0.75. The principle geometric features of the wing are;

Gross area, S = 193.73 m*
Aspect Ratio, A = 9.5

Span, b = 429 m
Sweep of 0.25¢ line = 22.5°
Leading edge sweep = 25.22°
Taper Ratio = 0.3
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Wing mean aerodynamic chord (M A C) = 4.952 m @ 41% semi-span
Wing geometric mean chord (GM C) = 4.5158 m

Root Chord = 6.947 m

Tip Chord = 2.084 m

4.3 THE FLA WING INSTALLED WITH THE PROPOSED VC CONCEPT

The concept of varying the wing profile changes the whole philosophy behind the
operational requirements of a transport aircraft. In principal, improvements in
performance, increase in payload and range, reduction in overall drag by maintaining
cruise lift coefficient, and stability and load control are the major goals of the proposed
variable camber concept. Implementation of such a system in order to achieve these
benefits could alter the overall configuration of the aircraft *®1, For example, wing span
could be increased and its position arranged to reduce the vortex drag. The system can
also enhance the control characteristics and handling qualities.

Unfortunately it was beyond the boundaries of this research to consider major changes
and modifications necessary for an optimum solution. For the FLA it was therefore
considered acceptable to retain the external geometry of the wing, and simply replace
the conventional control devices with the suitable VC design schemes described in

Chapter Two.

4.3.1 Segment Sizes and Track Positions

To control the load distribution across the span of the wing, the VC control surfaces
must be split in to several segments. The size of these segments depends on a number

of criteria which include:-
1) Optimum load distribution characteristics with minimum structural and mechanical

component weight.

2) Loss of lift and therefore increased rolling moment due to loss of a segment.

3) Flap bending moment and track positions (or hinge reaction points).

4) Practical restrictions, 1e fuel space, engine positions, main wing pick up rib position,

Small segments of equal span are 1deal for controlling the load distribution across the
wing. Such an arrangement is to give a continuous variation from root to tip in order
to alter the shape of the wing during high ’g’ manoeuvres and gusty conditions. The

smaller the size the greater the number will be to cover the flap span. This is an
advantage in that in case of damage or loss of a segment, a major catastrophe is
avoided. Rolling moments are not too adverse due to the loss of a segment. Loss of
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lift due to reduced flap area on one wing can be compensated by up deflection of the
tip region on the other wing.

The weight of the segment is in proportion to its spanwise size. Therefore small
segments invariably are lighter. Stiffness in bending becomes less critical as the

unsupported span between hinges is relatively small.

With small size and large number of. segments however the multiplicity of the parts
(tracks, side support ribs, etc) means higher manufacturing and maintenance costs,
substantial reduction in fuel volume, and possibly a heavier over all wing structure.

The design of large segments requires a considerable degree of system redundancy in
order to avoid catastrophic failure. Additional redundancy undoubtedly increases the
weight of the overall structure. In case of loss of a segment, large rolling moments will

develop due to substantial losses in lift.

The numbers and positions of the tracks depends on the aeroelasticity of the flap TE

structural box (deflection of the segment across the span), and side support ribs and
their position in the wing box. An inadequate number of support tracks may lead to
flutter and excess vibration resulting in loss of the whole flap. If the number of support
tracks is high, then just as many side ribs will be needed which will obviously reduce

the fuel storage space.

For a practical system (taking account of the above considerations) the FLA wing was
split into six segments. Three relatively small outboard segments of approximately
equal span and three larger segments on the inboard section. The size of the inboard
three segments was primarily governed by the position chosen for the engines on the
wing (see Appendix A). It was envisaged that the three outboard segments will be
required to assist towards adequately distributing the spanwise load. Figure 4.3a
exhibits the planform geometry of the wing showing the type of arrangement

implemented.

For high lift requirements initial calculations were made using the method given in
reference [29]. These suggested that the take off C, of 1.875 was possible with a full
VC setting. To meet the landing C, requirement of 2.5, it was necessary to include
(along with full VC setting) 30 % chord nested flaps (Figure 4.3b) on the inboard part

of the wing (three inboard TE segments).
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Roll control performance for the aircraft with the VC system was not checked, but it
is envisaged that by appropriately distributing the camber across the wings, asymmetric
load distribution should provide adequate roll. To achieve this, the tip region (outboard
three segments) caters for negative deflection, i.e rotation of up to -3.5° while the root
region (inboard end) gives maximum positive camber setting, 1.e rotation between 0.0°

and 10.0°.

The shear force (SF) and bending moment (BM) distributions, deflection curves, and
hinge reaction loads are all dependent on the position and the number of the hinges.

