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ABSTRACT

The relaxed certification requirements associated with amateur construction — “homebuilt” — aircratft,
particularly in the USA, has led to a renaissance in the light aircraft industry. Europa Aircraft Ltd has
addressed the current demand for a privately owned aircraft by producing a two seat, low wing
aircraft of composite construction (fig 1). The aircraft is supplied in kit form and features detachable
main wings to allow ease of storage. Critical structural components, such as the main wings, wing
spars, and fuselage are fabricated by independent suppliers and inspected prior to being supplied
to the customer. Final assembly of the fuselage and wing structure is performed by the customer.

The following thesis details two composite motor-glider wings whose structure was designed and
engineered by the author to meet set airworthiness requirements. This was the first time a retro-fit
glider wing had been designed for a light aircraft, and the first time the Advanced Composites
Group (ACG) LTM 26 low-temperature curing pre-impregnated carbon laminate material system
was combined with Airex R62.60 core material to form a reinforced sandwich skin material on a
manned flight vehicle. This thesis was performed under scholarships from both Strathclyde
University and Europa Aviation Ltd. Testing of the structure was partially funded by the Department
of Trade and Industry (DTI) under a SMART program award.
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Fig 1: Europa Tri-Gear and Monowheel Aircraft

The purpose of this thesis was to develop a reliable method of analysis and testing that could be used to
ensure the structural integrity of a retro-fit glider wing structure. Initially work focused on the calculation
methods used to derive flight and inertia loads, as highlighted within appendix B. These were then used
to size a prototype glider wing structure. Consideration was then given to meeting or exceeding fully
certified standards on material strength. From this approach a prototype glider wing was constructed and
subsequently static load and flight tested.

This thesis also pulls on data that the author developed during the structural design of the Europa ‘fast-
build’ light aircraft wing. Structural design of the ‘fast-build’ light aircraft wing was conducted in parallel by
the author in addition to work on the prototype glider wing. The fast-build wing employs thin pre-moulded
wing skins of pre-impregnated Glass Reinforced Plastic (GRP) sandwich construction. A detailed
examination of wing skin buckling is presented for the fast-build light aircraft wing, together with a review
of practical analytical and experimental techniques developed by the author used to assess this
phenomenon. The main aim of the examination of skin buckling on the ‘fast-build’ light aircraft wing was
to establish a practical and efficient technique that could be used to ensure stability of wing skin panels
on a production variant of the motor-glider wing structure. The production fast-build motor-glider wing
structure would be specifically engineered for low to medium volume construction.

Page 1 of 10 Jason Russell

PROPRIETARY. ALL RIGHTS RESERVED. NO PORTION OF THIS DOCUMENT MAY BE REPRODUCED OR TRANSMITTED IN ANY FORM OR BY ANY MEANS,
ELECTRONIC OR MECHANICAL, INCLUDING PHOTOCOPYING, RECORDING OR USE OF ANY INFORMATION STORAGE AND RETRIEVAL SYSTEM WITHOUT EXPRESS

WRITTEN PERMISSION OF THE AUTHOR.



THE STRUCTURAL DESIGN OF AN ALL COMPOSITE MOTOR-GLIDER WING PhD Thesis
TABLE OF CONTENTS
1 Introduction to a New Aircraft Type 8
1.1 Overview 8
1.2  Literature review S
1.3 The Europa classic light aircraft wing

and ‘Fast-build’ light aircraft wings, a structural comparison 12

Chapter Summary 16
2 Structural Design of the Prototype Glider Wing 17
2.1  The V-N diagram 18
2.2  Aircraft Balance, establishing aircraft equilibrium 23
2.3  Wing spanwise lift distribution 24
2.4 Derivation of shear force bending moment and torsion distributions

over the wing 25
2.5  Wing chordwise lift distribution 28
26  Applied structural loads 31
2.7  Metallic and Non-metallic material properties 32
2.8 Composite material factoring 33

Chapter Summary 34
3 Prototype Glider Wing Detailed Design Constraints 35
3.1 Overview 35
3.2  Geometrical constraints 35
3.2.1 Fuselage wing spar housing 35
3.2.2 Wing spar coupling mechanism 36
3.2.3 Wing torque pin housing located on the fuselage side 37
3.3  Control circuit stiffness 38
3.4  Wing flutter and divergence 39

Chapter Summary 40
4 Prototype Glider Wing Structural Design 41
4.1 Main wing spar structural design 41
4.2  Main wing spar detailed design 43
4.3  Prototype glider wing skin design 44
4.4 Flight testing of the prototype glider wing 47

Chapter Summary 47
5 Structural Design of the Pre-Moulded Glider Wing for Volume Production 48
5.1 Overview 48
5.2 Sandwich wing skin construction 48
5.2.1 Core shear failure 49
5.2.2 Buckling failure 50
5.3 Results from static strength testing of the Europa fast-build light aircraft wing 51
54 Wing skin detailed design 54

Chapter Summary 55
6 Review of Composite Processing Technology Developed for the

Pre-Moulded Glider Wing Structure 57
6.1 Overview 57
6.2 Wing skin facing ply materials 57
6.3 Wing skin core materials 58
6.3.1 High peel strength 59
6.4 The manufacture of the Europa Fast Build Light Aircraft wing 59
Page 1 of 10 Jason Russell

PROPRIETARY. ALL RIGHTS RESERVED. NO PORTION OF THIS DOCUMENT MAY BE REPRODUCED OR TRANSMITTED IN ANY FORM OR BY ANY MEANS,

ELECTRONIC OR MECHANICAL, INCLUDING PHOTOCOPYING, RECORDING OR USE OF ANY INFORMATION STORAGE AND RETRIEVAL SYSTEM WITHOUT EXPRESS
WRITTEN PERMISSION OF THE AUTHOR.



THE STRUCTURAL DESIGN OF AN ALL COMPOSITE MOTOR-GLIDER WING

Chapter Summary

7 Finite Element Analysis of the Pre-Moulded Glider Wing Structure

7.1 Overview

7.1.1 Model 1 Light aircraft spar bending

7.1.2 Model 2 Light aircraft spar bending

7.1.3 Model 3 Complete fast-build light aircraft wing
7.1.4 Model 4 Complete pre-moulded glider wing
7.2 Wing torsional stiffness

7.2.1  Spar sweep

7.2.2 GRP double skin

7.2.3 Graphite facing plies

7.3 Structural compromise
Chapter Summary

8 Results and Conclusions

8.1 Results from the design of both the prototype and
pre-moulded glider wings using composite materials

8.1.2
8.1.2

Results from the design of the prototype glider wing program:
Results from the design of the pre-moulded glider wing program:

8.2 Conclusions from the design of both the prototype and
pre-moulded glider wings using composite materials

Nomenclature

References

Appendices
Appendix A
Appendix B
Appendix C
Appendix D

Appendix E
Appendix F

Appendix G
Appendix H(i)
Appendix H(ii)
Appendix H(iii)
Appendix H(iv)
Appendix |

Appendix J
Appendix K

Page 1 of 10

Flight Envelope Evaluation

Spanwise loads determination Symmetric and Clean
Conditions A through G

Spanwise loads determination Symmetric with Brake deflection
Conditions A through G

Spanwise loads determination Asymmetric aileron deflection
Conditions A through G

Summary of most unfavourable combination of spanwise loads
Structural sizing of wing spar and skin using most unfavourable
Combination of spanwise loads

Summary of most unfavourable combination of chordwise loads

60

61
61
62

65
66
70
72
73
73
74
74

75
75
75
75
76
78

80

FEA of Wing. Wing Spar bending. Estimation of wing spar deflection

FEA of Wing. Wing Spar bending. Wing spar boom stress.

FEA of Wing. Wing Spar bending. Tsai Hill ply failure assessment of

spar shear webs

FEA of Wing. Wing Torque. Estimation of wing chordwise deflection

under known load

Derivation of material allowable strength values using JAR-VLA
composite methodology

Europa XS Fastbuild light aircraft wing ultimate static strength test
Europa prototype glider wing proof load static strength test

PhD Thesis

Jason Russell

PROPRIETARY. ALL RIGHTS RESERVED. NO PORTION OF THIS DOCUMENT MAY BE REPRODUCED OR TRANSMITTED N ANY FORM OR BY ANY MEANS.
ELECTRONIC OR MECHANICAL, INCLUDING PHOTOCOPYING, RECORDING OR USE OF ANY INFORMATION STORAGE AND RETRIEVAL SYSTEM WITHOUT EXPRESS
WRITTEN PERMISSION OF THE AUTHOR.




THE STRUCTURAL DESIGN OF AN ALL COMPOSITE MOTOR-GLIDER WING

Figures and Tables

Fig 1:
Fig 2:

Fig 3:
Fig 4:

Fig 5:
Fig 6:
Fig 7:

Fig 8:
Fig 9:

Fig 10-
Fig 11.

Fig 12:
Fig 13:

Fig 14:
Fig 15:
Fig 16.
Fig 17:

Fig 18:
Fig 19:
Fig 20:
Fig 21.

Fig 22:
Fig 23:
Fig 24.
Fig 25:
Fig 26:

Fig 27:
Fig 28:
Fig 29:
Fig 30:
Fig 31:

Fig 32:
Fig 33:

Fig 34:
Fig 35:
Fig 36:

Fig 37:

Page 1 of 10

Europa tri-gear and monowheel! aircraft

Mouldless foam core construction of the Classic Europa light
aircraft wing and prototype glider wing

Europa fast-build light aircraft wing

Glider V-N diagram derived from JAR-VLA for an aircraft at
1370 b (623 kg) AUW

Aircraft angles relative to airflow

Visualization of positive and negative maneuver cases
Symmetric and asymmetric maneuver loads resulting from
airbrake and aileron deflection

Effect of drag due to airbrake deflection

Summary of balance of forces acting on aerodynamic surfaces.
Resulting Load Ling is used to determine the total lift load acting
on the main wing.

