IT City Research Online
UNIVEREIST; ]OggLfNDON

City, University of London Institutional Repository

Citation: Georghiades, G.A. (1997). Aeroelastic behaviour of composite wings.
(Unpublished Doctoral thesis, City University London)

This is the accepted version of the paper.

This version of the publication may differ from the final published version.

Permanent repository link: https://openaccess.city.ac.uk/id/eprint/8054/

Link to published version:

Copyright: City Research Online aims to make research outputs of City,
University of London available to a wider audience. Copyright and Moral Rights
remain with the author(s) and/or copyright holders. URLs from City Research
Online may be freely distributed and linked to.

Reuse: Copies of full items can be used for personal research or study,
educational, or not-for-profit purposes without prior permission or charge.
Provided that the authors, title and full bibliographic details are credited, a
hyperlink and/or URL is given for the original metadata page and the content is
not changed in any way.

City Research Online: http://openaccess.city.ac.uk/ publications@city.ac.uk



http://openaccess.city.ac.uk/
mailto:publications@city.ac.uk

AEROELASTIC BEHAVIOUR OF COMPOSITE WINGS

by

George A. Georghiades

Thesis submitted for the Degree of Doctor of Philosophy

CITY UNIVERSITY

Department of Mechanical Engineering and Aeronautics

January, 1997




To my fiancée Maria



CONTENTS

LIST OF TABLES .......uenenereisssrssnisessisssssssssasssssssssssssssssssssssssssssssssssssssssnssssasssssssssssssssssssesssses 7
LIST OF FIGURES.......cuoueviirirenerieesrsnnsisissssssssssssasssssssssssssssssssasssssssssssssssssssssasssssssssassssssssssssssssssnes 9
ACKNOWLEDGEMENTS ......ucuuuvenririsirininsnsssssssorsnsnssssssssasssssssssssssssssssssstesssesssssssssssesssssssssssssses 18
DECLARATION c...nunneneeriisirenrisisiissisesessnssiesssssssssssssssassssssssssssssssassssssssssessssssessssssssssssssssssssasss 19
ABSTRACT aeenvrererereriisisscsssiaisisisisisisssssssssssasasassssisssssssssssnsssssssssrsssssssssssssesssssssssssssssssssssssssses 20
INOTATION c..uuunnennrnecrersriisisrisesenssisisisisissssssssssssasassssssssssssasssssssassssssssssssssensssssssssssssssssssssssssssesenes 21
1. GENERAL INTRODUCTION.....ccecceeesrenmnereresssnsaeesssssrerasesserensssesens 27
1.1 BACKGROUND ......couieiiiiriinereseesaessestesesseseesseseesssbesesssensessstastestessessensansassensensensssesssssessnssensessssessenns 28
1.2 RESEARCH EFFORTS IN THE FIELD .....c.ccuiiiiiieieteeticecctceeecsc st v et sr et ettt s e s seen e 33
1.3 RESEARCH AIMS AND OBJECTIVES ....ccuteitiitiieiireeteetiireereereeseeeessssssessessesnesesssssssssonessseesssssssssssenenne 36
1.4 METHOD OF ANALYSIS ....uiiieiieeereesteeitetessiesssssesssstessessssasessessessesssessessesssessseteessesssssesssessassesesseons 38
1.5 THE IMPORTANCE AND LIMITATIONS OF THE STUDY .....cccvcumrieiireaeriresssssscieseesssesesssessesesssesesssenns 39
1.6 OUTLINE OF THE STUDY ....cccoteueuitrieueseerertsteteesteseseessesesane st sesssessesessasessnsssesessssesestssssesssnsnssssesessuens 40
2. LITERATURE REVIEW.....inimisimmisimimssssssimissssssssssasesssssssssseasses 44
2.1 INTRODUCTION ...cvveuieiciiteieserricieistesetessieses e ne s an st seean s st nessesessestaessssesessssensssssensanssssensassnssssenas 45
2.2 THE DEVELOPMENT OF AEROELASTIC TAILORING AND SPECIFIC APPLICATIONS......cccccevvervcrmnnn 45
2.3 ANALYTICAL APPROACHES......ccccviiiteteeteeerererseesetssssesessessssessessessssessssessssssssssessssesssssssansessssessseens 56
2.4 FUTURE OF AEROELASTIC TAILORING ....cecovteetiestreteeiteasieesseesseesssssreresesssssssesssesssesssnensesssesssessssssans 65
2.5 CONCLUSIONS.........ocuetrurrieresesssesaseatsereseeeesessseseatatsessssesseesesasestssasststssasnsesessstsessesesesesesesesesssssesenenens 66
3. STIFFNESS MODELLING OF COMPOSITE BEAMS.........ccouemisisinnsnsnesssesssssesesesessaas 67
3.1 INTRODUCTION ....vorurreuniereesesenressssesassssasessessessestssssessssssmmsssessessessassassasssntsnessssssanessnesssssesssianss 68
3.2 REVIEW OF THE LITERATURE ....c.vcucutrtriiiieiiiiteteesesset e e tesensseseeessensaesesnessnsssensassssssassssasassssssenes 70

3.2.1 Finite-Element-Based ApProaches ...........cococvvermicnceniriiccrciniecsseicse s 70

3.2.2 Analytical APPrOACRHES.........cvivieirueiriereieirecr ettt s et b e b 72
3.3 STIFFNESS MODELLING OF COMPOSITE BEAMS OF SOLID CROSS-SECTION ........cccoovinieiarreneneennn. 75

3.3.1 Composite Beam Of Solid Cross-SeCtion ...........cccoeererereinreeinneiniiinieneseeiesens e 75

3.3.2 Flat Beam: A High-Aspect-Ratio Plate (HARP) Model.........ccccccovciiiiniiinnncinieininae 78

3.3.3 Flat Beam: A Chordwise-Rigid Laminated Plate Model (CRLP) .......cocuviieiiiininin. 80



3.4 STIFFNESS MODELLING OF THIN-WALLED, SINGLE-CELL, COMPOSITE BEAMS .......ovovovovoovn . 81

3.4.1 Mansfield and Sobey Stiffness Model [2.67] ........c.o.oeueuieiieeeeeee oo, 83
3.4.2 Rehfield [3.11] and Rehfield and Atilgan [3.18] Stiffness ModelS ..........oovvevvvmeeererrren.. 85
3.4.3 Chandra et al. Stiffness MOdel [3.17] ....ouviuieireeeeeeeeeeee e ee e 87
3.4.4 Smith and Chopra Stiffness Model [2.84] ........ovovoueueeeeeereeeeeeeeeeeeeeeeeee oo 88
3.4.5 Berdichevsky et al. Stiffness Model [2.85].....c.c.euvveviviieereeeeereeeeeeeeeseee e eeeeees s eesesesesee e, 91
3.5 COMPARISON OF THE VARIOUS THIN-WALLED BEAM THEORIES........c.cvveeteereveeeeesreesesesessssenenns 93
3.6 CASE STUDY - A THIN-WALLED BOX-BEAM......c.ccvimiriinirenee ettt 95
3.7 CONCLUSIONS. ...ttt sttt st b et et sssase s es ettt ebeaebesenene s s et st st st steeeeeneseneesenens 99
4. FREE VIBRATION ANALYSIS OF COMPOSITE WINGS ......ccccvvrernurerereeresessssnesesesens 109
4.1 INTRODUCTION ...cutetetiteiteitiiteieteete e e teste st ee et etessaeseeseesaseenesenestaseseesseeseeeeseeesansaseesasssesssesesneas 110
4.2 THEORY OF DYNAMIC STIFFNESS MATRIX .....cooveviiiuenieteteeesesestesteseseeeeseesssseneeseeesassessesseeesssenens 114
4.2.1 Dynamic Stiffness Matrix of a Bending-Torsion Coupled Composite Beam ..................... 114
4.2.2 Dynamic Stiffness Matrix of an Extension-Torsion Coupled Composite Beam.................. 117
4.3 APPLICATION OF THE WITTRICK - WILLIAMS ALGORITHM .......coevevvereirrieriereeneeereersesseenesessresenenes 118
4.4 FREE VIBRATION ANALYSIS OF COMPOSITE BEAMS .......cooviuieieeierireiiiere e seeseereee s sessssens 119
4.5 THE POTENTIAL OF STIFFNESS COUPLING AS A MODAL COUPLER/DECOUPLER ..........cocvrrreneen. 126
4.6 CONCLUSIONS......cectererteeaessirseseassestereesrassessaessassesseeseessessessesssessassssssensessesssessessessesssessasssssesssennas 127

5. AEROELASTIC TAILORING : FLUTTER AND DIVERGENCE BEHAVIOUR OF

COMPOSITE WINGS ....cooiiirnrenininnnsnsnsninesissssssssisisssssssssissessssssnsscssessssessssssassesssssssssssssssssssases 157
5.1 INTRODUCTION ....erutieeeeereriererssesseeeasesseassessaeseesesseassnesssseessassesssessesssassessesssessessassessssnsansassessonsens 158
5.2 FLUTTER ANALYSIS USING CALFUN L...oiiiiiiiiiitcieerteree et st ssesansbe e sne e 162
5.3 SOLUTION TECHNIQUES USING THE DETERMINANT AND V-G METHODS ..........cccecvveemriireenuenenns 164
5.4 DIVERGENCE ......c..ecteitietietteiteiisestestarssassesstaaessesteesteaseasessansessassssssessesssesassusensessesssensassessassessessesneas 165
5.5 FLUTTER AND DIVERGENCE BEHAVIOUR THROUGH LAMINATE DESIGN .......cccceverienvrereireennennen 165
5.6 FLUTTER AND DIVERGENCE BEHAVIOUR BY USE OF FIBRE ORIENTATION ......ccccoereeerererernnene 169

5.7 THE IMPORTANCE OF TORSIONAL AND BENDING-TORSION COUPLING RIGIDITIES ON THE
AEROELASTIC BEHAVIOUR OF COMPOSITE WINGS ...c.coiviiiceeeinieieiniernsesienir s seemesesneseesssssnenas 175
5.8 COMPARISON OF FLUTTER AND DIVERGENCE SPEEDS USING STRIP AND LIFTING SURFACE

6. FURTHER INVESTIGATIONS INTO THE FLUTTER CHARACTERISTICS OF
COMPOSITE WINGS ....crrectnnrcniinieeissssssnssssinssssssissssisssssssssssssssassessenssssssassssssssssasassessssssns 201

6.1 INTRODUCTION ...ttt sttt s ettt et saaesae e st eane st e s s e sb e euaeene e s e bt eseseus s s e ebsaaeareerannseas 202



6.2 FLUTTER ANALYSIS USING THE NON-DIMENSIONAL FREQUENCY RATIO @), / @, ................... 204

6.2.1 Flutter Optimisation USING ADS ..........ccoviimeeiieceeeececeeeeeete e eeseeseese e, 206
6.2.2 DiSCussion Of RESULLS ........c.ccciiiiniiiiccceet et s e e 207
6.3 THE SIGNIFICANCE OF POSITIVE COUPLING FOR THE FLUTTER OF COMPOSITE WINGS........... 213
6.4 THE ROLE OF MODAL INTERCHANGE ON THE FLUTTER OF COMPOSITE WINGS.....vevveeeeeee 216
6.4.1 Method Of ANALYSIS .....cvevrerieiiiririiienecetcee ettt ettt st ese s e e e sesen s esseseeon. 216
6.4.2 Calculation Of FIUtEr MOGES .......ccocvuriiirieiinieciieeee ettt seeresseseesnes s enesenns 217
6.4.3 DiScussion Of RESUILS ...........c.ovrniiiniirictniscns ettt 218
6.5 CONCLUSIONS......ortereererteiterrstererteeere s st e te st te e tssseseestsstestanssesensseesenseassesessasessssesesssssssssesasass 223

