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Dedication

This volume is dedicated to the memory and achievements of Wilber and Orville
Wright on the centenary of the first sustained, controlled flight at Kitty Hawk on

December 17th, 1903

A cord of three strands is not quickly broken....

Ecclesiastes, Chapter 4, verse 12

Cranfield Al Aerobatic Aircraft, see Addendum AD1



Series Advisors' Foreword

Thefield of aerospaceis wide ranging and coversa variety of disciplines and domains,
not merely engineering but many related supporting activities. all combining to produce
exciting and technologically challenging products.

The Aerospace Series aims to be a practical and topical series of books aimed at
engineering professionals. operators and users in the aerospace industry. The range of
topics is intended to be wide ranging covering design and development, manufacture.
operation and support of aircraft as well as topics such asinfrastructure operations. and
developments in research and technology. The intention is to provide a source of
relevant information that will be of interest and benefit to all those people working in
aerospace

Aircraft Loading and Structural Layout is an invaluable source of information for
studentsand practitioners in thefield of aircraft structural loading. Based on many years
of practical teaching by a distinguished professor, the text covers both ground and
airborne loading cases. Commercial and military aircraft types are presented with their
widely differing operating requirements. As well as providing a source book for
undergraduate and postgraduate students, this book is also a reference book for
practising engineers. The text is straightforward and comprehensive and practical
examples are given. This volume nicely complements the other book in this series.

lan Moir
Allan Seabridge



Contents

Notation

Preface

Chapter 1 - Introduction

11
12

13

14

15

The preliminary design of an airframe
Airworthiness targets

1.2.1 Introduction

1.2.2 Civil arcraft

1.2.3 Military aircraft considerations
1.2.4 Definition of failure probabilities
Achievement of airworthiness targets - loads and factors
1.3.1 Requirements

1.3.2 Cause of loads

1.3.3 Frequency of loads

1.3.4 Load factors

1.3.5 Structure life

1.3.6 Design of systems

Definitions and basic assumptions

141 Reference axes

14.2 TInertial characteristics

143  Aerodynamic characteristics
Specification of design conditions

15.1 Operating and design flight envelopes
1.5.2 Definition of speeds

1.5.3  Aircraft mass and centre of gravity
1.5.4 Engine conditions

1,55 Altitude

Chapter 2 - Structural design requirements

21

Historical review

211 Introduction

2.1.2 Development of requirements for military aircraft
2.1.3 Civil aircraft requirements

xix

xxi

SN h b B W N R = -

o
OO =D

19
20

SO I (O]
Ll =

b

[N SIS SN
N W W W



Vi

Contents

2.2 Current airworthiness codes
2.2.1 Introduction
2.2.2 Military aircraft
2.2.3 Civil aircraft requirements
2.3 Categories of aeroplanes
2.3.1 Military aircraft
2.32 Civil aircraft
2.4 Magjor categories of loading cases
2.4.1 Vehicle configuration and load cases
2.4.2 Symmetric flight cases
2.4.3 Asymmetric flight cases
2.4.4 Ground cases
2.45 Longitudinal load cases
2.4.6 Local loading and miscellaneous loading cases
2.5 Interpretation of loading cases
2.6 Design speeds
2.6.1 Introduction
2.6.2 Design speeds

Chapter 3 — Flight loading cases
3.1 Introduction
3.2 Symmetric flight manoeuvres
3.2.1 Introduction
3.2.2 Flight conditions in symmetric manoeuvres
323 Theflight envelope or n-Vdiagram
3.2.4 Pitching conditions
3.3 Asymmetric flight manoeuvres
3.3.1 Introduction
3.3.2 Ralling cases
3.3.3 Yawing/sideslip manoeuvres
3.4 Engine failure cases
3.5 Atmospheric turbulence and gusts
3.5.1 Introduction
3.5.2 Representation of gusts
3.5.3 Gust and turbulence requirements
3.5.4 Asymmetric gust requirements
Appendix A3 Roll performance requirements
A3.1 Military
A3.2 Civil