Schematic representation of Shrenk ‘mean’ loading curve, from
the aircraft centreline, (the y axis) to the wing tip, (b/2)
Schematic representation of shear force and bending moment
distribution, derived from the Shrenk approximation. The aircraft
centreline corresponds to the y axis, with the wing tip at b/2.
Chord-wise distribution of load and resulting position of lift
relative to the wing flexural centre :

Typical chord-wise pressure distribution generated by the glider
wing at one specific angle of attack

Effect of aileron deflection on profile pitching moment

Fuselage wing spar housing

Flc?trofit visualization of wings showing spar coupling

Wing spar buckling restraint

Wing torque housings located on the fuselage sides

Wing torque housing modification

Aileron self aligning and connecting 'flipper’ plate

Torsional mode of loading that can induce wing flutter or aileron
Reversal

Glider wing spar cross section at wing root

Spar roving geometry variation along span of wing
Construction of the prototype glider wing leading edge structure
Wing skin construction

Wing skin failure mode shared by both the classic light aircraft wing
and the prototype glider wing due to their mouldiess construction technique

Prototype glider wing aircraft in flight

Sandwich wing skin construction

Core shear failure

Buckling failure

Gross deformation of wing skin panels that induces
dis-bonding force

Pre-disposition of wing ribs within the wing structure
Basic stability formulae for flat panels — This shows the
dominance of skin thickness in general stability equations
Factory Fabrication of the Pre-Moulded Glider Wing

Full Wing Model. Shading signifies different facing ply orientation and lay-up.
Wing Spar Shear Webs subjected to Test Factored Ultimate Load Levels.

Positive Ply Failure Indices are demonstrated.
Wing Spar Bending Stresses subjected to Test Factored

Ultimate Load Levels. Tension and compression Stress levels are shown in

13
15

18
18
20

20
21

23

25

27
28

29
31
35
36
37

37
38
39

40
41

45

46
47
48
49
50

51
55

95
60
67

68

PhD Thesis

Jason Russaell

PROPRIETARY. ALL RIGHTS RESERVED. NO PORTION OF THIS DOCUMENT MAY BE REPRODUCED OR TRANSMITTED IN ANY FORM OR BY ANY MEANS,
ELECTRONIC OR MECHANICAL, INCLUDING PHOTOCOPYING, RECORDING OR USE OF ANY INFORMATION STORAGE AND RETRIEVAL SYSTEM WITHOUT EXPRESS
WRITTEN PERMISSION OF THE AUTHOR.




THE STRUCTURAL DESIGN OF AN ALL COMPOSITE MOTOR-GLIDER WING PhD Thesis

the rovings. Tension (+) Compression (-). Magnitude presented in psi 68
Fig 38: Wing Spar Deflection when subjected to Test Factored Ultimate Load Levels.

Magnitude presented in inches. 69
Fig 39: Wing Deflection when subjected to 10 Ib (5kg) torque load.

Magnitude presented in inches. 71
Fig 40: Wing Deflection when subjected to 10 Ib (5kg) torque load.

Magnitude presented in inches. 71
Fig 41. Wing Deflection when subjected to 10 Ib (5kg) torque load.

Magnitude presented in inches. Disposition of spar and rib structure is noted. 72
Fig 42: Swept wing spar structure. 73
Fig 43: GRP double skin structure. 73
Fig 44: Pre-Moulded Glider Wing and Europa tri-gear in flight 80
Table 1: Derivation of Limit, Ultimate, Test Factored Limit and Test

Factored Ultimate Load. 34

Page 1 of 10 Jason Russell
PROPRIETARY. ALL RIGHTS RESERVED. NO PORTION OF THIS DOCUMENT MAY BE REPRODUCED OR TRANSMITTED IN ANY FORM OR BY ANY MEANS.

ELECTRONIC OR MECHANICAL, INCLUDING PHOTOCOPYING, RECORDING OR USE OF ANY INFORMATION STORAGE AND RETRIEVAL SYSTEM WITHOUT EXPRESS
WRITTEN PERMISSION OF THE AUTHOR.




THE STRUCTURAL DESIGN OF AN ALL COMPOSITE MOTOR-GLIDER WING PhD Thesis

1 Introduction to a New Aircraft Type

1.1 Overview

To increase the product life of the existing Europa aircraft kit and to satisfy the general demand for a
glider aircraft, Europa Aircraft Ltd aimed to address this demand by introducing a set of retro-fit glider
wings for the existing Europa aircraft. These wings needed to be engineered to be a direct structural
replacement for the existing light aircraft wings given the aerodynamic constraints of horizontal and
directional stabilizer stability and control power, centre of gravity and trim range.

This thesis details the structural design, analysis and testing techniques developed by the author to
ensure the structural integrity of a prototype and pre-moulded glider wing designed using these advanced
composite materials. This thesis covers the first use of Advanced Composites Ltd LTM 26 pre-
impregnated material combined with the first use of Airex Ltd R62-60 core materials in an all carbon-
composite-sandwich primary aircraft-structure. These techniques that were developed for the prototype
glider wing were subsequently modified and applied to the structural design of a glider wing for volume
production. Both glider wing structures were designed to be a direct replacement for the standard wings
employed by the Europa light aircraft. Structural configuration and plan-form configuration was defined by
the author. The aerodynamic profile geometry was defined by Europa Aircrafts consulting aerodynamicist.

The following general design constraints were considered:

Minimum change to the existing Europa light aircraft
Commonality of aifframe and wing coupling mechanism
Commonality of prototype construction techniques and materials
Retention of aerodynamic qualities over the span of the wing

A o e

For volume production, the glider wing structure should be capable of being assembled
by unskilled personnel within a standard car garage

6. For volume production, the glider wing must be capable of being transported
worldwide in component form within a standard twenty foot shipping container

Structural design and inspection of the glider wings was conducted in accordance with mandatory
requirements specified by the Popular Flying Association. In the United Kingdom the Popular Flying
Association is a body appointed by the UK Civil Aviation Authority to oversee the construction and
certification of amateur built aircraft. Aithough no stringent structural design requirements exist specifically

for ‘home-built’ aircraft sold in kit form, the Popular Flying Association recognize aircraft structures
designed to meet the following standards.
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. JAR-VLA The Joint Airworthiness Requirements for Very Light Aircraft

. JAR-22 The Joint Airworthiness Requirements for Sailplanes and Powered Sailplanes
- FAR-23 The Federal Aviation Authority Requirements for Light Aircraft

- BCAR The British Civil Airworthiness Requirements, Section K, Light Aircraft

These standards are detailed within the reference section of this thesis and are used to derive the flight
loads presented within Appendix B through G

By using these requirements as a guide, analysis and testing methods could be developed to ensure

integrity of both a prototype glider wing structure, and a glider wing structure designed specifically for
volume production.

Initially work in this thesis focussed on developing calculation methods that could be used to derive loads
experienced by the wing in flight. These loads are then used to size the prototype glider wing structure.
From this approach a prototype glider wing was constructed and subsequently static load tested and test
flown. Work then focuses on the structural design of the fast-build light aircraft wing. The structural design
of the fast-build light aircraft wing incorporated composite processing methodologies, and the general
structural arangement that was used as background data necessary to benchmark analytical and testing
philosophies that could be transferred to the design of a glider wing designed for volume production.
Consideration is then given to meeting or exceeding certified standards on material strength. Work
concludes with the final design of a glider wing structure for volume production using results from a
combination of hand calculations, finite element analysis and static load testing.

1.2 Literature Review

To generate a viable analysis technique, aspects of wing aerodynamic and structural design were
reviewed. Relevant literature covering the subject dates back to the 1930s. However information relating
to orthotropic composite sandwich construction wing structures is thin on the ground due to their lack of
use in primary flight vehicle structures. This data is generally restricted to the design manuals of larger
aircraft companies with unlimited access to material coupon testing.

Structural and flight envelopes for the glider wing were defined after a review of standards JAR-22"]
JAR-VLA®! BCAR-Section K, and FAR-23"., To define the wing chord-wise loading and flight envelope
of the glider wing aircraft the appendices of FAR-23") and JAR-VLA®™! were reviewed. The author noted
that these requirements and, moreover, their associated appendices, did not contain guidelines on main
wing and tail-plane span-wise aerodynamic load grading. In addition, within JAR-VLA a number of
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ambiguities were noticed with respect to the graphical presentation of tail loading information.

In order to design the composite spar of the prototype glider wing structure, solutions for the wing
aerodynamic loading were sought. Solutions for span-wise wing loading approximations were presented
by Stinton®?!, Raymer'"! and the Light Aircraft Design Handbook™. The wing loading methods described by
Stinton, and the Light Aircraft Design Handbook, were useful in describing the Shrenk aerodynamic
loading for a general wing planform, however this data had to be re-written and compiled into practical
analysis spreadsheets by the author for the glider wing. Consideration was given to writing the core
calculation code in ‘BASIC’ however, the flexibility afforded by Microsoft Excel was considered to be more
straightforward to use given the numerous calculations that had to be conducted. The author noted that,

of the conceptual aircraft design texts read during this study, Raymer treated the basic structural aspects
of light aircraft design with the best descriptive detail.

Use of composite materials in primary aircraft structures necessitated a detailed review of JAR-VLA
Acceptable Means of Compliance. This standard presents simplified ‘knock-down’ factors to account for
degradation in composite material strength due to the effects of manufacturing variability, and the
combined effects of moisture ingress and elevated temperature on the structure over the ife of the
aircraft. In addition, the JAR-VLA Acceptable Means of Compliance also provided detailed guidelines on
designing metallic and non-metallic aerospace structures to resist fatigue.