7. GUST ALLEVIATION AND FLUTTER SUPPRESSION OF AN OPTIMISED

COMPOSITE WING USING ACTIVE CONTROLS .........ccovurisninersasmasesrsaressssssassrsssessssesssssses 252
7.1 INTRODUCTION ....cueruruereruementrersetsintaseeasesensesessssssssssssesssssesessesessssesessssssssensesessesssssssesssseseresenenesens 253
7.2 AEROELASTIC BEHAVIOUR OF AN ACTIVELY CONTROLLED WING ......cccoovvvvieireeeiiieeeveveenene. 257
7.3 CONTROL SYSTEM ...ccuiutruiniininieiniiniaesseessesnesessssestesessssssesesessssesessesessessesessessssessesessasesesesesssssessas 259
7.4 GUST RESPONSE WITH CONTROL SURFACE ......ccotuieteiertenenteneieeecre s sseasssessese et eseesesssnsesesssensennns 260
7.5 METHODS OF GUST ANALYSIS ...uvotertireereeireieresrstiteseseeressessesesessseessessessesensessessessesssssosssessessens 260
7.6 GUST MODEL.....ccctiiueirinterenesseeerersiesessesteseasassesteetestaseasessessassesaessensessssesssssessassessensanseseessasansesessens 261
7.7 DETERMINATION OF THE SYSTEM RMS ...ttt ettt 262
7.8 WING MODEL .....cutuiiriiiiriirintcntinet ettt esese bt r e bt st se e st s bt saese b e e bt sbesessesaassseeteessbeseananas 264
7.9 OPTIMISATION OF CONTROL PARAMETERS ......ccveeririrtereeirereersessessesessesessessassassessessasessensesessens 264
7.10 DISCUSSION OF RESULTS...ccueeceeuiriiruessesenreeesseseesseneesessessnssassessessesseseeneesermasassessessessasansesessensns 265
T. 11 CONCLUSIONS......cotiertetiirertrireesestsssieststesensssestesesssessssasessesasensessesneesessseassessasseeneesseesersessessesssonis 267

8.1 PRINCIPAL CONCLUSIONS......uetiiuterierintentterrettsestessnessessanessesessssssseneesessaseesssossesssnesassssesasssansssssnneas 276
8.2 RECOMMENDATION FOR FUTURE WORK ......c.oritiriimrriririninen it siesnses e sssesseessesasesanssssssessnnes 279

APPENDIX ‘A’: THE MACROMECHANICAL PROPERTIES OF COMPOSITE

IMATERIALS coociiiiiicrennicsniensssossenssssnsssssesssssossnsssssssssssossasesssesssasssssssssssssssassssasssassesssssssssssasssnsessassssas 282
AT INTRODUCTION ....oocuvuiueniuetetereintesesesesessasessssssssssssssssssesesssssesnsnssatsentassesensessesesssnertsnmstissessssssssesss 282
A.2 LAMINATE EQUIVALENT ELASTIC CONSTANTS ...cccururrururierereanareesreresmesesessaenssesesseresssesensssssesenes 282
A.3 LAMINATE CONSTITUTIVE EQUATIONS.........cevetritueurercmseeteesteasessnensassnnassessesenesssssssansssassesssessns 286
A.4 PARAMETRIC STUDY ON PLY ORIENTATION OF A SINGLE LAYER LAMINATE ........ccooienininirnenes 289
A5 CONCLUSIONS .......coteremreenessaresssasesetesesetsasassasasssesasssssssssensanssssssassssssssesesesssssensesessssssasissessnssnsses 293

APPENDIX ‘B’ : STIFFNESS MODELS FOR THIN-WALLED COMPOSITE BEAMS .. 300

B.1 MANSFIELD AND SOBEY STIFFNESS MODEL [2.67] ....cvictiireieinieneesineeneeeiesecsiisnseresss s enes 300



B.2 REHFIELD [3.11] AND REHFIELD AND ATILGAN [3.18] STIFFNESS MODELS..........cccvvvevrren.. 302

B.3 CHANDRA ET AL. STIFFNESS MODEL [3.17]c.vcuitiieiiiiiceieeee et en e 306
B.4 SMITH AND CHOPRA STIFFNESS MODEL [2.84]......ceoeivieieeieteee ettt 309
B.5 BERDICHEVSKY ET AL. STIFFNESS MODEL [2.85]......ecuiiiiitieeteee oot eeese e, 313
APPENDIX ‘C’ : DYNAMIC STIFFNESS MATRIX OF A BENDING-TORSION

COUPLED COMPOSITE BEAM......cuiiiinineninsnninnnnsnssssssssssssessesssssssssesssssssssessssessssssessssessasans 319

APPENDIX ‘D’: FLUTTER ANALYSIS USING GENERALISED COORDINATES AND

NORMAL MODES .....coiiniirninniiinnnssinssssssssssmssssssssssssssssssssssnsssssssssassssssssansrasssssasnsssssensasssssses 327
D.1 SUMMARY OF THE METHOD .....c..coiteiiiitieteceeereetectceirastes e ssesssesaesnsenesseesesnsessessnossentesssssessessennens 327
D.2 DETERMINATION OF NATURAL FREQUENCIES AND MODE SHAPES ........cccovveeuieeeeeeeeereeresesnenes 328
D.3 GENERALISED MASS AND STIFFNESS MATRICES IN MODAL COORDINATES .......ccccecevrueecurnene. 328
D.4 GENERALISED AERODYNAMIC MATRIX USING STRIP THEORY ......ccovveererrrerreireenneesteeneenrennennes 330
D.5 GENERALISED AERODYNAMIC MATRIX USING LIFTING SURFACE THEORY.......cccocervvercraneanne 333
D.6 FORMATION OF FLUTTER MATRIX AND FLUTTER DETERMINANT ......ccceeotreieitierrenreesieeee e 336
D.7 SOLUTION OF FLUTTER DETERMINANT USING THE DETERMINANT AND V-G METHODS ........... 337
D.7.1 Determinant Method ...........cccooiuiiirieireene ettt 337
DL7.2 V@ MEHO ...ttt s e 337
D.8 AEROELASTIC ANALYSIS OF METALLIC WINGS USING CALFUN........cccccccvineenans 338
D.8.1 Loring WING [5.6] ..coueeeeerieiitee ettt s 338
D.8.2 Goland Wing [D.4] ......ceveuemeiiiiiinenieisniie et 339

APPENDIX ‘E’ : ADS (AUTOMATED DESIGN SYNTHESIS) - PROGRAM OPTIONS. 342

E.1 INTRODUCTION.......coueteuturuerseseeestrrestereetesessesesestesssaestssess saesssssssassssssissessasassesensesassesensssassssssesssass 342
E.2. PROGRAM OPTIONS.......cctrtireriruerencraeeserseseeseststsisseesssbeesessesasesssasssasssssessssssessssssssssssasasssesessssnnans 343
E.2.1 STALEEY ....cveeereeeeeeriietes ettt bbb bbb bbb bbbt 343
E.2.2 OPtMSET. ...t eeeveercaeaeteerer ettt a s bbb b e b s 344
E.2.3 One-Dimensional SEArch.......cccouieiiiererenreeiiiernicinernes e s s 345
REFERENCES......coccviveerenanrensrsanssssstssessssessasssssssessssssesesssssssssssssessssssessssssssssssassassassssssansnssssssassasasss 346




1.1

3.1

41
4.2

4.3

4.4
4.5

46
4.7

4.8

49
410

5.1
5.2
5.3

LIST OF TABLES
Aircraft applications of composite materials.

Loadings and non-classical effects considered in the various analytical
theories for stiffness predictions of thin-walled composite beams.

Material properties of Hercules ASI1/3501-6 graphite/epoxy.

Rigidity properties for HARP and CRLP models of [B, /0]s lay-up beam
(L=0.305 m, m = 0.0931 Kg/m and |, = 4.506x10"° Kgm).

Comparison of natural frequencies (Hz) of [B,/0]s lay-up beam using various
methods with B and T respectively indicating predominantly bending or
torsional modes.

Material properties of the graphite/epoxy cantilever beam of Ref. [4.17].
Natural frequencies (Hz) for the unidirectional graphite/epoxy cantilever
beam of Ref. [4.17]. (The percentage difference is shown with respect to the
experimental results.)

Material properties of the CAS box-beam of Ref. [4.20].

Rigidity properties for the (CAS) cantilever box-beam of Ref. [4.20] with
lay-up : [ B Js in the top wall, [-B ] in the bottom wall and [B /-B ]5 in the
vertical walls (L=0.84455 m, m = 0.0882 Kg/m and |, = 9.61725x10® Kgm).
Natural frequencies (Hz) for the Circumferentially Asymmetric Stiffness
(CAS) cantilever box-beam of Ref. [4.20] with lay-up : [ B ]s in the top wall,
[-B J6 in the bottom wall and [B /-B ] in the vertical walls. T indicates pure
torsional mode.

Material properties of the T300/5208 graphite/epoxy box-beam of Ref. [4.9].
Comparison of natural frequencies (Hz) for the cantilever box-beam of
Ref. [4.9] using the dynamic stiffness method (D.S) with stiffnesses based
on three different models, and finite element (F.E) frequencies (Hz) with
stiffnesses based on NABSA [4.9].

Structural and geometrical properties for the example wing of section 5.5.
Material and other properties for Hercules AS1/3501-6 graphite/epoxy wings.
Material and other properties for the graphite/epoxy example wing 4 of
section 5.6 [1.7].



5.4

5.5

5.6

6.1

6.2

6.3
6.4

6.5

6.6

6.7

6.8

6.9

6.10

7.1

E.1
E.2
E.3

Material and structural properties for the aluminium wing of section 5.6
[2.21].

Comparison of flutter speeds (m/s) obtained using Strip theory and Lifting
Surface theory for the three unswept laminated wings of section 5.6.
Comparison of divergence speeds (m/s) obtained using Strip theory and

Lifting Surface theory for the three unswept laminated wings of section 5.6.

Material and other properties for the Hercules ASI/3501-6 graphite/epoxy
optimised wings 1, 2, 4 and 5.

Material and other properties for the graphite/epoxy (HTA-6376C) optimised
wing 3.

Sensitivity analysis for the optimised flutter speed of the example wing 1.
Natural frequencies, flutter speed and flutter frequency for = 0.0 and
X, =-0.5.

Natural frequencies, flutter speed and flutter frequency for = 0.2 and
X, =~ 0.3.

Natural frequencies, flutter speed and flutter frequency for v = 0.4 and
X, = - 0.225.

Natural frequencies, flutter speed and flutter frequency for y = 0.6 and
X, =-0.15.

Rigidity properties for negative ply angles of the example composite wing.
Length = 0.6 m, mass per unit length (m) = 0.2172 Kg/m and mass moment
of inertia (I,) = 0.1052x10° Kgm.

Effects of the number of normal modes on flutter speeds at various ply
angles for the laminated wing []14.

Effects of the number of normal modes on flutter speeds at two ply

angles for the laminated wing [B].a.

Optimised confrol laws and respective Root Mean Square (RMS) values for

the four spanwise control positions.

Strategy options.
Optimiser options.

One-dimensional search options.



3.1

3.2
3.3
3.4
3.5
3.6

3.7

3.8

3.9

3.10

3.11

3.12

3.13

3.14

41

4.2

LIST OF FIGURES

Coordinate system and sign convention for positive ply angle of a laminated
composite beam.

Box-beam lay-up designations.

Cartesian coordinate system.

Box-beam configuration and coordinates for Refs [2.84, 3.17].
Cross-sectional properties and coordinates for the beams of the case study.
Bending rigidity El as a function of fibre angle, B, for HARP, CRLP, and a
box-beam model [2.85] with unidirectional laminates; c/d = 2, t/d = 0.025.
Bending-torsion coupling parameter y as a function of fibre angle, B, for
HARP, CRLP, and a box-beam model [2.85] with unidirectional laminates;
c/d =2, t/d = 0.025.

Torsional rigidity GJ as a function of fibre angle, B, for HARP, CRLP, and a
box-beam model [2.85] with unidirectional laminates; c/d = 2, t/d = 0.025.
Rigidity and coupling parameters as functions of fibre angle, B, for HARP
and a box-beam model [2.85] with unidirectional laminates; c/d = 6,
t/d = 0.025.