Chapter 4 = Rigid airframe dynamics
4.1 Introduction
4.2 Longitudina trim conditions
4.2.1 Forces and moments in symmetric flight
4.2.2 Définition of aerodynamic terms
4.3 Static stability
4.3.1 Longitudinal static margin — controls fixed
4.3.2 Longitudina manoeuvre margin - controls fixed

30
30
31
34
35
35
35
35
35
36
36
l6
37
37
3

38
38
38

43
43
43
43
44
45
48
48
48
49
5'}
58
58
58
59
62
64
66
66
67

69
69
70
70
74
79
19
82



4.4

4.5

4.6

4.7

4.8

4.3.3 Latera static stability
4.3.4 Directiona static stability
General equations of motion
4.4.1 Introduction
4.4.2 Components of acceleration
443 Generalized force and moment equations
444 |Initia steady trimmed conditions
4.45 Disturbed forces and moments
4.4.6 Rearrangement of the equations of motion and linearization
4,47 Non-dimensionalization of the equations of motion
4.48 Decoupling of the equations of motion
Solution of the equations of motion
45.1 Introduction
4.5.2 Solution of the decoupled equations of motion using
the differential operator
Analysis of the longitudinal equations for loading actions calculations
4.6.1 Introduction
4.6.2 Definition of the non-dimensional longitudinal derivatives
4.6.3 Response of the aircraft to pitch control input
4.6.4 Response of the aircraft to changesin the thrust
Analysis of the lateral/directional equations
4.7.1 Introduction
4.7.2 Definition of lateral/directional non-dimensional derivatives
4.7.3 Decoupling of the lateral /directional equations of motion
4.7.4 Response of the aircraft to roll control input
4.7.5 Response of the aircraft to yaw control input
4,7.6 Response of the aircraft to changes in thrust
Comments on specia configurations of aircraft
4.8.1 Generd
4.8.2 Aircraft employing fore-plane layouts
4.8.3 Tailless aircraft
4.8.4 All-moving horizontal stabilizer

Appendix A4 Characteristics of second-order linear

differential equations

A4.1 Introduction

A4.2 The Complementary Function
A4.3 The Particular Integral

Chapter 5 - Flight manoeuvr e loads

5.1

52

Introduction

5.1.1 Genera comments

5.1.2 Trimmed flight

5.1.3 Manoeuvre loads

Modes of control motivator movement
5.2.1 |Introduction

5.2.2 Unchecked mode

Contents

84
85
85
85
85
87
g9
89
92
94
98
99
99

100
100
100
102
106
112
112
112
114
17
117
118
121
122
122
123
124
125

126
126
126
128

135
135
135
135
136
136
136
137



viii

Contents

5.2.3 Checked mode
5.2.4 Excitation mode
5.3 Longitudinal cases - pitch motivator deflection
5.3.1 Steady flight conditions
5.3.2 Pitching acceleration
5.3.3 Analysis of the unchecked pitching manoeuvre
5.3.4 Analysisof the checked pitching manoeuvre
5.35 Comf()arison of the loads resulting from unchecked and
checked control movements
5.3.6 Summary of the loads on the horizontal stabilizer
5.3.7 Loads on trailing edge control devices
5.4 Latera case - roll motivator deflection
5.5 Directional case - yaw motivator deflection
5.5.1 Introduction
5.5.2 Step input to the yaw motivator
5.5.3 Sinusoidal input to the yaw motivator
5.5.4 Loadson the yaw control motivator
5.5.5 Lateral and yaw accelerations
5.6 Asymmetric horizontal stabilizer load due to sideslip
5.7 Application of flight manoeuvre load analysis