Composite material design allowable strengths were derived for the Advanced Composites Group Ltd
LTM 26 laminate materials and in sandwich form by coupon testing. These specific materials were
chosen after a review of the material strength values derived from material specimen coupon test data
from tests conducted on existing wet-lay up and pre-impregnated materials used on the classic light
aircraft wing, and fast-build light aircraft wing®., The author noted the profound variation in material
strength that can occur during coupon testing due to manufacturing technique alone.

1. Reduction of composite material coupon test data was presented within the Mil-Spec
Handbook 17 ), and DOT/FAA/AR-00/47%°, The DOT/FAA/AR-00/47 document contains a
comprehensive method for material qualification and equivalency for polymer matrix
composite material systems. This qualification plan defines specific test matrices for laminae
level composite materials for various modes of loading and environmental conditions for
aircraft not exceeding 200 deg F. Although this plan covers the initial material
characterization at the laminae level and does not include a procedure for laminate or
subcomponent testing, the general methodology and statistical data reduction techniques can
be used for sub component tests. Statistical methods of composite material coupon test data
reduction were presented within this document and Mil-Spec Handbook 17. By dividing the

‘B’ — basis elevated temperature-wet strength of the laminae by the mean room temperature
dry laminae strength gives a
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‘composite super factor’ that can be applied to a component as an ‘overload’ during a room temperature
test.

Due to the ‘experimental nature of the Europa aircraft, Europa Aircraft Ltd had no legacy test data to
support the design of the aircraft. To ensure structural integrity during the design phase the author
undertook coupon testing of the Advanced Composites Group Ltd LTM 26 carbon as both laminate
materials and in sandwich form. The simplified data reduction technique, and statistical approach used to
derive composite material strengths within JAR-VLA Acceptable Means of Compliance was chosen, over
the methodologies provided in Mil handbook 17. This was primarily because the structure was small
enough to static test at room temperature with a laminae-defined super-factor. The JAR-VLA method
equates a coefficient of variance for a minimum of 6 coupon test results to a material knock-down or
‘super factor. Strength allowables were generated for glider spar and skin materials. All material test

results are presented for clarity as raw data, and reduced using the statistical methods of the Acceptable
Means of Compliance within appendix | of this thesis.

In order to establish an initial structural design for volume production of the glider wing, the structural
design of the light aircraft ‘fast-build’ wing was reviewed in considerable detail. Particular attention was
paid to the practical and efficient experimental approach used by the author to ensure integrity of the fast-
build light aircraft wing. This wing was engineered and tested by the author using Advanced Composites

Group Ltd LTM 26 glass cloth as laminate materials and in form orthotropic composite sandwich wing
skins. This wing structure was sized using testing methods alone.

The inherent lack of ductility of composite sandwich panels render them incapable of redistributing
internal loads once buckled. Instead their facing plies shatter or crimp the foam because of their bnttle
nature. This phenomenon was observed during the static strength tests conducted on the fast-build light
aircraft wing®?. Steps taken to prevent the premature onset of this behaviour are reviewed in detail. The
final ultimate load test conducted on the fastbuild light aircraft wing is outlined within appendix J of this
thesis for reference purposes. Extracts from the Boeing design manual''l and the Fokker design
manual'? both outline approaches to the design of orthotropic composite sandwich panels for structural
airframe elements. Both methods use the graphical interpretation of reduced test specimen data to derive
effective stability curves for shear resistant onthotropic sandwich panels. Although this literature was
reviewed in detail, it is limited to specific materials and processes adopted by these companies.

General information covering the stiffness-to-weight and strength-to weight capabilities of carbon

reinforced plastic (CRP) and Glass Reinforced Plastic (GRP) composite materials was reviewed. This
information was made available within Holimans series of Modern Aircraft Design manuals', And within
the handbooks of various composite material suppliers'',
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To size the glider wing for volume production it was necessary to develop a reliable stress analysis and
sizing procedure, based on derived flight loads. This procedure would then be verified by static load
testing of a representative wing structure under simulated operating loads. The stress analysis and sizing
procedure formulated within this thesis allowed the design of light weight sandwich skins for a glider wing

designed for volume production which could cost effectively meet the combined compression, shear
stability and weight requirements imposed upon them:.

1.1 The Europa Classic Light Aircraft Wing, and the Europa ‘fast-build’ light aircraft wing, a structural
comparison.

The Europa Classic Light Aircraft Wing

In order to commence the design of the prototype glider wing structure it was necessary to survey and
become familiar with the methods of construction used for the ‘classic’ light aircraft wing structure. To
maintain low development costs, the prototype glider wing would be constructed using similar methods.

The classic light aircraft wing structure was originally designed for home construction with the customer
performing the majority of the main wing assembly using the foam core mouldless technique of composite

construction developed Independently in the United States by aircraft designers Rand"'” and Rutan® in
the 1970s.

This technique involves using a hot wire to cut wing leading and trailing edges, and the wing control
surfaces out of high-density acrylic Styrofoam blocks. These blocks are then used as inexpensive contact
moulds. The blocks are reinforced with wet lay-up GRP ribs. Once the ribs cure, the blocks and ribs are
bonded to a wing spar. The complete block and spar structure is then covered with wet lay-up GRP skins.
The composite structure then cures in atmospheric conditions. Typical construction using this method was
applied to the prototype glider wing structure as highlighted in figure 2.
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Pre cured h’;
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Fig 2: Mouldless foam Core Construction of the Classic Europa light Aircraft and Prototype Glider Wing

This technique offers a multitude of desirable properties for a small or start-up aircraft company, in that,

. It is relatively inexpensive

. Rapid prototyping of concepts can be achieved

. A minimum amount of additional tooling is required to complete structures

E Major modifications to wing structures, for example, increases or decreases in wing span or

chord, can be conducted within a space of hours rather than weeks when compared with
modifications conducted on an aluminium wing with an equivalent wing area.

. 3 dimensional curvature can be achieved without expensive tooling

* Areas of the structure that have been found under strength after testing, can be compensated for
quickly and efficiently with additional plies of cloth

- Production tools can be taken from prototype structures

- For an aircraft company supplying structures in kit form, there is no tooling or labor costs involved

with final wing assembly.

Interviews with technicians at Europa Aircraft Ltd and customers who have used this mouldiess technique
to construct prototype components and classic light aircraft wing structures, high-light some of the
problems with this approach.

. Large structures require multiple leading and trailing edge blocks. It is difficult to achieve perfect
block alignment with multiple block structures, visible in figure 2.
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. Lack of block alignment can lead to incorrect wing incidence and incorrect twist over the length of

the wing (washout) which will degrade the low speed performance and stall characteristics of the
wing structure

- Wing surface finish is critical on laminar flow profile wing structures, such as the glider and light
aircraft wings. The wing skins require filling with phenolic type filler which, on curing, requires
considerable time-consuming sanding. Although composite female tools can be taken off the

prétotype structure, the quality of the prototype wing block alignment and surface finish dictates
the performance of the tool.

- Structures can weigh more than anticipated as they are designed for ‘worse-case’ fabrication.

. Given the complexity of load paths and nature of construction, stress analysis of mouldless foam
core structures can be difficult and should be substantiated by an ultimate load test.

- High temperature curing parts cannot be fabricated with low temperature contact molds

Although this technology is not particularly suited for long wing structures as highlighted by Strojniklz"’] it
was adopted as a cost effective means of producing a one-off prototype glider wing. For volume
production of the glider wing an alternative construction method would be sought. The structural design of

the Europa ‘fast-build’ light aircraft wing closely mirrors the construction and processing technology
necessary for volume production of the glider wing.

Europa ‘fast-build’ Light Aircraft Wing

Customer feedback combined with the need for an additional weight increase of the Europa light aircraft
to cope with customer installed automobile derived powerplants, led to the design of the Europa ‘Fast-
build’ Light Aircraft Wing. Planform geometry of the wing was increased by 7% in wing area to maintain a
45 knot stalling speed at an increase in gross weight from 1300 Ib (591 kg) to 1370 Ib (623 kg). In

addition, it was necessary to expand the existing flight envelope imposed by the UK PFA, allowing a
‘Never Exceed Speed’ increase from 150 kts to 165 kis.
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Fig 3: Europa Fast-Build Light Aircraft Wing

The structural design of the Europa ‘fast-build’ Light Aircraft Wing is highlighted within figure 3. The
design criteria used for this wing was as follows:

. Commercially, the fast-build’ wing should be cost-effective in terms of design and factory
construction.

The ‘fast-build’ wing should employ the same wet-lay up spar structure as the classic light aircraft
wing, however with closer tolerances on manufacturing variability, and tighter quality control.

The ‘fast-build’ wing should employ the same wet-lay up control surfaces as the classic light
aircraft wing. It is anticipated that these will be superceded by pre-moulded surfaces at a later

date.

. The fast-build’ wing should be supplied pre-moulded with the customer performing very little in
terms of final wing assembly.

. The aircraft flight envelope should be redefined to reflect the never-exceed speed
increase from 150 to 165 knots.

. The aircraft limit and ultimate ‘g’ load should be revised to include a composite super-factor. The
method specified within JAR-VLA would be used as an acceptable means of complying with this
requirement.

- The “fast-build’ wing should have a wing skin sandwich structure that employs the latest matenal

technology in terms of low temperature curing pre-impregnated cloths, and low density, high
shear strength, damage tolerant foam cores.

. A minimum number of pre-cured ribs, hence rib tools, should be used to transmit aerodynamic
loads from the wing skins to the wing spar

. The sandwich-construction wing-skin structure should be designed to meet specific stability
criteria.