Rigidity and coupling pafameters as functions of fibre angle, B, for HARP
and a box-beam model [2.85] with unidirectional laminates; ¢/d = 10,
t/d = 0.025.

Bending rigidity El as a function of fibre angle, B, for three box-beam models
with unidirectional laminates; ¢/d = 2, t/d = 0.025.

Torsional rigidity GJ as a function of fibre angle, B, for three box-beam
models with unidirectional laminates; c/d = 2, t/d = 0.025.

Bending-torsion coupling parameter  as a function of fibre angle, B, for
three box-beam models with unidirectional laminates; c/d = 2, t/d = 0.025.
Rigidity and coupling parameters as functions of fibre angle, B, for two
box-beam models with unidirectional laminates; c/d = 2, t/d = 0.025. The

fibre angle, B, of all four sides of the beam is varied.

Coordinate system and sign convention for positive ply angle of a laminated
composite beam.
End conditions for forces and displacements of a bending-torsion coupled

composite beam.



4.3

4.4

4.5(a)

4.5(b)

46

4.7

438

49

410

411

412

413

4.14

End conditions for forces and displacements of an extension-torsion coupled
composite beam.

Variation of rigidity properties with fibre orientation, B, for HARP and CRLP
models for [B, /0]s lay-up.

Comparison of natural frequencies given by various methods for [B, /0]
lay-up.

Comparison of natural frequencies given by various methods for [B, /0]
lay-up.

Mode shapes of laminated composite beam for different ply orientation, with
H = bending displacement, ® = torsional rotation and modes normalised so
that the largest H or @ is unity.

The effect of fibre orientation upon the first three natural frequencies of a
beam with laminate configuration [, /0], where b is the semi-chord.

The effect of coupling parameter w on the first four dimensionless natural
frequencies for a cantilever with GJ/El = 0.5, where w, is the natural
frequency of the 3rd mode.

The effect of coupling parameter  on the first four dimensionless natural
frequencies for a cantilever with GJ/EI = 0.5. Three values of x, are shown,
where wz is the natural frequency of the 3rd mode.

The effect of coupling parameter y on the first four dimensionless natural
frequencies for a cantilever with GJ/EI = 0.5. Three values of x, are shown,
where w,g is the natural frequency of the 3rd mode.

A straight-on view of the first free vibration mode of the example beam for
selected values of y, R =0.5.

A straight-on view of the second free vibration mode of the example beam
for selected values of y, R = 0.5.

A straight-on view of the third free vibration mode of the example beam for
selected values of , R=0.5.

CAS box-beam cross-section of Ref. [4.20].

4.15(a)Comparison of the first five natural frequencies given by D.S.Matrix and

theory of Ref. [4.20] for the box-beam lay-up : [Bls and [-B]s in the top and

bottom walls respectively and [B/-Bls in the vertical walls.

10



4.15(b)Comparison of the fifth to tenth natural frequencies given by D.S.Matrix and

416
417

4.18

4.19

4.20

4.21

4.22

4.23

5.1

52

5.3

54

5.5

5.6

5.7

58

theory of Ref. [4.20] for the box-beam lay-up : [B]s and [-B]s in the top and
bottom walls respectively and [B/-B]s in the vertical walls.

CUS box-beam cross-section of Ref. [4.9].

A straight-on view of the first free vibration mode of the example beam for
selected negative values of ; R = 0.5, x, =-0.2b.

A straight-on view of the first free vibration mode of the example beam for
selected negative values of y; R = 0.5, x, = 0.2b.

A straight-on view of the first free vibration mode of the example beam for
selected negative values of y; R = 0.5, x, = -0.4b.

A straight-on view of the first free vibration mode of the example beam for
selected negative values of y; R = 0.5, x, = 0.4b.

A straight-on view of the first free vibration mode of the example beam for
selected negative values of y; A = 30° backward, R = 0.5, x, = 0.0.

A straight-on view of the first free vibration mode of the example beam for
selected negative values of y; A = 30° forward, R = 0.5, x, = 0.0.

A straight-on view of the first free vibration mode of the example beam for

selected positive values of y; A = 30° forward, R = 0.5, x, = 0.0.

Coordinate system and sign convention for a laminated composite beam;
(S : Shear centre ; G : Centroid).

Flutter and divergence speed boundaries as functions of y and R for an
unswept wing.

Flutter and divergence speed boundaries as functions of y and R for a
30 degree swept-back wing.

Flutter and divergence speed boundaries as functions of y and R for a
30 degree swept-forward wing.

Flutter and divergence speed boundaries as functions of A and y for an
unswept wing, R = 0.1.

The behaviour of flutter speed as a function of w and x, for an unswept wing,
R=0.1.

Variation of rigidity and coupling parameters with fibre angle, B, for the
example wing 1 [B]14.

Variation of rigidity and coupling parameters with fibre angle, B, for the
example wing 2 [0/+45/B/B/B/B]s.

11



5.9

5.10

5.11

5.12

5.13

5.14

5.15

5.16

5.17

5.18

5.19

5.20

5.21

5.22

5.23

5.24

Variation of rigidity and coupling parameters with fibre angle, B, for the
example wing 3 [+f];.

The behaviour of flutter speed as a function of fibre angle B and sweep
angle A, for the example wing 1 [B];a.

The behaviour of divergence speed as a function of fibre angle B and sweep

angle A, for the example wing 1 [B];a.

The behaviour of flutter speed as a function of fibre angle B and sweep
angle A, for the example wing 2 [0/+45/B/B/B/B]s.

The behaviour of divergence speed as a function of fibre angle B and sweep

angle A, for the example wing 2 [0/+45/B/B/B/B]s.

The behaviour of flutter speed as a function of fibre angle B and sweep
angle A, for the example wing 3 [+p}s.

The behaviour of divergence speed as a function of fibre angle B and sweep

angle A, for the example wing 3 [£B];.

CAS box-beam cross-section of Ref. [1.7].

The behaviour of flutter and divergence speeds as functions of fibre angle,
B, for the example wing 4 with lay-up : [B] in top wall, [-B] in bottom wall, and
[B/-B] in the vertical walls.

Coordinates, dimensions and other properties for the thin-walled biconvex
beam of Refs [5.10-5.11].

The behaviour of flutter and divergence speeds as functions of fibre angle B,
for the example wing 5. The fibres in upper and lower surfaces are in parallel
direction.

Bending rigidity El versus fibre angle, B, for the five example wings of
section 5.7.

Bending-torsion coupling parameter, y, versus fibre angle, B, for the three
coupled example wings of section 5.7.

Torsional rigidity GJ versus fibre angle, B, for the five example wings of
section 5.7.

The ratio of the uncoupled fundamental torsional to fundamental bending
frequency, o /o, , versus fibre angle, B, for the five example wings of section
5.7.

Flutter speed as a function of fibre angle, B, for the five example wings of

section 5.7, (0° sweep).

12



5.25

5.26

5.27

5.28

5.29

5.30

5.31

6.1

6.2

6.3

6.4

6.5

6.6

Divergence speed as a function of fibre angle, B, for the five example wings
of section 5.7, (0° sweep).

Flutter speed as a function of fibre angle, B, for the five example wings of
section 5.7, (30° forward sweep).

Divergence speed as a function of fibre angle, B, for the five example wings
of section 5.7, (30° forward sweep).

Flutter speed as a function of fibre angle, B, for the five example wings of
section 5.7, (30° back sweep).

Flutter and divergence speeds, obtained using Strip and Lifting Surface
theories, versus fibre angle, B, for lay-up [B]4.

Flutter and divergence speeds, obtained using Strip and Lifting Surface
theories, versus fibre angle, B, for lay-up [0/+45/B/B/B/B]s.

Flutter and divergence speeds, obtained using Strip and Lifting Surface

theories, versus fibre angle, B, for lay-up [+B].

Coordinate system and sign convention for a laminated composite beam:;
(S: Shear centre ; G : Centroid).

Dimensionless flutter speed V¢/bw, plotted against frequency ratio wn/w, for
various values of dimensionless static unbalance x, for v = 0; m/npb? =10,
r,=0.5 a=-0.2.
Dimensionless flutter speed Vi/bw, plotted against frequency ratio wy/o, for
various values of dimensionless static unbalance x, for = 0.4; m/npb2 =10,
r.,=0.5,a=-0.2.
Dimensionless flutter speed Vi/bo, plotted against frequency ratio wn/o, for
various values of dimensionless static unbalance x, for v = -0.4; m/npb® =10,
r,=0.5 a=-0.2.
Dimensionless flutter speed Vi/bw, plotted against frequency ratio /o, for
various values of dimensionless static unbalance x, for = 0.7; m/mpb? =10,
r,=05 a=-0.2.
Dimensionless flutter speed V/bw, plotted against frequency ratio on/o, for
various values of dimensionless static unbalance x, for y=-0.7; m/rpb? =10,
r, =05 a=-0.2.

13



6.7

6.8

6.9

6.10

6.11

6.12

6.13

6.14

6.15

6.16
6.17
6.18

6.19

6.20

6.21

Dimensionless flutter speed V¢/bw, against frequency ratio wh/w, for various
values of coupling parameter y for density ratio m/npb? =10; r, = 0.5,
X, =-0.1,2a=-0.2.

Dimensionless flutter speed Ve/bw, against frequency ratio wn/o, for various
values of coupling parameter y for density ratio m/npb® = 40; r, = 0.5,
X, =-0.1,a=-0.2.

Dimensionless flutter speed Vi/bw, against frequency ratio on/o, for various
values of coupling parameter y for density ratio m/mpb® =80; r, = 0.5,
X, =-0.1,a=-0.2.

Dimensionless flutter speed V¢/bw, against frequency ratio o/, for various
values of coupling parameter y for a 30 degree swept-forward wing;
minpb® = 40, r, = 0.5, x, = -0.1, a = -0.2.

Dimensionless flutter speed V¢/bw, against frequency ratio wn/o, for various
values of coupling parameter y for a 30 degree swept-back wing;
m/npb® = 40, r, = 0.5, x, =-0.1,a=-0.2.

Stiffness Ratio R=EI/GJ plotted against frequency ratio wn/®, for various
values of Aspect Ratio (AR), k = d/c = 0.01.

Stiffness Ratio R=EI/GJ plotted against frequency ratio wn/o, for various
values of Aspect Ratio (AR), k =d/c =0.2.

Stiffness Ratio R=EI/GJ plotted against frequency ratio w,/o, for various
values of Aspect Ratio (AR), k = d/c = 0.5.

Dimensionless flutter speed Vi/bw, against frequency ratio /o, for various
values of coupling parameter w for the example wings 1 and 2,
m/npb® =16.67, r, = 0.577, X, =-0.1, a =-0.2.

Aeroelastic tailoring history of example wing 1.

Aeroelastic tailoring history of example wing 2.

Box-beam cross-section for the optimised wing 3.

Dimensionless flutter speed Vi/bw, against static unbalance x, for various
values of frequency ratio oy/o,, = 0.0; m/mpb? =20, 1, = 0.5, a = -0.2.
Dimensionless flutter speed Vi/bo, against static unbalance x, for various
values of frequency ratio on/0, w=0.2; m/npb2 =20,1r,=0.5,a=-0.2.
Dimensionless flutter speed Vi/bw, against static unbalance x, for various

values of frequency ratio o/, w = 0.4; m/npb® =20, r, =0.5, a=-0.2.

14



6.22

6.23

6.24

6.25

6.26

6.27

6.28

6.29

6.30

6.31

6.32
6.33

6.34

6.35

6.36
6.37

Dimensionless flutter speed Ve/bw, against static unbalance x, for various
values of frequency ratio wy/o,, ¥ = 0.6; m/npb* =20, r, = 0.5, a = -0.2.
Dimensionless flutter speed Vi/bw, against static unbalance x, for various
values of frequency ratio wn/o, v =-0.2; m/rpb® =20, r,= 0.5, a = -0.2.
Dimensionless flutter speed Vi/bw, against static unbalance x, for various
values of frequency ratio wp/w, v =-0.4; m/npb2 =20,r,=0.5,a=-0.2.
Dimensionless flutter speed Vi/bw, against static unbalance x, for various
values of frequency ratio o/, = -0.6; m/mpb® =20, r, = 0.5, a = -0.2.
Flutter speed prediction for three different values of the frequency ratio w,/o,
using the Determinant method (i.e., A=0). | : locus of the roots of the
imaginary part (i.e., A;=0), R : locus of the roots of the real part (i.e., Ag =0).
Natural frequencies for the first bending and torsional modes against x, for
selected values of frequency ratio oy/w,, v = 0.4.