Chapter 6 — Loads due to atmospheric turbulence
6.1 The nature of atmospheric turbulence
6.1.1 General comments
6.1.2 Mathematical models of atmospheric turbulence
6.2 Analysis of the alleviated sharp-edged gust - the
gust n-V diagram
6.2.1 Thealeviating factor
6.2.2 Tbegust n-V diagram
6.2.3 Horizontal stabilizer load due to a symmetric gust
6.2.4 Fore-plane layouts
6.2.5 Lateral gust load on the vertical stabilizer
6.3 The tuned gust approach
6.3.1 Symmetric gusts
6.3.2 Lateral gusts
6.4 Continuous turbulence analysis
6.4.1 Basis of continuous turbulence analysis
6.4.2 Application to aircraft gust response
6.4.3 Continuous turbulence gust design criteria
6.4.4 Determination of functions A and N,
6.4.5 Structaral response dynamic factors
6.5 Concluding remarks
Appendix A6 Example application of lateral two degree of freedom
continuous turbulence analysis
A6.1 Introduction
A6.2 Aircraft and case data
A6.3 Alleviated sharp-edged gust analysis

139
139
139
139
142
144
150

153
153
155
156
156
156
155
161
163
163
169
170

171
171
171
112

174
174
175
L7
179
179
179
179
184
185
185
189
193
194
205
206

206
206
206
207



A6.4 Calculation of A and N, for continuous turbulence analysis
AB.5 Application to design envelope analysis
A6.6 Application to mission analysis

Chapter 7 = Ground loads

7.1

7.2

73

7.4

7.5

7.6

7.7

Introduction

7.1.1 General comments

7.1.2  Scope of the requirement codes

7.1.3 Aircraft design mass conditions

7.1.4 Aircraft attitude in the longitudinal plane
Summary of shock absorber design characteristics
7.2.1 Introduction

7.2.2 Shock absorber performance and efficiency
7.2.3 Pneumatic tyre characteristics

7.2.4 Shock absorber reaction factor and stroke
7.2.5 The energy absorption equation

7.2.6 Energy dissipation

Energy absorption requirements

7.3.1 Introduction

7.3.2 Landing vertical velocity requirements

7.3.3 Didtribution of the vertical energy into the landing gear units

I.oad cases resulting from landing conditions

7.4.1 Introduction

7.4.2 Landing with drag and side load - Load Case (1)
743 Sideload - Load Case (2)

744 High-drag landing - Load Case (3)

7.4.5 One-wheel landing condition — Load Case (4)
746 Rebound of unsprung parts - Load Case (5)
Load cases resulting from ground manoeuvring conditions
7.5.1 Introduction

7.5.2 Braking cases

7.5.3 Turning and pivoting

7.5.4 Take-off cases

7.5.5 Supplementary nose-wheel loads — steering

756 Towing loads

Operation from uneven surfaces

7.6.1 Introduction

7.6.2 Definitionsof runway unevenness and the bump factor, F
7.6.3 Military aircraft steady braking cases

7.6.4 Take-off cases

Supplementary loading conditions

7.7.1 Genera

7.7.2 Directiona control and nose-wheel castoring
7.7.3 Forward speed at and after touchdown

7.7.4 Taxiing and take-off run

7.75 Unequa loads on wheels and tyres

7.7.6 Tyre clearances

Contents

207
209
210

213
213
213
214
214
214
216
216
216
219
219
220
222
222
222
222
224
227
227
227
229
229
233
234
234
234
234
236
237
237
237
238
238
238
240
241
242
242
242
242
242
242
242



Contents

7.7.7 Retraction and lowering
7.8  Absorption of horizontal energy - brake considerations
7.9  Effect of airframe flcxihility and other variahles
7.10 Example calculation
Appendix A7 Dynamic analysis of landing
A7.1 Introduction
A7.2  The definition of the problem
A7.3  Derivation of landing gear spring and damping
characteristics
A7.4  Derivation of applied forces
A7.5 Kinetic energy terms
A7.6 Potential energy terms
A7.7  Externa work
A7.8 Derivation of the equations of motion
A7.9 Simplification and solution of the equations of motion
A7.10 Comments