The complexity of the design of the fast-build’ wing skin structure and wing skin load paths, combined
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with minimal material coupon testing and no access to a finite element analysis package capable of
handling the design of composite sandwich panels effectively, led to a purely experimental approach of
structural sizing. An attempt was made to reduce results from experimental tests by reverse engineering
these results through empirical factoring to derive effective rigidity values for the wing skin panels.
However initial results from this approach were ambiguous due to spurious strain gauge readings

experienced during testing, and the limited performance of hand calculations beyond limit loading the
non-linear range.

Chapter Summary

In this chapter the general structural design challenge of the Europa prototype glider wing has been
presented. An overview of both light aircraft wing designs has been given together with the reasoning
behind the use of fibre reinforced composite materials for this particular structural application. Two very
different structural designs and composite construction methods have been presented, one suitable for
rapid prototype construction, the other for low to medium volume production.
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2 Structural Design of the Prototype Glider Wing

2.1 The V-N diagram

The greatest aerodynamic loads on any aircraft come from the generation of lift during high-g maneuvers.
The aircraft load factor (n) expresses the maneuvering envelope of an aircraft as a multiple of the
acceleration of gravity, where g = 32.2 ft/sec? (9.81mVsec?) At lower airspeeds the highest load factor an
aircraft will experience is limited by the maximum lift available from the main wing, which in turn is a
function of wing area and profile shape. At higher airspeeds the maximum value of load factor is limited to
a value based upon the expected use of the aircraft during normal operations. This load factor is defined
as the limit load factor. For the Europa glider aircraft, the limit load factors for both the low and high speed
cases are defined within a series of requirements!*I*I°17] A review of these requirements was undertaken
to establish the lowest acceptable value of limit load that could be used to size the glider wing structure. A
brief review of all load levels generated by each requirement is presented within appendix E. The lower
the value of limit load, the lower the resulting spar stress levels are, consequently the lighter the wing
spar, therefore, aircraft structure. JAR-VLA was chosen after a review of limit loads and composite
material requirements. Initially the Europa glider prototype was sized to meet the utility category of the
requirement JAR-22. This resulted in limit load factors of +5.3g and ~2.65g for the low speed cases, with
+4.0g and -1.5g being the limit load factors for the high speed case. Using JAR-VLA these values drop 1o
acceptable values of limit load factors of +3.8g and —1.9g for both the low and high speed maneuver
cases, with +4.54g and —2.54g derived for gust load cases. These values can be plotted on a chart known
as the V-N diagram or flight envelope as indicated within figure 4.

¢
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Fig 4: Glider V-N diagram derived from JAR-VLA for an aircraft at 1370 Ib (623 kg) AUW
The V-N diagram depicts the aircraft limit load factor as a function of airspeed and defines the aircraft

operational flight envelope. In order to determine the strength of any wing or flight vehicle structure,
critical conditions on the flight envelope need to be defined. The first condition exists at Vy, at the aircraft
maneuvering speed. This condition represents the slowest speed at which the maximum positive limit
load factor can be reached without stalling the wing. This part of the flight envelope requires investigation
because the load on the wing is approximately perpendicular to the flight direction, not as might be

thought, perpendicular to the fuselage horizontal datum.

NelLama+Done
Colone®*Dena
WeoWna
Y. Wine

Fig 5: Aircraft angles relative to Airflow
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At this condition, Condition A, the wing presents a very high angle of attack to the airflow. The load
direction will be forward of the aircraft fuselage vertical datum, causing a forward load component on the
wing structure. If the wing and wing carry through structure was not stressed to meet this condition, the
wings could fail by shedding forward in flight. The combination of high angle of attack and load factor
result in the wing skins experiencing high shear loads due to torsion. The resulting force vectors and
summations are presented for clarity within figure 5.

The second critical condition requiring investigation occurs at Vp, the aircraft design dive speed. This
condition, Condition D, at the extreme right hand side of the aircraft flight envelope, represents the point
where maximum dynamic pressure and maximum limit load factor coincide. This condition is important for
structural sizing of the wing spar. At Condition D the aircraft is traveling fast therefore, the wing is at a low
angle of attack because of the high dynamic pressure. The wing load is approximately perpendicular to
the fuselage horizontal datum. The combination of dynamic pressure and maximum load factor results in

the wing spar experiencing high spanwise bending loads. The resulting force vectors and summations are
again presented for clarity within figure 5.

Conditions A and D however ignore the effect of very strong gusts acting on the aircraft. Loads
experienced when an aircraft encounters a strong gust can, in some cases, exceed the limit maneuvering
loads evaluated at conditions A and D. All vertical gusts produce a momentary increase in wing lift.
Violent gusts however appear instantaneously and can throw the aircraft up tens of feet in a couple of
seconds. Gusts of fast rising air with a vertical rising airspeed of 50 ft/sec (15 m/sec) can be encountered
in close proximity to clouds or above ridges, where gliding is common. Gusts increase the angle of attack
of the wing therefore produces a substantial increase in lift. Wing lift can therefore be increased by a
magnitude of 3 or 4. Slow aircraft or aircraft with small mass are able to adjust to the onset of a gust
quicker than larger aircraft. Highly flexible wings, like those of a glider will absorb some of the impact of a
strong gust. To establish the g load that results from strong gusts acting on the aircraft within its flight
envelope, the requirements of JAR-VLA and FAR-23 were reviewed. These requirements use calculation
methods that account for the action of gust alleviation by introducing a ‘gust alleviation factor’ in their
calculation methods.

Both positive and negative vertical gusts loads have been derived for the Europa glider wing at a range of
aircraft weights. Derivation of gust loads is presented within appendix A.

Fixing a V-N diagram for the prototype Europa glider wing, enables the airload distribution acting on the
wing surface to be determined. Examination of the limit g loads derived from JAR-VLA for the Europa

glider wing suggests that the critical case for structural sizing of this aircraft exists at Condition C, the gust
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case outlined on the aircraft flight envelope. The higher g load combined with high angle of attack
produces the most unfavourable combination of span-wise bending and torsion on the wing structure,
whereas for the fast-build light aircraft wing Conditions A and D were the critical cases. For the glider wing

structure conditions, A,C,D,E,F and G on the aircraft flight envelope were investigated fully. The angle
that the airflow makes with respect to the wing is presented for clarity in figure 6.

Conditions E and G represent the negative maneuver cases. Condition F represents the effect of down
gusts or inverted flight with upgusts at high negative angle of attack.

Fig 6: Visualization of Positive and Negative Maneuver Cases

Cases A through to G consider clean-symmetric positive and negative loads acting on the wing structure.

In addition to the clean-symmetric cases, the effect of airbrakes and aileron deflection at these points
must also be considered.

Symmetric span-wise load Symmetric span-wise load Aymmetric load case with
case no surface deflection case with brake deflection aileron deflection

Fig 7: Symmetric and Asymmetric Maneuver Loads resulting from Airbrake and Aileron
Deflection
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Unlike the basic Europa light aircraft wing, the glider wing is fitted with very powerful trailing edge speed
limiting airbrakes. These brakes are deflected symmetrically and produce a large aft chordwise bending
moment on the wing structure. The effect of airbrake deflection, particularly when no lift is being
generated by the wing to oppose the resultant chordwise drag component of load, is of particular interest
when sizing the wing attachments and the wing spar carry through structure.

The local airflow is disturbed when these surfaces are operated. A schematic view of how the span-wise
wing-lift load magnitude is affected by the deflection of these surfaces is presented within figure 7.

Prototype & pre-

moulded glider wing

structure Direction of Drag

load due to brake
detlection

Fig 8: Effect of Drag due to Airbrake Deflection

In addition to symmetric loads, asymmetric loads generated from aileron deflection have also been
investigated. Aileron deflection locally alters the pitching moment coefficient and the lift coefficient of the
wing adjacent to the control surface. This can induce torques on the wing structure that is greater than
those that occur from a clean wing. Aileron upward deflection reduces the camber of the wing surface,
whereas downward deflection behaves like a small plain flap increasing the lifting ability of the wing over
the span of the aileron. The force vectors that result from dive brake operation & drag induce large
chordwise loads on the wing structure that the structure has to be engineered to resist. The force vectors
that result from their deployment are presented for clarity within figure 8

Both upward and downward aileron deflection were investigated for the glider wing at all points on the
aircraft flight envelope with 2/3 limit load. 2/3 limit load is the basic requirement for ‘rolling pull-up’ type
maneuvers per the regulations investigated. The symmetric effect of airbrake deflection has also been
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examined in detail with 2/3 limit load applied. From a review of all symmetric and asymmetric flight
combinations for the glider wing, the most unfavourable loads generated on the wing structure have been

recorded within appendix E of this thesis. These loads have been used to size the glider wing structure,
aileron and airbrake surfaces.

In order to commence structural analysis of the wing in detail using the most unfavourable combination of
loads derived from the preceding review of the requirements, it was necessary to review aspects of
general wing designt'?®, An aircraft main wing is designed to meet requirements associated with, aircraft
performance, and flying characteristics. The structural integrity of the wing must be maintained throughout
all aspects of normal aircraft operations within the aircraft flight envelope. The wing sub-structure is
constrained within the external aerodynamic surfaces. In the case of composite wings, like those of the
prototype Europa glider wing, the aerodynamic surfaces can be considered to contribute wholly to the
overall torsional strength and stiffness of the wing structure. The complete wing should satisfy demands
regarding rigidity, weight, strength, and manufacturing costs. To quantify these demands, the shear,
bending and torsional stresses must be evaluated.