Natural frequencies for the first bending and torsional modes against x, for
selected values of frequency ratio on/o,, v =-0.4.

Variation of flutter speed with fibre angle, B, for the example wing 1 of
section 5.6 with stacking sequence [B]:s and sweep angle A=20°.

Natural frequencies and mode shapes of laminated cantilever composite
wings with stacking sequence [B}14.

Flutter modes showing the absolute values of the bending displacements (H)
and torsional rotations (®) and the phase differences between the two for
(a) B=-8°, (b) p=-10°, (c) p=- 25",

Contribution of normal modes to the flutter mode for the case with = -10°.
Variation of flutter speed with fibre angle, B, for the unswept case of the

example wing 1 of section 5.6 with stacking sequence [Bl14.

Natural frequencies and mode shapes of laminated composite wings with

stacking sequence [Bl1a.
Flutter modes showing the absolute values of the bending displacements (H)

and torsional rotations (®) and the phase differences between the two for
(a) B=-25°, (b) p= 25"
Contribution of normal modes to the flutter mode for the case with p = -25°.

Contribution of normal modes to the flutter mode for the case with § = 25°.

15



7.1

7.2

7.3

7.4

7.5

7.6

7.7

A1
A2

Control system

Control allocations along the wing span

Optimisation history of (a) control law parameters, (b) flutter speed and
(c) gust response for control position 1.

Optimisation history of (a) control law parameters, (b) flutter speed and
(c) gust response for control position 2.

Optimisation history of (a) control law parameters, (b) flutter speed and
(c) gust response for control position 3.

Optimisation history of (a) control law parameters, (b) flutter speed and
(c) gust response for control position 4.

Normalised modes for the actively controlled wing.

Positive stress system.

Positive stress system in x-y axes.

A.3 (a) Orthotropic bending (bending-torsion coupling is not present).

A.3 (b) Anisotropic positive bending-torsion coupling (wash-out).

A.3 (c) Anisotropic negative bending-torsion coupling (wash-in).

A4
A5
A6
A7
A.8

A9

B.1

B.2

B.3

C.1

C.2

C.3

Young’s modulus variation with ply angle for a unidirectional ply.

Shear modulus variation with ply angle for a unidirectional ply.

Shear coupling coefficient variation with ply angle for a unidirectional ply.
Poisson’s ratio variation with ply angle for a unidirectional ply.

The variation of extensional stiffness (A-Matrix) terms with ply angle, B, for a
unidirectional laminate.

The variation of bending stiffness (D-Matrix) terms with ply angle, B, for a

unidirectional laminate.

Cartesian coordinate system.
Box-beam configuration and coordinates for Refs [2.84, 3.17].

Curvilinear coordinate system for Ref. [2.85].

Coordinate system and sign convention for positive ply angle of a laminated
composite beam.

Sign convention for positive transverse force S, bending moment M, and
torque T.

End conditions for forces and displacements of a bending-torsion coupled

composite beam.

16



Coordinate system for Davies Lifting Surface theory.

Flutter speed prediction for Loring wing using the Determinant method
(i.e., A=0). | : locus of the roots of the imaginary part (i.e., A;=0), R : locus of
the roots of the real part (i.e., Ag =0).

D.3
D.4

V-g plot for Loring wing.

V- plot for Loring wing.

17



ACKNOWLEDGEMENTS

The author wishes to acknowledge the support of the Overseas Research
Students Awards Scheme (ORS) and the Department of Mechanical Engineering
and Aeronautics of City University. Dr. Peter Lush the then Head of Centre for

Aeronautics provided help in securing the departmental contribution.

The author would like to thank his supervisor Dr. J. Ranjan Banerjee for his
invaluable help throughout the course of this research. He made substantial
contribution to this thesis, both as an active participant and as a sounding board for
new ideas.

He also wishes to express sincere appreciation for helpful suggestions from
reviewers and colleagues during the course of this research effort. He is indebted to
Dr. Shigun J. Guo for many useful comments and suggestions. He is also extremely

indebted to Mr. Adam Sobey for his continued guidance and supervision.

18



DECLARATION

| hereby grant powers of discretion to the University Librarian to allow this
thesis to be copied in whole or in part without further reference to me. This
permission covers only single copies made for study purposes, subject to normal

conditions of acknowledgement.

George A. Georghiades

19



ABSTRACT

This research work presents series of investigations into the structural,
dynamic and aeroelastic behaviour of composite wings. The study begins with a
literature review where the development of aeroelastic tailoring and specific
applications of the technology are discussed in detail. A critique of methods for the
determination of cross-sectional rigidity properties follows for beams constructed of
laminated and thin-walled materials. Chordwise stiffness is shown to be an
important parameter that must be considered as it has a significant effect on the
amount of bending-torsion coupling present in a beam and, as a consequence, on
the value of torsional rigidity. The free vibration characteristics of such beams are
then examined using the dynamic stiffness matrix method. Natural frequencies and
mode shapes of various beams are studied using the fibre angle, B, and the
bending-torsion coupling which is measured (in this study) by the non-dimensional
parameter y, as design variables. The results show that v has only a marginal
effect on the natural frequencies of composite beams (wings) but can significantly
modify the mode shapes of such beams. It can be used to decouple modes which
are geometrically (inertially) coupled in the same way as mass balancing but without
a weight penalty. It can also be used to abate the unfavourable coupling introduced
by sweep angle.

Classical flutter and divergence of swept and unswept uniform cantilever
wings are investigated using laminated flat beams (plates) and thin-walled beams of
rectangular and biconvex cross-sections. Various parameters, such as, the fibre
angle, B, the coupling parameter, y, the angle of sweep, A, the static unbalance, x,,
and the non-dimensional ratio of the fundamental (uncoupled) bending to
fundamental torsional frequency, on/w,, are varied and their subsequent effects on
aeroelastic stability are investigated. The importance of torsional rigidity GJ on the
flutter of composite wings is shown to be substantial in contrast with y, which is
generally the most important parameter to be considered when the objective is that
of increasing the divergence speed. Modal interchanges in the free vibration and
flutter of laminated composite wings are shown to be primarily responsible for
behaviour not experienced with metallic wings, in particular the effect of wash-in and
wash-out on flutter. The most intriguing features of these investigations, however,
are those which show that models adequate for the analysis of composite wings
may be based on two parameters, the frequency ratio on/m, and the coupling
parameter . Some results are confirmed by independent optimisation studies.
Finally, a preliminary investigation is carried out into the flutter suppression and gust
alleviation of a laminated composite wing by the use of active controls. The results
show that by using an active control in an optimum trailing edge position the gust
response of a wing can be significantly alleviated without compromising the already
optimised flutter speed by the use of aeroelastic tailoring.
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NOTATION

(i) Cross-sectional Area

(i) Axial stiffness in terms of the extensional stiffness terms A;
Enclosed area of the cross-section for thin-walled beams
Extensional stiffness terms

Distance between elastic axis and mid-chord of the cross-section
Coupling stiffness in terms of the extensional stiffness terms A;
Coupling stiffness terms

Semi-chord length

In-plane stiffness in terms of the extensional stiffness terms A;
Control law parameters

Theodorsen’s function

(i) Chord length (width)

(i) Circumference

Bending stiffness terms

Beam depth

Young’s modulus

Young’s modulus in the fibre and transverse directions
Equivalent elastic constants

Bending rigidity

Bending rigidity when all the fibres in the laminate are set to zero
degrees

Extensional rigidity

Axial force

Shear modulus

Control law parameters

Effective in-plane shear stiffness of the vertical and horizontal walls of a
beam respectively

Shear modulus in the 1-2 plane

Warping function

Torsional rigidity

Torsional rigidity when all the fibres in the laminate are set to zero
degrees

Net bending displacement

Combinations of element compliances
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Projection of the position vector r in the normal direction
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23



OQqN

O%N

Pp

D
N ()
Dy(w)

®n

QO

Matrices

[C]
[D]
[F]
[K]
[Kel
[Ko]
{k}
[M]
[Mg]
{M}
{N}
{a}
{am}
{as}
[AC:]

Mean square value of the gust (wing) response
Mean square value of gust velocity

Normal mode shape

Torsional rotation

Torsional rotation at a specific point on a wing

Net torsional rotation

Mode shape at note i

Wing response power spectrum

Atmospheric turbulence power spectrum
Bending-torsion coupling (cross-coupling) parameter
(i) Natural (circular) frequency

(il) Gust frequency

Trial frequency
Uncoupled fundamental bending frequency

Uncoupled fundamental torsional frequency

Damping type control law in complex matrix form
Generalised damping matrix

Force matrix

Stiffness matrix

Generalised stiffness matrix

Generalised Dynamic stiffness matrix

Bending and twisting curvatures

Mass matrix

Generalised mass matrix

Bending and twisting moments

In-plane forces

Modal coordinates (column matrix)
Generalised coordinates of main lifting surface

Generalised coordinates of the control surface
[QAS]IC}

24



[QA] Flutter matrix

[QAM] Generalised unsteady aerodynamic matrix of the wing

[QAs] Generalised unsteady aerodynamic matrix of the control surface

[QA], Imaginary part of generalised unsteady aerodynamic matrix

[QA]r Real part of generalised unsteady aerodynamic matrix

{QF}e Generalised aerodynamic force matrix resulting from external excitation
[QF] Generalised aerodynamic matrix

[QG] Generalised aerodynamic force due to the gust loading

(@] Modal matrix

Abbreviations

ADCA Advanced Design Composite Aircraft

ADOP Aeroelastic Design Optimisation Program

ADS Automated Design Synthesis

AFFDL Air Force Flight Dynamics Laboratory

ASTROS Automated STRuctural Optimisation System
CALFUN CALculation of Flutter speed Using Normal modes
CAS Circumferentially Asymmetric Stiffness

COMBO COMposite Box Optimisation program

CRLP Chordwise Rigid Laminated Plate

CuUs Circumferentially Uniform Stiffness

DARPA  Defence Advanced Research Projects Agency
DFP Davidon-Fletcher-Powell variable metric method
FASTOP Flutter And STrength Optimisation Program

FW Free Warping

HARP High Aspect Ratio Plate model

HIMAT Highly Manoeuvrable Advanced Technology

L-S Lifting Surface theory

MMC Metal Matrix Composite

NABSA  Nonhomogeneous Anisotropic Beam Section Analysis

PSD Power Spectral Density
RMS Root Mean Square
S-T Strip Theory

SWEEP  Structural WEight Estimation Program

25



TACT Transonic AirCraft Technology program

TSO Tailoring and Structural Optimisation

WICAD  Wing/Inlet Composite Advanced Development
WRE Warping Restraint Effect

26



CHAPTER 1

GENERAL INTRODUCTION




1. GENERAL INTRODUCTION

11 Background

The optimal utilisation of structural material in aircraft design has always
been an objective of designers. The minimum weight aspect of aircraft design is
well known. Shanley [1.1] writes,

‘primary function of the aircraft structure is to transmit forces through
space ...the objective is to do this with the minimum possible weight and
at minimum cost...the optimum structure is the one that does the best
overall job of minimising the undesirable quantities (weight, air
resistance, cost, service troubles, production time, etc. ).”

While weight is undeniably a measure of utmost importance to the structural
designer, the real objective is performance, which may involve weight as a

constraint, but also includes, among others, range, payload, and turn rate.