Chapter 8 — Loading nn individual airframe components
8.1 Introduction
8.2 Additional overall considerations
8.2.1 Longitudinal acceleration and deceleration
8.2.2  Spinning
8.2.3 Ground handling loading
82.4 Crashworthiness
8.3 Lifting surfaces
8.3.1 Introduction
8.3.2 Bird strikes
833 Fud systems - integral and hag tanks
8.3.4 Loading of control surfaces and high-lift devices along
the effective hinge-line
8.3.5 Control surface tail to wind case
8.3.6 High-lift devices
8.3.7 Wing-mounted spoilers and air-brakes
8.4 Fuselages
8.4.1 Genera comments
8.4.2 Deceleration cases
8.4.3 Pressurization
8.4.4 Bird strikes
8.4.5 Freight loading conditions
8.5 Powerplant installations - engine mounting loads
8.5.} Introduction
8.5.2 United Kingdom military aircraft
8.5.3 Civil arcraft
8.5.4 Bird strikes - intakes
8.5.5 Location of powerplants

243
243
243
244
244
244
245

246
249
251
251
251
252
253

254

L

Lh Lh Lh

3

RN
hnn Lntn Ln Ln ULn

co oo



Appendix A8 Design formulae for transparency design under

bird strike conditions

A8.1 Introduction

A8.2 Penetration formulae
A8.3 Deflection analysis

Chapter 9 - Air-load distributions

9.1
9.2
9.3

94

9.5
9.6

9.7

9.8

Introduction

General comments concerning lifting surfaces

Span-wise loading of lifting surfaces in subsonic flow

9.3.1 Un-swept lifting surfaces

9.3.2 Span-wise loading of swept lifting surfaces

9.3.3 Span-wise loading distribution due to rolling

9.34 General comments on the span-wise loading of lifting
surfaces in subsonic flow

Chord-wise loading of lifting surfaces in subsonic flow

9.4.1 Components of loading

9.4.2 Location of the chord-wise centre of pressure and the
aerodynamic centre

9.4.3 Overal chord-wise load and moment

9.4.4 Chord-wise load distribution on basic aerofoils

Longitudinal air-load distribution on bodies in subsonic flow

Pressure distribution on lifting surfaces in supersonic flow

9.6.1 Pressure distribution on alifting surface of infinite aspect
ratio in inviscid supersonic Row

9.6.2 Pressure distribution on an unswept lifting surface of finite
aspect ratio in inviscid supersonic Row

9.6.3 Boundary layer effects

9.6.4 Swept wings with supersonic leading and trailing edges

9.6.5 Swept lifting surfaces with subsonic leading edges

9.6.6 Comments on the pressure distributions cver lifting surfaces
in supersonic flow

9.6.7 Effectof yaw on the pressure distribution in supersonic flow

9.6.8 Pressure distribution due to control deflection in
supersonic flow

Air-load distribution on bodies and wing—body combinations in

supersonic flow

9.7.1 Isolated bodies

9.7.2 Air-load distribution on wing—body combinationsin
supersonic flow

The contribution of overall loading at zero lift to the zero-lift

pitching moment

9.8.1 Introduction

9.8.2 Wing aerofoil section camber

9.8.3 Lifting surface twist

9.84 Fuselage camber

Contents

269
269
270
292

273
273
274
276
276
282
283

284
290
290

290
294
295
298
298

298
299
301
301
303

304
307

309

L W
— —

314

316
316
316
316
317

xi



xii Contents

9.8.5 Wing-body effect 317
986 Tota zero-lift pitching moment 319
Chapter 10 - Specification and analysis of repeated loading 321
10.1 Introduction 321
10.2 Fatigue design requirements 322
10.2.1 Introduction 322
10.2.2 Civil transport aircraft 322
10.2.3  United Kingdom military aircraft 322
10.2.4 United Stales military aircraft 322
10.3 Assumptions made in the analysis of fatigue loading 322
10.4 Repeated load data 324
10.4.1 Presentation of data 324
10.4.2 Flight manoeuvre cases 325
10.4.3 Atmospheric turbulence 326
1044 Landing gear loads 330