Initially, stability and control calculations were conducted to ‘determine the lift on the horizontal stabilizer
necessary to balance the glider wing pitching moment at all points on the aircraft flight envelope. The
stability calculations are approximated by summation of the wing and tailplane moments about the most
forward flyable position of the aircraft centre of gravity. A simple conservative approximation within JAR-
VLA is to assume that 5% of the lift produced by the main wing can be generated as a balance load by
the horizontal tailplane. The horizontal tailplane load is then added to the main wing to give the maximum
balance lifting load acting on the wing.

With the maximum balance lifting load known, the span-wise and chord-wise lift distributions can be
determined. From classical wing theory, on an elliptical planform wing the span-wise lift distribution is of
an elliptical shape. A semi-empirical method for determining the span-wise lift load is the Shrenk
approximation. This method is similar to lifting line theory. This method Shrenk approximation considers
that the load distribution on an un-twisted, non elliptical planform such as the glider wing has a shape that
is the average of the actual plantorm shape and an elliptical shape of the same wing span and area. The
total area under the Shrenk lift load curve must be equal to the maximum balance lifting load. With the
spanwise load distribution defined, the main wing shear and bending stresses can be determined at
Conditions A, C, D, E and G on the aircraft flight envelope. Loads are determined for the wing both clean
and with aileron and airbrakes deflected. Shear force, bending moment and torsion results are presented
for all symmetric and asymmetric conditions within appendices C & D of this thesis.

Wing spar bending and torsional stresses were determined by formulating a four step analysis procedure.
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From this procedure, the geometry could be defined and the materials could be selected for the prototype
glider wing spar and wing carry through structure.

This four step analysis can be summarised as follows:

1. Symmetric and asymmetric lifting loads and pitching moments were derived for the glider wing in
aerodynamic equilibrium at conditions A, C, D, E, F and G on the aircraft flight envelope.

2. The wing span-wise lift distribution was then determined for all conditions

3. From the span-wise lift distribution and weight approximation, values of shear force, bending moment
and torsion were determined for all conditions.

4. Wing structural analysis was then conducted using the most unfavourable conditions that produce
peak values of shear force, bending moment and torsion. This analysis allowed materials to be
selected for critical structural components of the prototype and production glider wing. Materials
were selected after reviewing the geometry of the spar at various span-wise locations and magnitude
of stress acting on the spar at these stations.

2.2 Aircraft balance, establishing aerodynamic equilibrium.

The four step analysis commences with an aircraft balance analysis. Aircraft balance analysis, involves
placing the aircraft in aerodynamic equilibrium at the most unfavourable flyable centre of gravity location.
An examination of aerodynamic derivatives results in the summation of forces and moments about the
aircraft centre of gravity and the wing centre of pressure. The analysis establishes the magnitude of the
‘total wing lift load’, Lying. The total wing lift load is defined as the lift load from the main wing alone, L
added to the contribution of restoring lift load from the horizontal stabiliser L. A schematic of the force
balance arrangement is presented within figure 9.

L
Main Wing Horizontal stabiliser
T e e
. L tail
Weight
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Fig 9: Summary of Balance of Forces acting on Aerodynamic Surfaces.

Resuiting Load Lwing Is used to determine the total lift load acting on the main wing.

To obtain the maximum value of total lift load, Ly, , the most extreme case of aircraft balance was
considered. This occurs when;

e The aircraft is fully laden operating at its maximum all up weight (AUW)

e Theaircraft centre of gravity is at its most forward flyable position

The aircraft can then be put into a state of aerodynamic equilibrium at each point in the aircraft flight
envelope. Due to inaccuracies in weight distribution and fimited flight test data, 5% of the lift generated by
the glider wing was assumed to act at the horizontal stabiliser. As a result the total lift on the wing could
be conservatively estimated as being equal to 1.05 multiplied by the aircraft all up weight. This approach
Is considered by JAR-VLA and FAR part 23 to be conservative.

2.3 Wing span-wise lift distribution

To determine the span-wise aerodynamic lift load produced by the glider wing, a first principles’ method
of lift load derivation was sought.

The span-wise lift distribution arises from the average pressure difference between the upper and lower
surfaces of the wing. In order to establish the magnitude of the span-wise lift distribution, the Shrenk
method!"’? was employed. The Shrenk method was used to develop the span-wise lifting load distribution
that acts over the glider wing. The mathematical process used to derive the ‘final factored span-wise
lifting load’ distribution acting over the wing structure is summarised below.

A wing chord v wing semi-span curve was constructed

An elliptical lift distribution v wing semi-span curve was constructed

Superposition of these curves gives the mean ‘Shrenk lift load’ curve

The Shrenk lift load was simplified to a series of concentrated loads by trapezoidal rule method
The wing weight distribution was estimated, and simplified to a series of concentrated equivalent
loads

6. Straight forward subtraction of the wing weight from the Shrenk span-wise lift load at equivalent
span-wise stations, gave the ‘span-wise lift load’ over the span of the glider wing.

O &> 0 b~
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Fig10: Schematic Representation of Shrenk ‘mean’ Loading Curve, from the Ai,  ft
Centreline, (the y axis) to the Wing Tip, (b/2)

To complete the derivation of lifting load, the Shrenk ‘span-wise lift load’ was scaled to account for one
wing semi-span. This involved scaling the Shrenk ‘span-wise lift load’ for half the maximum total wing lift

load, Ly, This resulted in a span-wise loading defined as the ‘scaled lift load'. Figure 10 provides a
schematic representation of the approach used.

2.4.1 Derivation of shear force, bending moment, and torsion distributions over the wing

Aerodynamic loading on any wing, creates stresses within the wing structure. The response of the
structure to these loads produces internal forces and moment couples. The shear force and bending
moment distributions were derived from the ‘scaled lift load'. Once the shear force and bending moment
distributions were established for all conditions on the aircraft flight envelope, the complete state of stress
of the wing could be defined. The method that was used to calculate values of shear force and bending

moment from the ‘scaled lift load’ distribution is presented below. It should be noted from the last chart
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presented in figure 10 that this method defines a finite level of lift at the wing tip. In reality this value is

zero however, by having a finite load level at the wing tip, the Shrenk method forces the spanwise lift
centre of pressure outboard such that conservative wing root bending moments can be obtained.

1. Graphical integration of the ‘scaled lift load’ distribution curve gave the shear force distribution
over the wing semi-span at 1qg, (Integration of Area A1, at span-wise position X, giving area Al,
fig 11)

2. Subsequent graphical integration of the shear force diagram gave the bending moment

distribution over the wing semi-span at 1q, (Integration of area A2 at Point A1, i.e. at span-wise
position X, giving point A2, fig 11)

3. Both the shear force and bending moment distributions were factored to account for the final
Timit’ manoeuvring ‘g’ load imposed on the wing structure.

4. An additional safety factor of 1.5 was used, to give the ‘ultimate’ values of shear force and
bending moment that the wing could sustain without structural failure.

‘Ultimate’ values of shear force and bending moment were plotted against wing semi-span. These charts
are presented within appendix B of this thesis.

In more detail, the production of Lift (L) and Drag (D) are combined into a resultant aerodynamic force (R)
acting on the wing. As has been shown, the wing lift minus the wing weight gives the incremental net load
at span-wise stations along the wing. Summation of this net load gives the shear at span-wise stations on
the wing. From Figure 5 the lift is always perpendicular to the local airflow and the direction of the drag is
along the airflow. To size the wing spar, loads are required normal (N) and parallel (C) to the wing spar.
Resolving the resultant force (R) into a pair of mutually perpendicular forces parallel and perpendicular to
the wing spar, gives a normal force (N) and tangential or chord-wise force (C). Transformation of the
aerodynamic forces was conducted using the following relationships.

1. N=Lcosoa+Dsina
2, C=-Lsina+Dcosa
3. Wy =W cos a
4, Wc=Wsina

The normal force (N) is important for sizing the spar structure, whereas the chord-wise force (C) is
important for sizing the spar attachment and wing carry through structure.
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Fig 11: Schematic representation of Shear Force and bending Moment distribution,

denived from the Shrenk approximation. The aircraft centreline corresponds to
the y axis, with the wing tip at b/2.

In addition to the eftects of shear force and bending moment, the effect of torsion has also to be
considered. An applied torque produces a twisting deformation that is proportional to the length of the
wing semi-span. This is related directly to the magnitude of the chord-wise position of lift, and the
distance from this position to the wing flexural centre as illustrated in figure 12.

EQUATES TO 100% LOAD AT 257% CHORD
76% LOAD AT 147 CHORD TORQUE

24% LOAD AT 607Z CHORD 100% LOAD AT 25% CHORD

SPAR LOCATION (SHEAR CENTRE)
SPAR LOCATION (SHEAR CENTRE)

Fig 12: Chord-wise Distribution of Load and resulting position of Lift relative to the Wing
Flexural Centre

2.5 Wing chord-wise lift distribution

The Europa motorglider wing profile shape was designed using an inverse mathematical technique®'. Lift
coefficients were known for the wing at critical points within the flight envelope. From this information,
pressure distributions were then developed. These pressure distributions could then be mathematically
manipulated to generate the two dimensional profile geometry for the wing. Although the mathematical
technique used to develop the profile geometry of the glider wing is beyond the scope of this thesis, the
resulting chord-wise pressure distributions from this technique are however relevant for the summation of
load about the wing spar. Integration of chord-wise pressure plots give an indication of the aerodynamic
load acting fore and aft of the wing spar. Moreover the wing root attachment and root rib structure can be
strength checked to resist the most unfavourable torsional loads that act within the aircraft flight envelope.