Flexibility is generally associated with light weight so that aeroelastic
problems were encountered and known from the earliest days of flight. We may
recall that the Wright Brothers in 1903 made favourable use of flexibility in the
lateral control of their aircraft by wing warping, and that they were aware of the
adverse effect of torsional deformations on the thrust of a propeller. Wing
divergence, a static aeroelastic problem, has been surmised as the probable cause
of S. P. Langley’s failure to control his machine in its flight over Potomac in the
same year. During World War |, in 1916, elevator flutter of a British bomber was
investigated by the renowned pioneer F. W. Lanchester and was remedied by

raising the torsional rigidity of the elevators.

Although numerous other aeroelastic incidents followed in the pre-World
War |l period, problems in aeroelasticity did not attain the prominent role that they
now play until the early stages of the war. This is partly because by that time the
problem had been understood and the foundations of the basic theory had been laid
with sources of contributions in many countries, such as, UK, USA and the

Netherlands, and partly because aircraft speeds were relatively low and their
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thickness to chord ratio was relatively high, thus giving the structural engineer the
required design flexibility to obtain the required bending and torsional rigidities and

thus producing structures sufficiently rigid to preclude most aeroelastic phenomena.

Although many isolated aeroelastic incidences still occurred in that period,
they could generally be explained away and given an ad-hoc solution. In particular,
problems relating to flutter were prevented by isolating the motions in several
freedoms, such as, by mass balancing of the lifting surfaces at the expense of an
additional weight, and/or by raising the lowest critical flutter speed safely beyond
possible speeds of flight by increase of the relevant natural frequencies. The latter
was usually effected by designing for increased stiffness with a less than
proportional increase of weight or, preferably, without any increase of weight.
Problems with classical torsional divergence were overcome by increasing wing
torsional rigidity which also led to an unwelcome increase in weight.

Thus the two basic remedies for aeroelastic problems, increased stiffness
and mass balance, were already well established, and together with damping
mechanisms, are still the basic elements that must be properly incorporated into the

vehicle structure to avoid aeroelastic instabilities.

For most designs developed between the two World Wars, flutter, which
usually involved coupling between an aimost pure bending and a pure torsional
mode due to the unswept and more or less constant chord wing planforms, would
most often occur at a lower airspeed than divergence and was therefore given more
attention. This situation changed in the late 40’s with the first approaches towards
transonic flight as a result of the advent of jet engine and the introduction of
improved light alloy structures. It was found that the best way to reduce the high
transonic drag build-up was to sweep the wing relative to the airflow either forward
or backward. However, the divergence speed drops dramatically for even slight
forward sweep angles because of what is known as “wash-in". The spanwise
bending of a swept-forward wing induces an increase in the local streamwise angle
of attack, resulting in an increase in aerodynamic loads. A swept-back wing
experiences an opposite, or “wash-out”, effect. The only known cure for the wash-in
of metallic wings is to increase the bending stiffness by adding extra quantity of
material, resulting in an unacceptable increase in structural weight. As a result, high

performance aircraft have had their wings swept back for the last 40 years. Only a
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handful of swept-forward designs have flown, most of them adopting this
configuration for nonaerodynamic reasons.

The objective of ever improved performance has led to thinner, lighter and
more flexible wings which, coupled with moderately high aspect ratio and sweep,
induced unintentional couplings between the various modes of structural
deformation. Therefore, the classical flutter problem, where almost pure bending
mode couples with almost pure torsional one, has been transformed into a more
complex one. These unintentional couplings, which proved to have adverse effects
in design, have overlapped stability, response, and flutter. Correspondingly this has
narrowed the aeroelastic margins of required stiffness, so that aeroelastic problems
have become more complex.

In the ten year period from 1947-57 a survey indicated that more than 100
different aeroelastic incidents occurred in the United States alone, for civil and
military aircraft. These occurred mostly of control surfaces and tabs, but also
included all-movable surfaces, wings carrying external stores, and one case of a

T-tail aeroplane.

As a result, structural engineers were confronted with requirements for
stiffness which were now very severe (especially for the transonic speed range) so
that their ability to meet such stiffness levels became increasingly marginal. This
necessitated thinner and lighter wings, so designers turned to more complicated
designs in order to control aeroelastic instabilities. Hill's isoclinic wing is an excellent
example of such practice. Hill sought to improve the aeroelastic performance of the
wing, being primarily concerned with aeroplane longitudinal and lateral stability as
well as aileron reversal. This wing was designed so that its incidence, or inclination
to the airflow, remained constant along the span when the wing flexed. This was
achieved, in part, by placing the torsion box well back in the wing. This showed that
with careful design, bending-torsion coupling on a scale which had not previously

been experienced could be successfully accommodated.

Almost 20 years elapsed before the idea to control passively the wing
incidence due to flexural distortion was again proposed as a result of the more or
less simultaneous invention, around 1960, of graphite fibres in the UK and boron

fibres in the USA. The introduction of composite materials into the realm of aircraft

30



design in the early 70s, has led to new airframe design concepts as well as the
re-evaluation of older concepts. The main attraction in using composite materials is
the substantial weight saving that could be achieved because of their superior
strength-to-weight and stiffness-to-weight ratios, compared with conventional
materials of aircraft construction such as aluminium alloy. Weight savings of the
order of 25% can generally be achieved using current composites in place of
metals. Other attractions of composite materials are their enhanced fatigue and
damage tolerance and the benefits afforded by the ability to incorporate more
refined aerodynamic design into planform and aerofoil section geometries when
compared with conventional aircraft materials.

Today almost every aerospace company is developing products made with
fibre-reinforced composite materials. The most common application of composites
in fixed wing aircraft structures is in the skin of wings, tails, and control surfaces as

shown in Table 1.1.

Table 1.1
Aircraft applications of composite materials
Aircraft Applications
F-14 Boron/epoxy horizontal tail skins
F-15 Boron/epoxy horizontal and vertical tail skins
F-16 Graphite/epoxy horizontal and vertical tail skins and control
surfaces
F/A-18 Graphite/epoxy wing skins, horizontal and vertical tail skins,

speed brake, and control surfaces

AV-8B Graphite/epoxy wing (skin plus substructure), horizontal tail skin,
forward fuselage, and control surfaces

X-29t Graphite/epoxy wing skins

Boeings 757 and 767 Graphite/epoxy control surfaces, graphite-aramid/epoxy fairings,
cowlings, etc.

Lear Fan 2100 “Almost all” graphite/epoxy structure

Due to their outstanding properties, fibre-reinforced laminated composite
thin-walled beams are likely to play a crucial role in the construction of aeronautical

and aerospace vehicles. While the main driving force behind their increasing use

* the only fixed wing aircraft application where the anisotropic nature of fibre composites is
utilised to minimise an aeroelastic problem, namely that of torsional divergence.
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has been their high specific stiffness and strength, fibre reinforced materials have
another property, anisotropy. This anisotropic property can be used to induce elastic
coupling between various modes of structural deformation of fibre composite
structures to a far greater degree than is possible, if at all, in their metallic
counterparts. However, these elastic couplings are typically not exploited in
composite designs. In particular, this inherent tailorability of composite structures
has not been taken advantage of in aeroelasticity, partly because the mechanisms
of inducing favourable effects by control deformation are insufficiently understood.
As with the introduction of any new technology, a large amount of basic research is
needed in order to obtain a better understanding of new problems created by the
use of composite materials.

As a consequence, the successful employment of laminated composite
materials in aircraft structures, coupled with their anisotropic property, has
generated a renewed interest in the field of aeroelasticity. By exploiting the
directional properties of composite materials, and thereby creating aerodynamic
loads through controlled deformation, aeroelastic instabilities such as flutter and
divergence, could be controlled without weight penalties (i.e., mass balancing,
increase in bending and torsional rigidities by adding material, etc.). The technology
to design for a predetermined aeroelastic response of a lifting surface using
composite materials has been named aeroelastic tailoring. Shirk et al. [1.2] defines

aeroelastic tailoring as,

« the embodiment of directional stiffness into an aircraft
structural design to control aeroelastic deformation, static or
dynamic, in such a fashion as to affect the aerodynamic and

structural performance of that aircraft in a beneficial way.”

As a result, a great deal of research activity has been devoted to the
improvement of aeroelastic stability of wings by use of composites. The application
of this new technology has resulted in the possibility of practically eliminating
(without any weight penalty) the occurrence of aeroelastic divergence of a
swept-forward wing aircraft. Both the tremendous research activity in this field (see
literature review in chapter 2), and the successful construction of the Grumman
X-29 swept-forward wing experimental aircraft (here the anisotropic nature of fibre

composites is utilised to minimise the torsional divergence problem) reveal the
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exceptional interest expended to this problem. Along with many, known advantages
conferred by the use of structural composites, a series of challenges arise in
consequence.

Some of these challenges derived from the complexities arising from the
anisotropic nature of composite materials themselves, and the multiplicity of
structural couplings, which do not exist in the case of isotropic structures such as
light alloy ones. |f one looks closer at the problem of divergence, only a reduction in
wash-in is required, without increasing the bending rigidity. On the other hand, it has
been shown that an increase in wash-in can raise the flutter speed significantly.
Thus, the directional properties of laminated composite materials can be oriented to
alter the static and dynamic characteristics of beams (wings) made of such
materials, leading to aeroelastic tailoring and thus to possible optimisation of
design.

The introduction of composite materials can be regarded as a landmark in
the history of aircraft design and the unusual static and dynamic characteristics of

these materials are expected to have far reaching consequences on aeroelasticity.

It is in this area of aeronautical research that the work reported in this thesis
falls, and the particular tasks which are undertaken are discussed in section 1.3.

The next section reviews contributions by others in the field.

1.2 Research Efforts in the Field

In varying degrees of complexity, several theoretical and experimental
studies have examined the various aspects and benefits of aeroelastic tailoring.
There have been mainly two major levels of research effort. The first one, typically
used in industry, makes use of practically oriented numerical methods to perform the
design work. The Wing Aeroelastic Synthesis Procedure (TSO) [1.3] and the Flutter
And STrength Optimisation Program (FASTOP) [1.4] are excellent examples of this
type of activity.

The second level of research effort is less of practical nature but is more

academic in content and thereby enabling one to understand the complications and
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consequences of the new technology as well as to assess the limits and problems
associated with its application. This latter level of research concentrates upon the
mathematical modelling of structures. Many references in the literature proposed a
beam-like model for the structural deformation of the wing, since the tailoring was
focused on bending-torsion deformation coupling, while in others, more complicated
models were used to observe the various aspects of aeroelastic tailoring. In

general, they all concentrated on stability of the aircraft in divergence and flutter,
lateral control effectiveness, and load redistribution.

Krone [1.5] appears to be the first author to show that divergence
instabilities could be eliminated by use of composites for certain classes of
swept-forward wings without any weight penalty when compared with an equivalent
swept-back design. Encouraged by Krone’s work [1.5], many studies of the
aeroelastic stability of laminated wings have appeared over the past fifteen years.
Many of these studies have used ply orientation as a design variable with and/or
without the presence of bending-torsion coupling [1.6-1.9]. The most intriguing
features of these works, however, are those which show the required trade-off, or
compromise, between flutter speed and divergence speed. The objective of
increased flutter speed invariably leads to a wash-in (bend-up/twist-up) condition
which is undesirable for divergence. Conversely, any increase in the divergence
speed due to wash-out (bend-up/twist-down) condition is likely to be accompanied

by a decrease in flutter speed.

Several other investigators have studied the aeroelastic stability of laminated
wings in recent years using rigidity properties as design variables [1.10-1.12]
instead of ply orientation. One of the most important of these studies was carried
out by Weisshaar [1.12] who theoretically showed that both flutter and divergence

can be eliminated.

A significant number of theoretical observations were later validated
experimentally [1.13-1.15]. One interesting experimental work was that of
Landsberger and Dugundiji [1.15] who showed that by designing a wing to exhibit
wash-out behaviour (bend-up/twist-down) by the use of positive ply angle lay-up, the
adverse geometric divergence effect of swept-forward wings can be overcome.
There are also a few more researchers who investigated experimentally the

aeroelastic behaviour of composite wings utilising the whole aircraft configuration
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[1.16-1.17], in which the importance of including the rigid-body modes in any

aeroelastic analysis of composite wings was emphasised.