It was decided to use the planform geometry of Figure 4.3 and support each TE device
segments on two tracks placed at the inboard and outboard ends. The fairly substantial

BM across the large segments and high reaction loads on the tracks were assumed to
be acceptable, since the only way to reduce them was by placing extra support tracks
at intermediate span position of the segments. With extra structure within the wing
box an immediate penalty is paid by reducing the available fuel volume. Furthermore,
by having only the two tracks per segment the number of cutouts in the wing rear spar
web is kept to a bare minimum. Additional tracks would otherwise reduce the
structural efficiency of the spar. This problem becomes much more severe if the
number of small segments is increased. The proposed arrangement has an added
advantage in that the tracks on the adjacent segments can be supported on a single rib
(inside the structural box), thus further reducing the complexity and the weight of the
system. By placing the tracks at the ends of the segments the task of inspection and

maintenance becomes easier.
4.3.2 Detailed Design Considerations

The SF, BM and hinge reaction loads were calculated from the spanwise load
distribution curves presented in Appendix B, using 'STRUCT’ Structural Analysis
program P available on the College of Aeronautics Personal Computers. These
showed that the maximum load was concentrated near the inboard end of the wing and
in particular over the fifth segment (see Figure 4.3a). This had been expected since it
is the largest of the six segments. It was therefore decided to use this segment for
further studies. Principle dimensions for the segment are given in Figure 4.4.

The main components considered in detail were the track roller system, conforming
tracks and the upper surface skin. Stress calculations were made to size the track roller
system and the upper surface skin, details of which are given in Appendix C. Figures
4.5 to 4.7 show the main features of theses components. Figure 4.6 shows the inboard
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(I/B) track arrangement which is fixed to the TE device and designed as a *C’ channel
in titanium to transfer high bending loads through to the main wing structure. These
loads are accepted by the side support ribs which are designed as I’ beams (see Figure
4.5) in titanium and stressed to check flange instability and shearing of the web. To
retain conventionality within the system the sliding motion is provided by a series of
cam rollers, as depicted in Figure 4.5. These are attached through carriages to side

support structure of the wing ('I’ beam side rib).

The upper surface is made to flex by placing it within a set of conforming tracks
through a series of rollers and link arrangements. Details of the design for the I/B
station of the segment are given in Figures 4.7a. The conforming tracks are part of the
extending track and the TE device. The design for the roller/link arrangement at the

intermediate span positions is shown in Figure 4.7b.

A stiffness criterion was used to ensure that the upper surface skin deflections due to
aerodynamic loads remained within 2 % of the local maximum depth of the aerofoil®!),

This criterion must however be substantially checked for acceptance. Estimation of the

deflections were made using SDRC Ideas™ finite element analysis (FEA)P? system by
representing the loads as face pressures on thin shell elements. Details of the finite

element (FE) model are given in Appendix C. This system proved to be a useful tool
for iterating between the material type, skin thickness and the position/number of the

intermediate conforming tracks. Figure 4.8 shows the details of the notation used for
ply orientation and the position of the conforming tracks. After many iterations it was
found that a 4 mm carbon fibre reinforced plastic (CFRP) skin with the ply arrangement
of {([0/90],/0/+45),/0/90}s that is restrained at seven intermediate spanwise stations
gave adequate deflections across the surface. The elastic modulus in °x’ (0° plies) and
'y’ (90° plies) directions (E, and E,) is equal to 0.73 x 10° N/mm? and 0.537 x 10°
N/mm? respectively. The modulus of rigidity for the laminate is 0.15 x 10° N/mm?®.
Carbon fibre was chosen because it has the advantage of fibre orientation in that the
upper surface skin could be tailored to meet the stiffness requirement. Carbon also has
better strength characteristics than any other fibre reinforced plastic (FRP) materials.
For an optimum solution the skin can be tailored such that it tapers along the chord

(decreasing from rear spar position to the upper surface TE tip).

The under side between the TE device and the main wing box can be kept continuous
by a hinged under surface flap. This could be held in position by a track at either end
of the segment and deflects down as the TE device is actuated. Structural design details
of this flap were not considered, but it is assumed that the flap can be made as a
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sandwich box with composite face skins and honeycomb core.

The track radius varies across the span, decreasing from root to tip. Thus if the TE
segment is made rigid and supported on say two tracks (inboard and outboard of a

segment), on actuation the segment will either be reluctant to move or it will tend to
ride more on the larger (inboard) track. The later will give an undesirable lateral
movement. In order to eliminate this effect the TE element must be made to flex both
across the span and chord. This way the TE segment will effectively have to deploy
independently on the two tracks. Design details of the TE device (flap piece) have not
been considered, but it 1s assumed that it can take the form of a conventional flap
design, i.e a composite FRP box. This may require a linkage system (scissor type
arrangement), the independent actuation of which would assist in flexing and twisting
the composite box. Examples of such an arrangement can be seen in reference [11].

With a flexible TE box the system could quite simply be driven by a pair of linear
hydraulic actuators placed at the ends of each segment. One end mounted to the wing

structure while the other end attached to the extending track. Independent input to these
actuators would ensure adequate deployment with twisting of the segment across the

span for parallel motion.