Figure 13 presents, as a schematic, the shapes of the ‘load’ distributions resulting from integration of
chord-wise pressure plots, at both low and high angles of attack.
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AIRLOAD ON WING

SPAR LOCATION
RESULTANT ACTIONS PRODUCE A TORQUE

Fig 13: Typical Chord-Wise Pressure distribution generated by the Glider Wing at one
specific Angle of Attack
To determine the wing torsional loads and stresses, in particular those that occur when the wing is at high
angles of attack, the airfoil moment coefficient at zero lift Cy, is applied to span-wise strips along the wing
and the total torsional moment is summed from the wing tip to the wing root. Cy, is an inherent
characteristic of the wing profile shape ‘cast’ into the airfoil when it is located at a ‘zero lift’ incidence that
is based on the camber of the surface. It acts at the aerodynamic centre and is independent of angle of
attack and Cp position. The torsional stresses experienced by the wing then depend heavily on the
chord-wise position of the wing centre of pressure relative to the chord-wise location of the wing flexural

centre. On the glider wing structure, initially the wing flexural centre was approximated to the position of
the wing spar location, at roughly 40% chord.

Summation of chord-wise torsional moments about the wing spar was conducted using the following 5
step process:

1. With the theoretical aerodynamic centre of the glider wing assumed to act at the quarter chord

point (25%c), the chord-wise centre of pressure is dependent on wing lift coefficient C, and the
inherent pitching moment coefficient of the airfoil profile Cy,. The chord-wise centre of pressure

can then be calculated for the glider wing at each point on the flight envelope using the
relationship X, = 0.24-(Cwo/Cy ) where the aerodynamic centre is considered to act at 24% wing

chord
2. Wing lift was assumed to act at the chord-wise centre of pressure. An aerodynamic moment is
then produced by the wing lift acting at the centre of pressure, about the wing flexural centre as
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illustrated by figure 13. (The wing flexural centre is the chord-wise point on the wing structure
where the wing will bend without twisting.)

3. The wing weight can also act at a distance from the wing flexural centre, also illustrated by figure
13. Combination of the moment couple that results from wing lift with the couple from wing
weight, and adding this to the couple due to the inherent pitching moment coefficient of the wing
profile Cy, fully defines the torque acting on the wing structure.

4, The chord-wise position of the wing centre of pressure obtained in 1 above can then be
compared with that of chord-wise pressure distribution plots at each point on the aircraft flight
envelope for correlation purposes. The chord-wise pressure distribution plots were generated

analytically by Europas aerodynamicist and integrated by the author to provide accurate levels of

load at each point on the aircraft flight envelope.

S. Agreement between the position of the wing centre of pressure from the chord-wise pressure
distribution plots and the value obtained by formula 1 above was used as an independent check.
Wing lift was then resolved into load increments forward and aft of the wing spar location.

The chord-wise position of the wing centre of pressure varies with wing angle of attack therefore
necessitating the summation of torsional moments by the above method at conditions A, C, D, E, Fand G
on the aircraft flight envelope. High angle of attack conditions such as A,C,F and G result in forward
biased chord-wise pressure distributions where the majority of the lifting load acts forward of the wing
spar. In general these distributions results in a nose up type torque acting on the wing. Lower angles of
attack such as conditions E and D result in ‘flatter’ more aft biased chord-wise pressure distribution,

where, in the case of the Europa motorglider, the majority of the lifting load acts close to the main wing
spar at 30% mean chord. In general these distributions result in a nose up type torque acting on the wing,
with a lower magnitude to that of condition A and C.

The effect of airbrake and aileron deflection on the chord-wise position of the wing centre of pressure has
also been considered at these points on the aircraft flight envelope. Aerodynamically the airbrake system
has been designed to induce minimal change in the local pitching moment coefficient of the wing
structure; however, local increases in drag result from airbrake deployment.

Aileron deflection on the other hand modifies the wing local lift coefficient and pitching moment
coefficient. The result is a very aft chord-wise centre of pressure location (approximately 70% chord
length) over the aileron portion of the wing during deflection Downward aileron deflection results in more
negative values of local wing pitching moment coefficient combined with an increase in local wing lift,
whereas upward aileron deflection results in a less negative value of pitching moment coefficient

combined with a decrease in local wing lift. The effect of the aileron deflection on profile pitching moment

is presented in figure 14.
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Fig 14: Effect of Aileron Deflection on profile pitching moment

2.6 Applied structural loads

It has been shown previously within this chapter that limit loads are defined within the airworthiness
requirements to set categories that depend on the expected use of the aircraft, e.g., if the aircraft is
aerobatic, the limit load would be considerably higher than if it were only used for camying passengers.
Limit loads are defined as the maximum loads that would be expected during flight. Application of these
loads should produce no detrimental permanent deformation or elastic deflection of the structure that
would impair the safe operation of the aircraft. A factor of safety must also be applied for both metallic
and composite structures. This factor of safety is defined within the airworthiness requirements as 1.5.
Traditionally aluminium has been used for aircraft primary structures. As a result aluminium wing
structures are designed to meet ultimate loads and statically tested to meet limit load requirements prior
to prototype first flight. 1t is necessary to demonstrate that during the limit load static test that all
deflections of the wing structure are elastic. As the ultimate strength of aluminium is approximately 1.5
times the yield strength, it is assumed that the wing structure will not fail when loaded to ultimate loads.
Ultimate load defined within airworthiness requirements is equal to 1.5 * Limit Load. This is a standard

aerospace factor of safety. Aircraft structures should be capable of supporting uttimate load without failure
for at least three seconds.

The use of composite materials for primary aircraft structures means additional factors of safety have to
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be considered to account for degradation in material strength due to the combined effects of moisture and
temperature over the life of the aircraft. In addition another factor of safety used to account for
manufacturing variability is also required. This factor is heavily dependent on the type of manufacturing
process used. Early composite aircraft manufacturers adopted the approach of using an arbitrary
‘plastics’ factor of 1.5""% to account for the effects of moisture, temperature, and manufacturing variability.

2.7 Metallic and Non-Metallic Material Propenties

In order to size an aircraft structure accurately, particularly when assessing the capability of a structure to
carry load without failing, knowledge of the mechanical properties of airframe materials is essential. The
mechanical properties of metallic aerospace materials are well known. Their properties are available
within the publications of the Engineering and Science Data Unit (ESDU) or within Mil-Handbook-5"%, For
composite materials however their mechanical properties are not well standardized due to the large
number of variables associated with these materials. One typical publication Mil-Handbook 17° attempts

to publish suppliers data. In practice however material properties for composite materials are best

obtained from material coupon tests conducted on representative laminate structures.

Composite laminate qualification can be conducted by material coupon testing. Typical standard test
methods can be used to characterize; tension (ASTM D3039), compression (ASTM D3410), in plane
shear (SACMA8-17), short beam shear (ASTM D2344) and flexural properties (ATSM D790) of composite
laminates. These test methods can be expanded to evaluate properties for orthotropic composite
sandwich structures, and were used to characterize the composite laminates used in the construction of
the glider wing.

Statistical manipulation of material coupon test results will give design allowables for these materials.
Design allowables are material strength values less than the ultimate material strength values obtained

from test results. These allowables depend upon what statistical method of reduction of the test data is
made.

For metallic materials ESDU, Mil-handbook 5, and the Joint Airworthiness Requirements specify that:
Where applied loads are eventually distributed through a single member within an assembly, the failure of

which would result in the loss of the structural integrity of the component involved, the guaranteed
minimum design mechanical properties (‘A’ values) should be met.

In addition, for redundant structures, in which the failure of the individual elements would result in applied
loads being safely distributed to other load carrying members, the structure should be designed on the
basis of 90% probability (B ‘values). An ‘A’ is a value above which at least 99% of the population of
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values is expected to fall within a confidence level of 95%. A ‘B’ value is a value above which at least
90% of the population of values is expected to fall within a confidence level of 95%. Statistical derivation
of these values is presented within the Mil handbooks. Essentially, a ‘B’ basis material design allowables
should be used for secondary structure, the failure of which would not be catastrophic to the aircraft. For
primary and critical structures ‘A’ basis values should be used. Wing spar materials have ‘A’-basis
strengths, wing skin materials have ‘B’-basis strengths.

2.8 Composite material factoring

Composite materials do not have a yield point therefore composite aircraft should be designed and tested
to failure to establish margins of safety. Both aluminium and composite structures are designed with the

standard factor of safety of 1.5. However additional composite factors are required to account for the
following:

e Degradation of composite material strength due to manufacturing variability
 Degradation of composite material strength due to the effect of moisture ingress and elevated
temperature over the life of the aircraft

Material coupon specimen testing is required to qualify the resulting composite ‘super factor'. During the
course of this work the author noted that the results of these tests depend heavily on the resin system of
the material and manufacturing process used.

The author developed the following composite super-factor to design the glider wing structure. This factor

IS based on the results from the material coupon testing presented within Appendix | and can be broken
down as follows,

Factor accounting for manufacturing variability Ky=1.20

Factor accounting for thermal degradation K1=1.25

Factor accounting for degradation of material due to moisture ingress

(Minimum value) agreed with PFA Ku=1.0
Super-factor (minimum value) 1.2*1.25"1.0*=1.5

This super-factor can vary heavily depending on the type (nature of processing, wet-lay-up, prepreg) of
materials used.

Multiple coupon testing was also necessary to produce B value design allowables for the composite

materials used on the Europa glider wing. The composite super-factor above was derived using the
statistical data reduction methods specified within JAR-VLA, acceptable means of compliance number
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619. This factor was then used in conjunction with the basic factor of safety of 1.5 to produce an ultimate

test factor for the glider wing static load test. The glider wing static load test was conducted at room
temperature conditions, therefore the additional load level is used to compensate for not having the
structure fully moisture conditioned or tested at elevated temperature.

The resulting effect of combining these static strength load factors is highlighted in table 1.