A number of other researchers have investigated the design latitude
available for desired aeroelastic effects [1.18-1.20]. An excellent example is the
work of Shirk and Griffin [1.20] who used an aeroelastic optimisation program to
design three wing structures for minimum weight, maximum wash-in, and maximum
wash-out. The authors demonstrated the ability to tailor a wing aeroelastically for
centre-of-pressure control either from a load relief standpoint or for an increased
flexible lift.

It is clear from such studies that the unique features of laminated composite
materials make them prime candidates for aeroelastic tailoring efforts. On the other
hand, the wide range of possible material geometry and manufacture makes it
difficult to conduct general studies of the type commonly done for metallic
construction. For this reason the present research focuses only on one class of

composite wings, namely that of uniform wings of constant chord.

It is important to note that despite the extensive research that has already
been carried out in this field, it is not yet clear precisely how bending-torsion can be
used in beneficial way leading to an enhanced flutter and/or divergence speed. For
example, although the wash-in effect has been shown to be useful for flutter but
undesirable for divergence, it was only shown for a limited number of ply lay-ups. In
addition, no researchers appear to have provided a pattern for the understanding
and prediction of flutter behaviour for composite wings. Furthermore, there are a
number of uncharacteristic features in the aeroelastic behaviour of composite wings
which no one appears to have given any details or any convincing reasons as to the
cause of their unusual occurrence. It is therefore quite apparent that the effect of
tailoring upon flutter and divergence of the “clean” wing configuration is not yet well
fully understood (or well documented) and thus the subject matter needs further

investigation.
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1.3 Research Aims and Objectives

The main aim of the present research is to study the potential of composite
materials to enhance aeroelastic stability. The study will restrict its discussion to the
effects of aeroelastic tailoring upon wing flutter and divergence of uniform constant
chord cantilever composite wings without added mass in the subsonic region. Such
a wing is often referred to as a “clean” wing.

Aeroelastic tailoring will be discussed extensively in terms of laminated
composite construction. Despite the wealth of information available in the literature
today, formal strategies and design goals for efficient utilisation of advanced
composite materials have yet to be fully developed. Such design strategies require
consideration of issues such as durability and damage tolerance, automatic controls
and their interaction with structural response, and overall aircraft performance. It is
important to note that, rather than attempting to present resuits which are
acceptable to the structural engineer, this study concentrates on discussing
aeroelastic tailoring as a way of maximising measures of performance. In the
course of this discussion, two essential prerequisites of any aeroelastic analysis will
be examined, namely the static and dynamic behaviour of composite wings. In
addition, the possibility of alleviating the gust response of a wing by the use of

active controls without reducing its already optimised flutter speed is studied.

Firstly, analytical stiffnress modelling of laminated composite beams is
examined, since conventional simplifying assumptions which are generally
satisfactory for metallic structure have sometimes been found to be inaccurate for
composite structures [1.21-1.24]. In particular, equivalent beam stiffness models for
laminated composite flat beams (plates) and thin-walled beams are examined, as
well as finite element models for such idealisations. Previous studies [1.21, 1.24]
have disclosed the importance of properly modelling or estimating the rigidity and
coupling properties. This research discusses an extension of these studies in a

more unified and comprehensive manner than previously presented.

In addition to the discussion of stiffness models for laminated composite
beams, this research also examines the second essential prerequisite of any
aeroelastic analysis, the free vibration behaviour of composite beams. An extensive

amount of literature related to the dynamic effects of bending-torsion deformation is
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in existence. References [1.21-1.31] are significant examples of such literature. The
present research focuses upon a number of the same phenomena presented by the
references cited previously. Oné important contribution made in this study, however,
is the use of dynamic stiffness matrix method in the free vibration analysis (and later
in the aeroelastic analysis) of composite wings. Some advantages of the dynamic
stiffness method in free vibration analysis are well known [1.32], particularly when
higher frequencies and better accuracies are required. Furthermore, the emphasis
of the present study is upon the dynamic behaviour oriented towards aeroelastic
tailoring analysis. The effects of bending-torsion and inertia couplings on free
vibration natural frequencies and mode shapes and their impact upon aeroelastic

characteristics of wings are presented in detail.

The study then continues with its main objective which is the understanding
of the mechanism and potential of composites for passive structural control of flutter
and divergence. The approach to this investigation is similar to the one used by
Weisshaar in a number of investigations into the flutter and divergence behaviour of
laminated composite wings [1.6, 1.8, 1.12]. The present study can be regarded as a
continuation of those investigations. In addition to showing the effect of fibre
orientation and other rigidity and structural parameters on flutter and divergence
(using mostly unidirectional laminates), this study takes a step further and takes the
view that in some cases it might be more advantageous to stick to classical

aeroelasticity, and thus maximising the torsional rigidity (GJ) or the ratio of the
fundamental (uncoupled) torsional and bending frequency (©./on) using uncoupled

laminates (i.e., without controlled deformation).

The study then approximates, by the use of suitable non-dimensional
parameters, the flutter behaviour of realistic composite wings exhibiting wash-in and
wash-out behaviour. This enables the understanding and prediction of such
behaviour which can be regarded as an important contribution to the field of
aeroelasticity. Furthermore, a number of other uncharacteristic features of

composite wings are also investigated and explained.

In the course of the above discussions, parameters are identified which have
significant effects on many aeroelastic features. Trend information together with
potential exceptions will also be discussed. A discussion of laminate tailoring both in

terms of laminate geometry and overall characteristics is also included. Finally,
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potential trade-offs and conflicts are discussed. Some of the principal results of the

above investigations are confirmed by carrying out independent optimisation
studies.

Having established an ability to optimise the flutter speed of a composite
wing design, attention turns to gust alleviation of such wings by the use of trailing
edge active controls. This is achieved without compromising the already optimised
flutter speed. An extensive amount of literature related to flutter suppression and
gust alleviation by the use of active controls is in existence. References [1.33-1.36]
are significant examples of such literature. In contrast to the references cited
previously, in the present study control laws are optimised taking into consideration
both flutter suppression and gust alleviation.

1.4 Method of Analysis

The study is wholly theoretical (and computational) and as a consequence

many well established ideas and computer implementations are used.

To formulate the stiffness model the well established lamination theory is
used and is shown to be satisfactory. The free vibration characteristics of composite
wings are examined using an exact dynamic stiffness matrix formulation [1.37] which
can be superior to conventional methods when predicting natural frequencies. It is
important to note that this study appears to be one of the first to use an exact
dynamic stiffness formulation in the flutter analysis of composite wings. As will be
shown later (in contrast to the metallic wings), accuracies in the free vibration
characteristics of composite wings are of vital importance in any aeroelastic analysis
since these have a profound effect upon the aeroelastic characteristics of such

wings.

The aeroelastic analysis is carried out using the method of generalised
coordinates using normal modes. In the structural idealisation of the wing, beam
elements are used without undue simplification to obtain the dynamic stiffness
matrix of the wing. The natural frequencies and the normal mode shapes are then
calculated using the Wittrick-Williams algorithm [1.38]. The unsteady aerodynamic
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idealisation uses a Strip theory of Theodorsen type, which is based on
two-dimensional (2D) incompressible flow, and/or a Lifting Surface theory of
Multhopp type [1.39] which takes into account the effect of three-dimensional (3D)

compressible flow.

Finally, the results for all optimisation studies are obtained using the well
established computer program ADS (Automatic Design Synthesis) [1.40].

1.5  The Importance and Limitations of the Study

In addition to the formal engineering mission of research, there is an
educational mission. The ability of large scale computer codes to provide detailed
numerical answers to properly posed questions has, in some cases, outstripped the
ability to interpret these answers and to display creative thinking. Much remains to
be accomplished in this area of emerging technology. By providing the information
presented in this study and the reasons why the wings behave as they do, it is
hoped that a further interest and understanding of aeroelastic tailoring will follow,
with improved design in prospect. This will enable structural engineers to be in

vanguard to those seeking truly integrated designs.

In the course of this research a number of difficulties have been
encountered. The most important one being the unusual static, dynamic and
aeroelastic features of composite wings when compared to those of their metallic

counterparts. Weisshaar [1.41] writes,

“Note also that,..., no stable airspeed for flutter could be
found using six or more modes. While it is unlikely that this
theoretical situation could occur in reality, this data is

presented to illustrate the complex nature of tailoring’.
Many other researchers faced similar difficulties. Among them, Cesnik et al. [1.7]

investigated the flutter behaviour of a thin-walled box-beam by the use of fibre

orientation. The authors write,
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“The plot is not smooth due to the changes of the lowest
flutter mode shape. Future work will include examining these
flutter mode shapes and its variation with ply angle,
which should provide a better understanding about the
phenomenon”

Another important difficulty was the lack of vigorous analytical and
experimental data. Much of what has been published is analytical and in

non-dimensional form making a direct comparison difficult for validation purposes.

These difficulties, however, have not undermined the quality and outcome of
this research as the author has compensated this by conduct of extensive original
theoretical research. During the course of this research effort, a significant number

of the above unexplained phenomena have been explained.

1.6  Outline of the Study

In this chapter the main objectives and importance of the study are defined.
The specific objectives of the study and the particular method of analysis are
outlined. The procedure that is followed during each stage of the research process
and the difficulties that are encountered are detailed. The results and discussions of

this research effort are organised as follows.

In Chapter 2 a detailed review of available literature is undertaken in order
to establish the development of aeroelastic tailoring, and identify the key areas of
research. The potential and associated problems of aeroelastic tailoring to enhance
aeroelastic performance and the theory underlying the technology are discussed. A
summary of trend studies that have been performed and discussion of more specific
applications are presented. Emphasis is given to the academic level of research
where the problems are analysed with various degrees of complexities and their

merits are observed in detail.

Chapter 3 deals with the stiffness modelling of composite beams. Firstly, a

summary of relevant literature is provided. Then the most popular stiffness models
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associated with published work are discussed. These cover both flat beams (plates)
and thin-walled box-beams. Explicit expressions for the bending, torsional and
bending-torsion coupling rigidities are provided for all the models discussed. In
order to understand the differences between the various models, expressions for
the displacement field, associated strain field and rigidity parameters are provided
using the same notation. These expressions are then compared for various
box-beam models and the significance of any differences are discussed. Finally, in
order to examine the effect of ply orientation on the rigidity and coupling
parameters, a parametric study is carried out using stiffness models selected from
the literature.

Chapter 4 discusses the free vibration characteristics of composite beams.
Natural frequencies of composite beams exhibiting bending-torsion or
extension-torsion coupling are calculated using an exact dynamic stiffness matrix
method. Numerical results are compared with experiment and also with those given
by other methods, e.g., Rayleigh-Ritz, partial Ritz and finite elements, and cover a
representative cross-section of the literature. These results are presented for five
types of cantilever composite beams of which three are flat beams of solid
rectangular cross-section and two are thin-walled rectangular box-beams. Emphasis
is placed on how the fibre orientation, the bending-torsion coupling, and the static
unbalance (inertia coupling) affect the natural frequencies and mode shapes of

composite beams.

Chapter 5 presents the results of three different but related studies of
aeroelastic tailoring. The first study surveys aeroelastic stability trends for selected
configurations as a function of significant design parameters, such as, the stiffness
ratio of torsional and bending rigidity, wing sweep, static unbalance (inertia
placement) and the bending-torsion coupling parameter. Significant trends,

features, and limitations of tailoring are then identified.

In the second study an analytical investigation is carried out into the flutter
and divergence behaviour of swept and unswept composite wings. In particular, the
effect of stiffness and coupling parameters on flutter and divergence speeds of
graphite/epoxy cantilevered wings is investigated using the fibre and sweep angles as
design variables. Emphasis is given on how the fibre orientation affects the stiffness
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and coupling parameters of a composite wing, and in turn, how these parameters
affect the flutter and divergence speeds.