18

V14 3y} 10j juawaimbar 1y Juikiep

00§ 00¥ 00T I

. _ | (siouy]) paadyg oo_ ; o_E c_
+ ® + (+]
2 G
1 - g ™
_.U | ~ |
- = 5 M
,.._x I3 5 °
O 9 7
— )
| -
& I L
. P
> &
i S’

U 000°0Z 38 s

(¥8270=10) - [X] (zc0=T) - x
) 000'Sz e sdoapaty

(SL'1= 'D'sTe0=1) +

SL'0 = W & 9sinJd paads ydiy
L'0 = A ® Paads aS[nuId JjuIouoYy -

sdolpliy - +
SL8'T= D puEgro=WONoMEL - O
7= 1o pue 15°0 = W * "ON PR ® SufpusT

(12v5'0=12) ~[X] (829'0="T19) - x

(€6190=10) - [X] (8L1L'0="To) - x

ﬂ—————l——(lﬂaj)cm Xapmgy ——

T p 2In

01

0%

Of

tq



19

EPotl

E————— S e b

(0E.CC

£ 1oST

Suim V1 9y Jo A1owoad wiojueld TV IN31]

S

I

Sy " [ &2

(UDds - |wes pesodx3)

/s

Ol WouRpoJsn UDBp —

FAZTAN &

D /X

uods- | wWes
(v @ PJOYDO

00S°'B1
obps Oul | 1oug Bu]

uo | gounlt abojesny/Duim

T —— s —— e

\



80

_ G258l 7]
|
mv EEEEL e I
_ S10'G] _
| _ . h o
 S80°E] |
_ . ——
S381°'6 o \-1o-
_ _ @tt t\.wtm\.w.\“n. e ¥
P JOYD| @....:.nn ........._uu4 ........_..‘......1
% S'¥38 @ wE e
Jods Joey ) -t
| \xxxxx ﬁ
_ |
PJOYD Nwﬁik sul | -8buly
§ JOds | DD | UOD

uCOmez,

|~ Aecy
(Bt ©3 v'H sadnb| 4
043 Jagydd) | lpjsep Ul

sjuowgas 93pa Jurpren) xis ojul Jjds wiojueld SUIA\ TBE p oINdIg

5Q | aJoddns

paub|Isep g juswbeg —

\

_mc_mcm//

P JDOQU |

—_—

\_mc_mcm
pP-o0Q3NQ

opIS eysy

|ﬂ|

JO Uo|3|sod

00581

u PJIOUD /4 v5 ®

Uo ! 31sod
Jods Joay

JaqQunu
auawbeg

d

. ——— . E——————

| &

SJ839N Ul suo|suaw|(



- 81

O0JauodD
34!l Yoy Joy
do |4 PJoYD % OE

[10JOI3e QU] JO uo1dal 3Je 2yl Jo quyoid asmpioy) Q¢ y 2INsrg

sausuwbes

29Jdya pJooqQul aya
<0y PHUOYUD U S Q3

Jods Jdpa
| OJaUOD __OL@ EHH

\ JOy4 auawhRo |dep -

W N, (Bep gTE-) m>_p0wwmmw,

— . Iilll..

e e I e —— . — S —

ausuwho |dep aA | aobau

<40y PJOUD L 5
© Jods Jpay



Front spar position

35.5%4 chord trailing
edge device

\/

!
!
} — Trailing edge
rear: spar DOS'tIOH thicknegs 2912
o/ /z
|
I / ngwer sur-flace hinged
1
!

! r@ 604 chord

P
!,/ ya
10 //

/

Conical hingel ine

Figure 4.4: External dimensions of segment five




83

juswoguelre IS[[0I Pue oel) JurIoJuod unys 20ejins Jaddn ‘yoer) Suipudlxe ‘qu preoqur 2yl Jo ugisap [[BISAQ TBG ¢ SInald

peRo | dep
Rl 1Ny 821A8pP
ebpe Bui | 1bd]

(WNnluo313)
MOoDJ, BDu|pusjax3 (WN1ub3 1 3)
| QlJd j4Joddns apl1g

gy

—
N

80 | AR
o8pe BDul | 104z
pefo | depun —

eo0yJnNs Joddn e|qixe| 4 /

JJO g) SdJe| |od
wod 4o j8s

Yooda Builwaoyuon

QG o8JnB| 4 88g

X0Q |DbJN3oNJas DUl M



_84_

Figure 4.5b: Details of the inboard rib, extending track and conforming track/roller

arrangement

Top flange of’
the support

structure
(cross-section

BO x 8B.S5 mm)

Roller |ink
arrangement f{or
fflexing the upper
surfface skin

(See Figure 4.7)

——Flexible upper
= sur-flace skin

MJ$R. onflorming track

.

N &
- \\‘\
‘\"-

Extending track
(see Figure 4.6)

1L

2
L
L
L
in
L
L
1"

Side support rib
(web B.S5 mm thick)



- 83

yoel) 3urWI<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>