WING LIMIT LOAD
STRUCTURE Defined within

ULTIMATE
LOAD

TEST TEST
FACTORED FACTORED
LIMIT LOAD ULTIMATE

airwonrthiness
requirement

METALLIC 3.8*1.5 =5.7¢

Table 1: Derivation of Limit, Ultimate, Test Factored Limit and Test Factored Ultimate
Load.

3.8"1.25*1.2*1.0 1 5.7"1.5 =
=5.7¢C 8.55¢

By establishing the effect of temperature and moisture on the structure by material coupon testing, this
allows the glider wing structure to be tested at room temperature without any moisture conditioning,

although, as can be seen above, the metal components would be overstressed by a factor of 1.5 in the
process.

Chapter Summary

This chapter has presented the importance of the aircraft flight envelope (V-N) diagram and its
significance when deriving loads acting on a wing structure. In addition the process of aerodynamic load
derivation at conditions A, C, D, E, F and G on the aircraft flight envelope have been presented. Actual
loads derived from this analysis are made available within appendices B through G. The inextricable link
between composite material selection, structural design, and limit load has been shown through
composite material super-factoring
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3 Prototype Glider Wing Detailed Design Constraints

3.1 Overview

In addition to loads derived for the glider wing structure within chapter 2, detailed design constraints such
as geometry limitations, control circuit stiffness and flutter prevention had to be investigated. This chapter

examines briefly these additional constraints and their impact on the retro-fit nature of the glider wing
structure.

3.2 Geometrical Constraints

3.2.1 Fuselage wing spar housing

wWing spar
carry-through
region, Main

Spar Location

wing spar
carry-through

region, ¥¥ing
torque pin
location

Fig 15: Fuselage Wing Spar housing

The wing spar housing as illustrated within figure 15 cross sectional geometry within the Europa fuselage
dictates the maximum depth that can be used to house a wing spar and therefore, support wing spar
bending stresses. The horizontal proximity of the seatback bulkhead in relation to the main fuel tank and
the aileron coupling mechanism restricts spar width. The spar depth is restricted by the vertical slot
location of the wing spar on the fuselage side and wing profile geometry. These constraints limit the
effective depth of the spars at the outer most spar pin location, the point of maximum wing bending
stress. Analysis of the bending stresses developed by the wing at points A, C, D, E, F and G on the
aircraft flight envelope yield peak values of load at this point. The cross sectional area of the spar boom at
this point drives spar material choice. The upper spar boom is particularly critical as it supports
compressive loads due to spar bending. The shear stresses experienced by the spar shear web are also
maximum at the outermost spar pin location. The intensity of shear and endload experienced by the spar
varies from a maximum at the wing root to a minimum at the wing tip. The load gradient developed along
the length of the wing spar can be matched by staggering the spar shear web plies and tapering the spar
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boom roving cross sectional area along the spar.

3.2.2 Wing spar coupling mechanism

Wing spar
carry-through
structure,
common to
both wing
designs

Prototype Light aircratft
glider wing wing structure
structure

Fig16: Retrofit visualization of wings showing spar coupling

The retro-fit nature of the prototype glider wing and the light aircraft wing spars is highlighted in figure 16.
The wing spar coupling mechanism is illustrated within figure 17. This system employs two 0.5 inch (12
mm) pins that locate within both wing spars through the cockpit seatback. Analysis of the wing spar
coupling by hand calculation, in conjunction with results from previous static strength tests conducted on
the ‘Fast-build’ light aircraft wings revealed that the failure mode of the wing spars is by spar buckling
between the two spar pins. This mode of failure was aggravated by the single shear overlapping nature of
the coupling mechanism. The spar pins were prevented from being put into double shear due to the close
proximity of the seat back and fuel tank bulkheads. To prevent wing spar buckling, an alternative solution
was sought. The solution employed a composite restraint that was attached to the forward wing spar
which tied the spars together midway between the spar pins. Sufficient clearance between the restraint
and the spar was left to allow vertical movement of the spar between the spar pins during normal bending
of the wing. The wing spar buckling restraint is presented within figure 17.
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A

FwdWing B3 P
torque pin \ i _':f-i' Main Wing
. T 4§ _ Spar Pins

Buckling
Restraint

Fig 17: Wing Spar Buckling restraint, showing wing pin detail

3.2.3 Wing torque pin housing located on the fuselage sides

RIGID ARTICULATING
FUSELAGE SIDE WING ROOT SOCKET DESIGN WING ROOT

| l

Fig18: Wing Torque Housings located on the Fuselage sides

To maintain commonality with the light aircraft wing, the housings located on the fuselage side, as
illustrated within figure 18, are used to diffuse torsion from the main wing as shear into the fuselage, had
to be the same. The glider wing torque pins were therefore designed to locate within these housings on
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the fuselage sides with the minimum of change.

Prior to the design of the Europa ‘fast-build’ light aircraft wing the classic light aircraft wing employed rigid
stainless steel pins within a rigid housing located on the fuselage side. This arrangement was
inexpensive. However it relied on the inherent flexibility of the fuselage sides to relieve any offset bending
loads that occurred from wing torque and wing bending. However, the larger span of the prototype glider
wing, with its more outboard span-wise centre of pressure, develops a larger forward span-wise bending
load at high angles of attack, than the basic light aircraft. In addition, with airbrakes deployed the glider
wing develops a very aft chord-wise bending load. These extreme cases can lead to the sandwich panels
that make up the fuselage sides experiencing high Brazier type bending stresses in the region of the
fuselage adjacent to the wing torque housing. To compensate for the lack of stiffness of the fuselage
sides, a steel tie-bar was used to join both torque housings across the inside of the aircraft fuselage. The
increase in rigidity of the fuselage side resulting from this arrangement could lead to the rigid torque pins
that locate in the housing experiencing high cyclic bending stresses. The mode of loading is highlighted
within figure 19 for clarity. Analysis of loads at this point®®®! indicated that a fatigue failure of the torque pin
could occur. To prevent loads that could result from both extreme bending load cases, articulating
sockets were employed on the fuselage sides. These sockets prevent the rigid torque pins and the
adjacent wing root insert within the prototype glider wing experiencing any offset bending.

fFUSELACE DEFLECTION DUE T
SPANWISE WING DEFLECTION ° FUSELAGE REMAINS UNDEFLECTED

WING ROOT DEFLECTION DUE
TO SPANWISE WING BENDING

WING ROOT DEFLECTION DUE
TO SPANMISE WING BENDING

Fig 19: Wing Torque Housing modification

3.3 Control circuit stiffness

The vibratory response of a wing aileron surface, is not only a function of surface torsional stiffness, but
also a function of the general stiffness of the aileron control circuit as a whole. To minimize the effect of
control circuit flexibility, the Europa glider wing structure employs a conventional push-rod aileron control

mechanism, with travel and gust limiting stops. The system was designed and tested to meet the control
circuit stiffness requirements of JAR-22.
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The aileron coupling mechanism is common with that of the light aircraft wing and uses the same self

aligning and connecting ‘flipper plates as illustrated within figure 20.

Aileron
Pushrod
mechanism

Aileron
Quick-
Connect

flipper plate

Aft wing
torque pin

Fig 20: Aileron Self-Aligning and Connecting 'flipper’ plate

3.4 Wing flutter

Unfortunately composites, specifically GRP and graphite sandwich laminates, similar to those selected for
use on the glider wing skin, can experience high strain rates under load. Wing flexibility can initiate
distortions that, in the case of high aspect ratio glider wings can have an adverse effect on lateral stability.
A typical mode of loading generated by these instabilities is presented within figure 21. Wing twisting in
response to aileron deflection decreases the available lateral rolling moment of the wing as a function of
the dynamic pressure. Dynamic pressure is proportional to airspeed squared, because as speed doubles

the loads on the wing quadruple.
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WING TORSIONAL M v
AILERON RevsmmE DUE ™0

TORSION OCCURS AHOUT THE WMING
SHEAR CENTRE

Fig 21: Torsional Mode of loading that can induce Wing Flutter or Aileron Reversal

In extreme cases, such as at the high airspeed of Vp aileron reversal can occur. This is where the aileron
load deflects the adjacent wing structure rather than deflecting the air passing over the control surface. It
is therefore necessary to ensure that the aileron reversal speed, the point at which this behaviour occurs,
is beyond the maximum operating speed of the glider aircraft flight envelope. This behaviour is primarily a
function of wing torsional stiffness. The aileron reversal speed as defined within JAR-VLA should not

occur at an airspeed 20% greater than the design dive speed Vp at condition D on the aircraft flight
envelope.

One benefit of both GRP and CRP composite materials is the ability to tailor wing skin thickness and fibre
orientation to increase the torsional stiffness of the wing structure, correcting resonant flutter problems.
The long span of the glider wing, in conjunction with its shorter chord makes the glider wing more
susceptible to torsion instability. To prevent the possibility of unwanted, dangerous aeroelastic behaviour,
solutions to the problem of Flutter and Divergence —aileron reversal- were sought. These were presented
within the FAA engineering and Equipment Report No 45 "1 and within the appendices of BCAR section
K®. These references provided basic stiffness criteria to which the stiffness of the glider wing was
designed to meet in order to prevent this phenomenon occurring within the aircraft flight envelope.

Chapter Summary

This chapter has reviewed the additional design constraints that also needed to be satisfied so that the
prototype glider wing could be a true retro-fit structure. Geometrical constraints associated with the
hfuselage and control circuit mechanism have been described in detail and addressed. In addition the
importance of control circuit and wing skin stiffness has on wing flutter avoidance has been presented.
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4 Prototype Glider Wing Structural Design

4.1 Main wing spar structural design

The primary structural component in any wing is the wing spar. The wing spar must transfer wing bending
moments and shear loads along its length to the fuselage attachment and wing/fuselage carry through
structure. In order to maintain commonality in manufacturing processes with its light aircraft counterpart,
the glider wing spar consists of a wet lay up composite box beam structure. Its basic construction Is
presented within figure 22 for clarity. Both sides of the wing spar booms in the box beam structure are
supported by the spar shear webs. The spar booms therefore have good resistance to crippling when

subjected to compression loads.

sparWing Root Section.
Red = Spar unidirectional compaosite rovings.
Pink= Core materials

Prototype surface is solid core
covered with facing plies

Fig 22: Glider Wing Spar cross section at Wing Root

Spar booms, particularly those of a fibrous composite nature, can cripple at very low stress levels if they
are not supported normal to the boom plane.