10.4.5 Other sources of significant repeated loading 332
10.5 Significance of repeated load cases 334
10.5.1 Introduction 334
10.5.2 Ground loading 334
10.5.3 Ground-air—ground load 334
10.5.4 Pressurization 334
10.5.5 Flight manoeuvre loads — symmetric 334
10.5.6 Flight manoeuvre loads — asymmetric 335
10.5.7 Control motivator loads 335
10.5.8 Flight gust loads 335
10.5.9 Landing loads 335
10.6 Specification of airframe life 335
10.7 The fatigue design process 336
10.7.1 Introduction 336
10.7.2 Initia phase of the design to combat fatigue 336
10.7.3 Selection of the design philosophy 337
10.7.4 Design process - safe life and fail-safe 339
10.7.5 Design process - damage tolerant 339
Chapter 11 - Aeroelastic considerations 341
11.1  Introduction 341
11.2 Aeroelastic phenomena 342
11.21 Divergence 342
11.2.2 Reduction of control effect and reversal 344
11.2.3  Flutter 345
11.3 Structural response 346
114 Specified aeroelastic requirements 347
11.5 Stiffness criteria 347
11.6 Inertiaand mass distribution 350

11.7 Structural damping 350



11.8 Miscellaneous stiffness and related considerations
11.8.1 Control surface backlash
11.8.2 Control surface and shroud distortion
11.8.3 Hinged doors, dive brakes, etc.
11.8.4 Overdl wing aerofoil contour

Chapter 12 - Derivation of structural design data
12.1 Introduction
12.2 Basic aims of structural design
12.2.1 Introduction
12.2.2  Strength
12.2.3 Stiffness
12.2.4 Serviceability
12.2.5 Implication of advanced control systems
12.3 Analysis of requirements - structural design data
12.3.1 Genera procedure
12.3.2 Example of unrestrained beam analysis
12.3.3 Loading conditions in major design cases
12.4  Sources of load on primary structural components
12.4.1 Introduction
12.4.2 Overal loading on the wing
12.4.3 Fuselage loading
12.4.4 Landing gear
125 Referenceand datum lines
125.1 Reference lines
12.5.2 Swept lifting surfaces
Appendix A12 Example of an unrestrained beam analysis
A12.1 Definition of the problem
A12.2 Overdl load analysis
A12.3 Comments

Chapter 13 - Airframe materials and applications
13.1 Introduction
13.2  Airframe materials

13.2.1 General

13.2.2 Metdlic materials

13.2.3 Fibre-reinforced composite materials
13.3 Criteria for the selection of materials

13.3.1 Genera

13.3.2 Static (ductile) strength

13.3.3 Fracture toughness

1334 Stiffness
134 Application of aircraft matcrials

13.4.1 Metds

13.4.2 Composites

13.4.3 Smart materials

13.4.4 Other airframe materials

Contents

351
351
351
351
351

Xiii



Xiv

Contents

135

Material properties for initial structural design

13.5.1 Introduction

13.5.2 Stiffnesses

13.5.3 Allowable stresses — metals

13.54 Allowable stresses - fibre-reinforced plastic composites

Chapter 14 - Role and layout of structural members

141
14.2

14.4

14.6

14.7

Introduction

Lifting surfaces - wings and stabilizers
14.2.1 Overall requirements

14.2.2 Span-wise beam concepts

14.2.3 Wing fuel tanks

14.2.4 Chord-wise location of spars
14.25 Riblocation and direction

14.2.6 Fixed secondary structure

14.2.7 Horizontal stabilizer

142.8 Vertical stabilizers

Auxiliary surfaces

1431 Generd

14.3.2 Hinged control surfaces

143.3 Pivoted control surfaces

14.3.4 High-lift systems

Fuselage

14.4.1 Genera considerations

14.4.2 Cross-section shape

14.4.3 Basic structural layout - outer shell
1444 Frames

14.4.5 Doors, windows, and windscreen/canopies
14.4.6 Floors

Attachment of lifting surfaces

14.5.1 Continuous carry-through structure
14.5.2 Wing loads passed round fuselage
Buried powerplants in combat aircraft
14.6.1 Introduction