The third study, which is partly motivated by the second, is focused on the
aeroelastic stability improvements that can be achieved through the use of the
elastic coupling between bending and torsional deformations and the torsional
rigidity. Results obtained by laminates possessing various degrees of
bending-torsion coupling are presented alongside those obtained by two uncoupled
wings. One is the uncoupled laminate wing offering the maximum possible torsional
rigidity and the other is a metallic wing made of aluminium. The aim is to show under
what circumstances bending-torsion coupling can be used beneficially to raise
and/or eliminate flutter and divergence and those where a conventional design is

used, so that maximising the torsional rigidity might be a better choice.

In Chapter 6 further studies into the flutter behaviour of composite wings are
carried out. In the first study the flutter behaviour of swept and unswept composite
wings exhibiting wash-in behaviour is examined using suitable non-dimensional
parameters. In this way, the flutter behaviour of realistic composite wings is
approximated making the understanding and prediction of such behaviour possible.
The conclusions drawn from this study are also confirmed by independent

optimisation studies.

The second study is focused on the aeroelastic characteristics of wings
exhibiting wash-out behaviour. The method of analysis is essentially that of the first
study. In the third study two uncharacteristic features of composite wings are
investigated by identifying the contribution from each normal mode to the flutter
mode. These are (i) the unexpected blips or abrupt changes in the flutter behaviour of
composite wings occurring at certain fibre angles of the laminate, and (ii) the wash-in

behaviour being more beneficial for the flutter of composite wings than wash-out.

In Chapter 7 attention is focused on achieving a maximum flutter speed of a
cantilever composite wing, and at the same time alleviating its gust response by
applying both aeroelastic tailoring as well as active control technology. This problem
is essentially described as a constrained optimisation one where the objective is to
alleviate the gust response of a wing subject to a certain specified flutter speed.

Control law parameters are optimised for four different spanwise control positions.
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In Chapter 8 the principal conclusions are developed. Also included are
Appendices detailing : (A) the macromechanical properties of composite materials;
(B) stiffness models for thin-walled composite beams; (C) the development of
dynamic stiffness matrix of a bending-torsion coupled composite beam; (D) the use
of generalised coordinates and normal modes in the flutter analysis; and finally (E)

the program options available for the optimisation program ADS (Automated Design
Synthesis).
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2. LITERATURE REVIEW

21 Introduction

The purpose of this chapter is to outline the development of aeroelastic
tailoring and identify the key areas of research and the potential and associated
problems of composite materials to enhance aeroelastic performance. This helps
the reader to become familiar with the mysteries and consequences of the new
technology as well as to assess the limitations and problems associated with its

use.

As with the introduction of any new technology, activity proceeds at two
levels. The first involves practical application of numerical methods to support the
design mission while the second is more academic in nature so that principles may
be examined without a large number of unnecessary details. This latter level of
research is related to earlier attempts to understand the new technology and assess

the limits and problems associated with its application.

In section 2.2 the development of aeroelastic tailoring and a significant
number of specific applications are presented while in section 2.3 emphasis is given
to the more academic level of research where the problems are analysed with
various degrees of complexities and their merits are observed in detail. In section
2.4 the potential areas for future aeroelastic tailoring efforts are discussed and

finally in section 2.5 some conclusions are drawn.

2.2 The Development of Aeroelastic Tailoring and Specific Applications

Earlier investigations by Voigt [2.1], Brown [2.2], and Hearmon [2.3] indicated
the existence of an elastic coupling between bending and torsional degrees of
freedom in materials such as crystalline substances and plywood. However, inspired
by the above studies, the first to apply the design concepts of aeroelastic tailoring
was Munk [2.4] in a wooden propeller design invented in 1949. The purpose of

Munk’s investigation was to provide a fixed pitch propeller the blades of which twist
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elastically and favourably as the thrust changes. This was achieved by orienting the
fibres (the grains of the wood) in such a way as to cause the blades of the propeller

to deform favourably as the load increases.

In 1953, a novel wing design, known as the AERO-ISOCLINIC wing, was
incorporated into the design of the Short S.B.4 or SHERPA prototype invented by
Hill [2.5]. A special design feature of this wing was that it was designed so that its
incidence, or inclination to the airflow, remained constant along the span despite
flexural distortions due to aerodynamic pressure distribution. These aeroelastic
characteristics of the aero-isoclinic wing were achieved, in part, by placing the
torsion-box further back in the wing [2.6]. This wing is an excellent demonstration of
aeroelastic tailoring. It satisfies the definition of aeroelastic tailoring presented in

chapter 1, wherein aircraft performance is the driving goal.

The idea to control the wing incidence passively due to flexural distortion had
been forgotten for about two decades, until 1969, when, as part of a program to
improve transonic performance, General Dynamics submitted a proposal to the Air
Force Flight Dynamics Laboratory (AFFDL) to apply advanced filamentary composite
materials to the design of a supercritical wing [2.7]. The objective of the program
was to provide the best wing shape (primarily twist distribution) at both cruise and
design manoeuvre condition. At General Dynamics, Waddoups, McCullers, and
Naberhaus [2.8] had been pursuing the application of advanced composites for
design improvements other than the obvious weight savings. Motivated by Maske’s
work, they showed [2.8] that the directional properties of composites could be used
to provide a significant level of anisotropy to create coupling between bending and

torsional deformations to produce the desired shape control for the supercritical wing.

In the same year (1969), General Dynamics was selected by AFFDL for the
development of a pilot computer program for the aeroelastic and strength
optimisation of aircraft lifting surfaces using the unique properties of advanced
filamentary composite materials [2.9]). The most significant product of this work was
the Wing Aeroelastic Synthesis Procedure, later simply called TSO (aeroelastic
Tailoring and Structural Optimisation) developed by Waddoups, McCullers, Ashton,
and Naberhaus [1.3]. It was a mathematical programming based on penalty method
approach using the Davidon-Fletcher-Powell algorithm [2.10] for unconstrained

minimisation.
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This program was developed for the preliminary design of lifting surfaces,
with the structure idealised as a plate. However, despite the limitations associated
with a plate model, TSO is a powerful design tool with good aerodynamic
representation, and comprises various aeroelastic analysis procedures. The project
was completed in 1972 with the theoretical background provided by Dong [2.11],
Young [2.12], Barton [2.13], Waddoups [2.14, 2.15], and Ashton [2.16, 2.17].

Rockwell was selected in 1975, to design and fabricate a 0.5-scale remotely
piloted research vehicle of a Highly Manoeuvrable Advanced Technology (HIMAT)
aircraft under contract to NASA. In February 1978, the first aeroelastically tailored
HIMAT test aircraft was ready for flight tests [2.18]. The design objective was to
satisfy the cruise goal by designing the wing with jig shape and aeroelastically
tailoring the canard and wing skins to deform and satisfy the desired 8-g manoeuvre
goal. The flight-test program, begun in 1979, successfully demonstrated the benefits
of aeroelastic shape control.

The contributions made by AFFDL and General Dynamics were mainly due
to exploration of the high specific strength (ultimate tensile strength/density of the

material) and specific stiffness (modulus/density) properties of composite materials.

The X-29, a swept-forward wing demonstrator aircraft, is one of the most
recent applications of aeroelastic tailoring. The application of aeroelastic tailoring
(advanced composites) in this case took advantage of an old idea, sweeping the
wings forward. The benefits of wing sweep were known as early as 1935 [2.19], but
it was not until the 1940s that sweeping the wing either forward or aft to reduce
transonic drag was seriously considered. Despite the higher aerodynamic superiority
of the swept-forward wings, their vulnerability to aeroelastic divergence made the
designers abandon this idea, the cure of which was to stiffen the wing with a weight
penalty. As a result, aft-swept wings dominated virtually all high-performance

aircraft.

The reintroduction of the swept-forward concept was due mainly to the
doctoral dissertation of Krone [2.20, 2.21] who showed that, with little or no weight
penalty, tailored composites could be used to avoid divergence of a swept-forward

wing. Grumman further investigated forward sweep for improved transonic
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manoeuvring performance using Krone's data on aeroelastic characteristics [2.21].
The Defence Advanced Research Projects Agency (DARPA) in 1977, initiated
studies to verify divergence avoidance with aeroelastically tailored composites along
with performance evaluations of swept-forward wing designs [2.22]. These studies
were performed by General Dynamics, Grumman, and Rockwell under the technical
directions of AFFDL. Grumman was selected by DARPA to design and build the
X-29 [2.22], a swept-forward wing flight demonstrator whose first flight occurred in
December 1984.

During the period 1971-1986 aeronautical journals were flooded by
numerous research studies in the aeroelastic tailoring area. These mainly focused

on two different directions:

1. General studies of composite mechanics, in order to comprehend the

phenomenon, evaluate the theory and carry out parametric studies.

2. Specific application of the technology to particular designs.

Aeroelastic tailoring has reached this stage through developments in fibrous
composite materials and mathematical programming methods. The former increased
aircraft structural design options, while the later allowed the designer to use

efficiently the numerous design variables.

Tsai and Hahn [2.23] were the first to provide a theory of the mechanics that
helped to predict and design structures making use of the directional stiffness and
strength characteristics of composites and the better stiffness-to-weight ratio. They
demonstrated various methods of coupling the in-plane and out-of-plane
deformations of laminated beams and plates. Similar work was later provided by
Jones [2.24] and Datoo [2.25]. In addition, Shirk and Griffin [2.26] demonstrated

deformation control with laminate design.

Although fibrous composites offer new opportunities for structural design, the
increased number of variables, such as the fibre orientation, the number of plies and
the thickness of each ply in the laminate, increases the complexity of the design

problem. In McCullers’ [2.27] words:
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“Advantageous utilisation of the anisotropic properties of composites
requires consideration of additional designs variables and use of
complex behaviour and failure mode analysis techniques. Many
metal design problems can be reduced to the determination of a
single thickness for each member. A composite laminate, however,
requires the determination of the number of plies and the orientation
of each ply for the material(s) selected, which increases the
maghnitude and complexity of the design problem. Therefore, although
optimisation techniques are very useful in metal design problems,
they are almost essential for the efficient design of composite
structures”.

Therefore an aspect of aeroelastic tailoring which has rapidly attracted the
attention of many researchers in the field, is the development of optimisation
techniques. Aeroelastic tailoring is considered to be a particular application of the
general field of structural optimisation under aeroelastic constraints such as flutter

and divergence. Some excellent survey papers on the subject are Refs [2.28-2.30].

The first attempt to develop an optimisation program with special reference
to aeroelastic tailoring was TSO [1.3] of which scope and limitations were mentioned

earlier. Several optimisation and other computer programs have followed TSO.

The Transonic Aircraft Technology (TACT) program demonstrated the
application of aeroelastic tailoring with advanced composites by designing an
aerodynamically efficient wing with jig shape for the cruise condition and to wash-out
at the 7.33-g condition [2.31]. In addition, the design had constraints on pivot loads,
wing loads, flutter speed, and panel buckling. A parametric study [2.31] showed that
material bending-torsion coupling variations had greater effect than variations in box
chord dimension. The twist of composite was found to be double that of aluminium
and a reduction of 4% in pivot load, along with fulfilment of flutter speed
requirements without any weight penalty. These studies were subsequently

confirmed on a 1/24 - scale model in a wing tunnel [2.32].
In 1975 Grumman was contracted by the Airforce Flight Dynamics

Laboratory AFFDL to define the benefits and results of the application of composite
materials to an Advanced Design Composite Aircraft (ADCA) [2.33, 2.34]. It was
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intended that the aircraft would be smaller, lighter, and less costly but capable of
performing a supersonic penetration interdiction fighter mission at lower life cycle
costs than its metallic counterpart. As a result of using the ADCA program, an
aeroelastic tailoring technology of the wing and vertical stabiliser was developed
[2.33].

The important characteristics of the wing were mission performance, take-off
gross weight, transonic manoeuvre condition, and wing shape at supersonic cruise.
A comparison of tailored and untailored aeroelastic wing for twist characteristics
subject to minimum structural weight and strength at ultimate load constraints
showed that the tailored design fulfiled supersonic cruise requirements with

negligible improvements in transonic manoeuvrability.