By supporting the spar boom on all sides it is possible in some cases to achieve the full compressive
strength of the spar boom material. The prototype glider wing spar is also symmetric, improving the
stability of the spar structural design.
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Simplified assumptions ¥ taken during the structural sizing of the prototype Europa glider wing
structure were that:

. The wing spar boom structure carries the longitudinal loads due to bending.

° The shear web was sized only to carry the wing shear loads. As shown within chapter 2, the
shear loads, at any specific station, are the total air-loads outboard of that wing station minus the
wing weight.

. The wing skin facing plies take only the shear loads due to torsion and wing span-wise deflection.

° Due to the mouldless foam core nature of prototype construction, elastic buckling of the wing

skins need not be considered, however permanent deformation of the wing skins should not
occur below test factored limit load.

These assumptions lead initially to an oversized spar, therefore the spar will support a larger load than
the load initially designed to. This approach is conservative. It simplifies composite spar sizing
calculations without an excessive penalty in wing weight. Moreover the prototype glider wing structure will
eventually be load tested to failure. Any margins obtained during this test due to spar over-sizing can be

tumed into a usable weight increase, increase in operating g load, or an increase in placarded maneuver
Or Cruising speed.

It was anticipated that the volume production variant of the glider wing would use a wing spar similar to
that used in the prototype glider wing. A length constraint was also applied to the glider wing spar. In
order to ship future production glider wing structures in a basic 20 ft (6m) container, the wing spar would
only reach 18.5 ft (5.5m) total length. Analysis of the loads at the main spar tip suggested that the
remaining 55 inches (1397 mm) could be made up from a C-section glass cloth mini spar bonded to the
tip of the main wing spar. The size and thickness of the spar could be determined by hand calculations

and spreadsheet analysis. The weight of the glider wing spar was also calculated and verified by weight
test.

Analysis of the ultimate bending moment and shear force values acting on the wing, at all conditions of
the aircraft flight envelope, in conjunction with extreme fibre geometry of wing spar, allowed shear
stresses and longitudinal fibre stresses to be obtained at various points on the cross section of the spar.
These calculations were repeated at various span-wise stations along the prototype glider wing structure.
Spreadsheets were developed that enabled spar boom cross sectional areas and shear web plies to be
variable factors along the length of the wing spar. These spreadsheets are presented within appendix F.
This approach considers the second moment of area required to support the ultimate longitudinal

stresses in the extreme outer fibres of a specific wing spar boom material to be varied until acceptable
factors of safety (defined as Reserve Factors) on material ultimate strength and fatigue could be
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obtained. From this approach unidirectional carbon fibre rovings were selected for the wing spar boom

material. Bi-directional glass fibre cloth was selected as the wing spar shear web material for the
prototype glider wing.

Reserve Factors are defined within the appendices of this thesis as Allowable Load divided by the
Applied Load. Within JAR-VLA®) acceptable means of compliance number 572 a test factored limit stress
level for CFRP unidirectional rovings of 58000 psi (400 mpa) is acceptable to ensure against fatigue,
without additional testing. Consideration was given to designing the spar roving materials to meet this
requirement. The A value ultimate tensile strength of the unidirectional rovings selected for the spar boom
materials is 160000 psi. (1100 mpa) At limit load, the spar tensile stress levels are approximately 54553
psi (376 mpa) by analysis, very close to the level required by JAR-VLA. An ultimate load test was
conducted to establish the actual stress levels in the spar. Formulae used for the structural design of the
wing spars are listed within appendix F together with their relevant spreadsheet cell number.

4.2 Main spar detailed design

A section of the glider wing spar is presented for clarity in figure 23. One problem with both fibrous wet
lay-up glass and carbon fibre spar boom structures is that, all the glass or carbon filaments cannot be laid
down straight during construction therefore, a truly consistent resin content or ultimate fibre compressive
strength cannot be achieved. As a result the laminates contain a lot of localized strength deficiencies.
One solution to the problem is through the use of pultruded-post cured carbon fibre rods. The puitrusion
process forms a carbon rod in a machine that then lays all filaments straight, parallel and under equal
tension. Resin content is closely controlled during pultrusion; therefore the maximum performance can be
obtained in every fibre resulting in tensile and compressive strengths far above basic wet lay-up yam.

The problem with this type of pultruded fibre is that the outboard section of current spar structures
requires a gradual decrease in spar boom cross sectional area, which is obtainable with basic wet, lay up
rovings, but would require considerable redesign of the spar if pultruded-post cured fibre was used. In
addition wet lay up yam would be required to form the inboard curve of the current spar boom design.
Joining basic wet lay-up yarn to pre-cured rovings would also require a costly material testing programme.
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Although the benefits in weight and strength are apparent with pultruded-post cured carbon fibre, this
solution would also cost approximately 1.5 times as much as the current wet lay-up spar design. As a
cost effective compromise, additional quality assurance procedures were introduced to ensure wet lay-up
glider wing spar strength. These included additional thermal condition monitoring during cure and post
cure and more stringent visual inspection prior to shear web closure in order to reduce fibre waviness.

4.3 Prototype glider wing skin structural design

For the prototype glider wing skin structure, the mouldless foam core technique employed on the Europa
classic light aircraft wing, was modified and applied to the glider wing as presented in figure 25. Bi-
directional cloth was used as a rib material. These ribs were bonded to the terminating outboard length of
each polystyrene foam block. The aerodynamic surfaces were hot-wire cut from polystyrene foam and

bonded to the main spar structure.

Fig 24: Construction of the Prototype Glider Wing Leading Edge structure

This method of sandwich construction is an extremely effective way of producing stiff, light inexpensive
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structures in GRP when used in the right application and in the right manner.
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Fig 25: Wing Skin construction

The wing structure was then skinned with five layers of cloth. Initially two layers of bi-axial cloth oriented
at +45 degrees were laid-up over the full semi-span of the wing.

Next one layer of uni-directional cloth orientated span-wise was used to reinforce the leading edge of the
wing D-box structure and improve general torsional stiffness. Finally two local layers of bi-directional cloth
were used to reinforce the walkway region of the wing structure. To close-out the wing skin trailing edge
multiple layers of bi-directional cloth was used. This cloth has an 8 harness satin style weave with
exceptional drapability. This feature was necessary to cope with the reverse curvature of the air-brake
closeout structure. The final wing structure was then filled with a phenolic filler and sanded. Profile blocks

located along the wing chord were used to maintain correct wing profile shape during sanding.
Construction of the wing skin is presented in figure 25.

Wing skin cloth was sized purely on its ability to support torsional shear stresses. Results from this
analysis are presented within appendix H(iv). Elastic buckling of these wing skins was not considered.
Previous ultimate load tests conducted on classic light aircraft wing structures manufactured by similar
construction methods had shown that the wing skin failed in compression at the junction between stepped
cloth lay-ups due to an abrupt change in the skin second moment of area. This forced a permanent
crease to develop on the upper surface of the wing structure that crimped the polystyrene foam core. The
post buckling stiffness of the crimping interaction between the solid core and the skin did however prevent

catastrophic failure of the wing structure. A similar failure mode was observed on the glider wing skin
structure when tested beyond limit load.
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Elevation view of deflected wing structure curing
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Fig 26: Wing Skin Failure mode shared by both the Classic Light Aircraft wing and
the Prototype Glider wing due to their Mouldless Construction technique

In addition to calculation of torsional shear stresses, the torsional stiffness of the wing structure was
determined by test. Results from this test are presented within appendix H(iv). This test concluded that
the prototype glider wing structure could possibly experience flutter instability at the high speed end of its
defined flight envelope. The author imposed numerous restrictions on the initial flight envelope for test
flying purposes on the proof of concept glider aircraft to ensure that this phenomenon did not occur during
flight. This included a weight restriction of 1200 Ib (544 kg). Additional analysis was conducted to ensure
that this phenomenon occurs beyond the production glider flight envelope.

Prior to first flight a static strength proof load test was also conducted on the glider wing structure. The
proof load test report for the prototype glider wing is presented within appendix K for reference purposes
only. This test was conducted in a manner so that realistic loads could be achieved in the wing spar and
wing to fuselage attachment structure.

In addition to the main wing structure the wing aileron and airbrake surfaces were also fabricated using
hot-wired styrofoam cores laminated with glass facing plies. The support from the polystyrene foam
prevents the onset of elastic buckling of these surfaces. Again aileron and airbrake skins were sized on
their ability to support bending stresses and torsional shear stresses that are developed during deflection.

Prior to first flight a static strength proof load test was also conducted on both the aileron and airbrake
surfaces.

4.4 Flight testing of the prototype glider wing
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First flight of the prototype glider wing was conducted on July 12th 1999. After numerous flight tests to
assess the aerodynamic performance of the aircraft at the prescribed points on the flight envelope, the
flight-test program concluded that the longitudinal and lateral stability characteristics of the aircraft lay
within acceptable parameters without the necessity of increasing horizontal or vertical stabilizer size. The
prototype configuration of the aircraft is presented within figure 27. The prototype wing formed the basis
from which a low to medium volume pre-moulded wing structure could be developed.

Fig 27: Prototype Glider Wing aircraft in flight
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