14.6.2 Wing location

14.6.3 Engine removal

14.6.4 Specid problem of vertical take-off and landing designs
Landing gear

14.7.1 Landing gear mechanical layout
14.7.2 Landing gear retraction

Chapter 15 - Synthesis procedure = initial sizing of members

15.1

Introduction

15.1.1 Basic data

15.1.2 Distribution of loads
15.1.3 Synthesis technique

384
384
384
384
388

391

391

391

391

392
399
400
401

402
402
402
404
404
404
407
408
410
410
410
410
414
415
415
416
416
417
419
419
419
419
420
421
421
422

423
423
423
424
425



15.2

153
154

155

15.6

15.7

15.8

Box beam of lifting surfaces

15.2.1 Cross-section of the structural box
15.2.2 Torsiona stiffness requirement
15.2.3 Overdl torsion moment

15.2.4 Overal bending moment

15.2.5 Thickness of upper and lower box surfaces
15.2.6 Spar webs

15.2.7 Stringer configuration

Ribs

Auxiliary surfaces (controls. flaps, slats, and spoilers)
15.4.1 Hinge/support positions

15.4.2 Sizing of the main elements
Fuselage

15.5.1 Pressurization

15.5.2 Torsion shear requirement

15.5.3 Overal bending

15.5.4 Determination of the skin thickness
Fuselage shell support frames

Main attachment frames and bulkheads
15.7.1 Heavily loaded frames

15.7.2 Pressure bulkheads

Floors

Chapter 16 — Important departures from elementary theory

16.1
16.2

16.3

16.4

16.5

Introduction

Buckling considerations

16.2.1 Introduction

16.2.2 Struts

16.2.3 Optimization of distributed flange-stringer designs
16.2.4 Buckled shear webs

Cut-out: constraint, and sweep effects in box beams

16.3.1 Introduction

16.3.2 Bredt-Batho torsion — cut-outs and constraint effects
16.3.3 Constraint effects in swept-wing boxes

Joints

16.4.1 Genera

16.4.2 Transport joints

16.4.3 Production joints

16.4.4 Joint details

Cut-outs and load diffusion

16.5.1 Cut-outs

16.5.2 Load diffusion

Chapter 17 - Conclusions

17.1
17.2

Review and analysis
Loading calculations

Contents

426
426
428
429
430
431
432
433
434
436
436
438
440
440
441
441
442
442
443
443
444
445