The plies were rotated through fifteen degrees aft of the main load-carrying
axis in case of the vertical tail which improved flutter speed and increased
effectiveness in generating yawing moments. Tail effectiveness can be utilised in
two ways. Firstly, keeping the size of the tail surface constant, the lateral directional
stability and rolling performance can be improved which will decrease the lateral
manoeuvre loads and ease the response requirements of the control system.
Secondly, without making any change in the lateral stability performance of the
aircraft the tail size may be reduced, thus decreasing the drag and weight

associated with the tail.

General Dynamics also conducted further studies through several contracts
with AFFDL. The first study [2.34] resulted in the TSO program and a 3/8 scale
demonstrative component of a conceptual fighter wing with an ultimate objective of
increasing aerodynamic effectiveness by elastic camber and twist. A parametric
study was conducted on ten minimum weight graphite/epoxy skin designs with two
different objectives, namely maximum static aeroelastic lift and maximum load relief.
The design objective was to achieve maximum flexible-to-rigid lift ratio through
camber and twist control while maintaining an uninterrupted tip-to-tip spanwise ply
orientation. Graphite/epoxy was used for the skin, with full-depth aluminium
honeycomb, and fibre glass spars. The structure was analysed by both TSO and a
finite element package with influence coefficient and vibration tests. The

disagreement in static deflections and frequencies between tests and predictions
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were within 5%. The eventual output of this study was a build up of confidence in the

analytical procedures adopted in the design [2.33].

In a second study [2.35], the TSO computer program code was extended to
study performance benefits through shape control. The investigation concentrated
on a low aspect ratio fighter wing and a high aspect ratio bomber wing. The findings
were as follows:

1. A composite wing should be tailored aeroelastically to provide acceptable
aerodynamic characteristics with minimum weight, otherwise a low drag polar
break lift coefficient or an undesirable aerodynamic centre shift could completely
negate the benefit of reduced weight.

2. Maximising camber while obtaining high negative twist (i.e., wash-out) should be
utilised to obtain the best drag polar.

3. The planform geometry can be improved by the weight saving feature of the
composites. It was shown, for example, that an extension in the span of the
fighter wing gives 5.8% greater sustained turn rate than a wing with a usual

leading-edge flap at Mach number 0.9 and 2.3% increase at Mach number 1.2.

4. In the case of the extended-span bomber wing, a 13.6% increase in ferrying

range and 15.6% increase in refuel altitude were predicted.

In a third contract [2.36-2.38], wind tunnel data for tailored wing design were
obtained demonstrating the range of beneficial aeroelastic response attainable. The
wing planform was the product of another research and development program on a
similar planform of an extended-span fighter wing, which provided good transonic

manoeuvrability without losing supersonic performance.

The design study considered three aeroelastically tailored wings and a rigid

steel one [2.38]. These are discussed briefly as below.
1. The first wing was designed to reduce drag at transonic manoeuvre conditions

by aeroelastic camber and negative twist, i.e., wash-out. The analysis indicated

that the flutter speed of the wash-out wing was higher than that of the F-16
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metal wing. This was not expected since the aeroelastically tailored wings had
larger areas and aspect ratios and thinner airfoil sections than the F-16 metal
wing.

2. The second wing was designed to increase the lift-curve slope through camber
and positive twist, i.e., wash-in. Such a design is applicable to vertical tail
surfaces, where in the case of conventional designs, the effectiveness of the
surface is lost due to aeroelastic effects. Hence the wash-in and wash-out
capabilities of composite wings gave the concept of deformation control using

fibrous materials.

3. The third wing was an untailored design, having balanced composite wing

laminate with equal amounts of cross plies.

4. The steel wing provided a conventional model data base.

The datum was provided by the untailored design and was compared with the

tailored wings to establish the benefits of aeroelastic tailoring.

A unique feature of this test was the simultaneous acquisition of all data
(force, pressure, aeroelastic shape, and steady-state and dynamic bending
moment), which provided an excellent data base for evaluation of design methods.
This program demonstrated that aeroelastic tailoring of a wing can produce a
significant reduction in transonic drag due to lift, or for different design approach, a
significant increase in lift-curve slope compared to the rigid wing. The program also
demonstrated the effectiveness of the analysis/design procedures in preliminary

design.

General Dynamics also worked on the preliminary design of the Wing/Inlet

Composite Advanced Development (WICAD) program [2.39] to :

1. Provide a flight worthy wing and inlet for the F-16.

2. Develop and demonstrate advanced composite conceptual design technology to

manufacture low-cost, lightweight, and durable fighter wing and inlet structures.
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The study using TSO revealed a laminate skin weighing 67.5% of an
aluminium skin, a flexible-to-rigid lift ratio of 1.116, and a flutter speed 12.7% higher
than the aluminium skin design. However, this program of investigation was
terminated after a period of only seven months before any validation of the

aeroelastically tailored design through ground or flight testing was conducted.

HIMAT was the first modern, aeroelastically tailored remotely piloted
research vehicle, designed and constructed by Rockwell for the NASA Dryden Flight
Research Centre [2.40-2.43]. The outboard and the canard were aeroelastically
tailored in such a way that the aircraft was capable of sustaining a 8-g turn at Mach
0.9 at an altitude of 25,000 feet. There was an additional transonic manoeuvre
requirement while maintaining the aircraft’s subsonic cruise performance. The flight

tests were carried out in 1979.

The wing and canard were aeroelastically tailored by a two phase iterative
process. Firstly, a preliminary sizing was obtained by using the computer codes
AC87 and AC89, which were developed by Rockwell [2.41] and based on advanced
composite beam theory, followed by a detailed design verification with NASTRAN
[2.41]. The process was iterated until twist and strength requirements were satisfied.
HIMAT programme demonstrated the feasibility of unbalanced, graphite/epoxy
laminates in controlling aeroelastic twist. However, the results obtained at 110% limit
load at 8-g manoeuvre test conducted on wing and canard did not agree well with
the analytical predictions. This was due to the non-linear behaviour of composite

properties in the transverse direction to the fibres.

DARPA funded General Dynamics, Grumman, and Rockwell to prepare a
feasibility study on a swept-forward wing, small fighter class aircraft flight
demonstrator, the X-29 [2.44]. These studies followed experimental investigations by
Grumman [2.45] and Rockwell [2.46] to assess the accuracy of predicting wing
divergence speed. Other aspects of these experiments were focused on the
understanding of divergence of a fixed-root swept-forward wing, model design and
fabrication process for simulation of aeroelastic properties and the sub-critical
divergence test techniques. Despite the different approaches adopted by the two

companies the ultimate results were similar.

53



CHAPTER 2 : LITERATURE REVIEW |

Grumman [2.45] used FASTOP (Flutter And STrength Optimisation Program)
and found that rotating the laminate sequence of [0, +45, 90] until the primary
bending plies are 9 degrees forward of the reference structural axis and the required
bending-torsion coupling is achieved to minimise the undesired wash-in tendencies.
On the other hand, Rockwell [2.46] used TSO to design a laminate with the cross
plies oriented 30 degrees forward of and 51 degrees aft of the reference axis along
with the primary bending plies oriented at 9 degrees forward of the reference axis.
The models were tested in the NASA Langley Research Centre’s 16 feet transonic
dynamics tunnel. Experimental results showed that wing divergence could be
avoided by the application of aeroelastic shape control, possible due to tailoring of
the advanced composites.

A high aspect ratio wing with an aft sweep of 35 degrees of a cargo transport
aeroplane was studied by Gimmestad [2.47] for aeroelastic effects, such as effects
of flexibility and jig twisting. Results were compared with those of an aluminium wing

and the following general conclusions were drawn [2.47]:

1. It was felt that aeroelastic effects and jig twist must be taken into account in

preliminary design to achieve performance enhancement.

2. Anisotropic effects can have several consequences, particularly on stability and

control.

3. Anisotropic effects witnessed in composites can also be seen in conventional

materials but to a much lesser extent.

In yet another study, Gimmestad [2.48] using TSO showed that a composite
winglet of KC-135 can be designed for substantially larger aeroelastic wash-out

losses in order to reduce wing bending moments.

In another study TSO was used by Triplett [2.49] to design a wing for the
fighter aircraft F-15 which saved 55 Ibs weight and gave a reduction in drag, thus
improving the roll effectiveness. Other parts of the study covered the preliminary
design of a horizontal tail, a prototype aircraft movable outer wing panel, and a

conceptual aircraft wing. In the case of the conceptual aircraft wing, a 3% weight
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saving was achieved but with 4.6 degrees wash-out twist the weight penalty was
2.5%.

Triplett also pointed out in another study [2.50] that there can be no weight
penalty while dealing with the problem of divergence of swept-forward wings.
However, it was shown that the induced drag increases with the swept-forward
configuration.

Whilst the bulk of analytical and experimental research into aeroelastic
tailoring has taken place in the USA, a significant contribution has come from
Europe. The work of Sensburg et al. [2.51] is an excellent example of European
activity. In this work, the application of aeroelastic tailoring for passive load
alleviation on an extended wing version of the Airbus A300 was studied. It was
shown that a rigid extended wing resulted in 1.7% increase in root bending moment

with aeroelastic tailoring as compared to 7% on a conventional material.

Schweiger et al. [2.52] studied the potentials of laminate orientation on a high
aspect ratio glider to control wing/body flutter due to the interaction between swept

wing bending and the short period mode.

Lavi fighter developed by Grumman for Israel Aircraft Industries, has utilised
FASTOP to optimise the advanced composite structures for improved control

effectiveness of the wing elevons and the overall performance of the fin [2.53].

Similar approaches to FASTOP appeared in the field of optimisation.
COMBO (COMposite Box Optimisation program) [2.54] and SWEEP (Structural
WEight Estimation Program) [2.55] are excellent examples of such approaches. A
very recent addition to the aeroelastic optimisation programmes is the development
of the computer program ADOP (Aeroelastic Design Optimisation Program) [2.56]
by McDonnell Douglas Corporation. This programme results from considerable
improvement and modification of an existing aeroelastic analysis program called
ASTROS (Automated STRuctural Optimisation System) [2.57]. Although ADOP is
now capable of handling a complete aircraft configuration with up to 250,000
degrees of freedom, it seemingly appears to be a very expensive tool to perform
design optimisation. Such a programming tool inevitably makes an extensive use of

computer time, and therefore it is beyond the scope of most designers. Thus the
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development of an aeroelastic computer program which is short, compact and
completely self-contained is of great value. CALFUNOPT (CALFUN with
OPTimisation) [2.58-2.60] is such a program in FORTRAN which has been
developed jointly by City University and the University of Bath in recent years.

By implementing the optimisation capability through the use of ADS
(Automated Design Synthesis) [1.40], CALFUNOPT has been developed from an
earlier analysis version of the program CALFUN (CALculation of Flutter speed Using
Normal modes) [2.58] which computes flutter speed, flutter frequency and
aeroelastic modes of metallic or composite wings using normal modes and
generalised coordinates. CALFUN and CALFUNOPT which are currently under
further development have been extensively used to obtain results reported in this
thesis.

23 Analytical Approaches

In varying degrees of complexity, several theoretical studies have examined
the various aspects and benefits of aeroelastic tailoring. A number of references
propose structural idealisations for use in aeroelastic analyses. In others, more
complex models which include the effects of camber, have been used to examine
aspects of aeroelastic tailoring. In these studies a number of ply parameters, such
as the fibre orientation or some form of non-dimensional stiffness or flexibility
parameters, have been used as design variables. In general they all concentrate on
the stability in flutter and divergence, lateral control effectiveness, and load
redistribution for both swept and unswept wings. It is to this second level of research

that the literature review that follows will be confined.

In the area of stability that the work reported in this thesis falls, Krone [2.20,
2.21] was one of the pioneers who investigated the ability of composite materials to
enhance divergence of swept-forward wings. In his studies he concludes that
swept-forward wings without divergence or weight penalties may be possible
through the use of selective laminated advanced composites. In particular, he
concludes that the detrimental effect of divergence on swept-forward aerofoils can
be