447
447
447
447
448
449
455
458
458
458
460
461
461
461
462
462
462
462
467

469
469
469

XV



Contents

17.3 Structura design

17.3.1 Introduction
17.3.2  Structural design check list

Appendix A17 Bibliography

Addendum ADI - Example application of flight loading cases

ADI.1
AD1.2
AD1.3

AD14

AD1.5

AD1.6
AD1.7

ADI1.8
AD1.9

Scope of example

Cranfield A1 aerobatic aircraft

Aircraft data

AD1.31 Generd

AD1.3.2 Inertial characteristics

AD1.3.3 Geometry

AD1.34  Aerodynamic data

Definition of design loading conditions

AD1.4.1 Generad - applicable requirements

AD14.2  Specification of design normal manoeuvres and speeds

AD1.4.3 Manoeuvre diagram

AD1.4.4 Load spectra

AD145  Design conditions for loading analysis

Symmetric manoeuvres - elevator deflection

AD1.5.1 Introduction

AD1.5.2 Cadculation of aircraft characteristics

AD15.3 Evaluation of the datum flight conditions

AD15.4 Steady rotary motion

AD1.55  Unchecked manoeuvres

AD156  The checked manoeuvre at speed V-

AD15.7 Maximum design tail loads

AD15R Loadson the elevator

AD15.9 Tail-plane torques

AD1.5.10 Derivation of stressing data

Lateral manoeuvres - aileron deflection

Directional manoeuvres — rudder deflection

AD1.71  Genera remarks

AD1.7.2 Caculation of aircraft characteristics

AD1.7.3 Unchecked directional manoeuvre — step
input to rudder

AD1.7.4  Sinusoidal application of the rudder

AD1.7.5 Design tota fin and rudder loads

AD1.7.6 Loads on the rudder

ADL1.7.7  Fintorque

AD1.7.8 Derivation of stressing data

Asymmetric tail-plane loads due to sideslip

Gust and continuous turbulence considerations

AD19.1  Introduction

AD1.9.2 Discrete gust analysis — symmetric Bight

AD1.9.3 Design envelope analysis

470
470
470
471

475
475
476
476
476
476
477
479
480
480
481
481
482
483
484
484
484
485
487
487
490
491
493
493
494
494
495
495
495

496
497
498
498
499
499
499
500
500
500
500



ADI.10  Simulation
AD1.IO.l Introduction — scope of simulation
ADIL.10.2  Trim conditions
AD1.10.3 Pitching manoeuvres
AD1.10.4 Rolling manoeuvres
ADD1.10.5 Yawing and sideslipping motions
AD1.10.6 Conclusions

Addendum ADZ - Symmetric Right — balance procedure
AD2.1 Introduction
AD2.2 Basic conditions
AD2.3 Summary of analysis procedure
AD2.4 Example
AD2.4.1 Introduction
AD2.4.2 Basic aircraft data
AD2.4.3 Design case
AD2.4.4 Trim case
AD2.4.5 Steady rotary condition at 3g normal acceleration
AD2.4.6 Pitching acceleration conditions
AD24.7 Analysis of the condition when the aircraft pitches
nose-up towards 3g from level flight
AD2.4.8 Analysis of the condition when the aircraft pitches
nose-down from a 3g manoeuvre
AD2.5 Shear force and bending moment calculations
AD25.1 Level flight trimmed case
AD2.5.2 3g steady manoeuvre condition
AD2.5.3 Nose-up initiation of 3g manoeuvre
AD254 Nose-down pitch from 3g condition to level flight
AD2.6 Shear force and bending moment diagrams

Addendum AD3 - Asymmetric flight = balance procedure
AD3.1 Introduction
AD3.2 Assumptions
AD3.3 Consistency of derivatives
AD3.4 Analysis procedure
AD3.5 Example of alateral balance
AD35.1 Introduction
AD3.5.2 Basic arcraft data
AD3.5.3 Design case
AD3.5.4 Relevant data
AD3.5.5 Basic equations and datum sideslip values
AD3.5.6 Accelerationsand rates of motion
AD3.5.7 Balance, shear forces, and bending moments

Contents

502
502
503
504
524
530
3T

539
539
540
540
542
542
542
543
543
543
544

h
P
tn

547
548
548
550
552
554
561

563
563
563
564
565
566
566
566
567
567
567
568
568

XVvii



xviii

Contents

Addendum AD4 - Landing gear — load analysis
Introduction

Design example

Design case

Analysis of energy absorption characteristics

AD4.1
ADA4.2
ADA4.3
AD4.4

AD4S5

Index

AD4.4.1
AD4.4.2
AD4.4.3
AD4.4.4

Introduction

Static loads on each leg unit

Energy requirements for each landing gear unit
Vertical reactions at the design landing mass

Derivation of design loads

AD45.1
AD4.5.2
AD45.3
AD454
AD4.55

ADA4.5.6

Introduction

Landing with drag and side load

Side load

High-drag landing and spring-back

High-drag landing and spring-back analysed by the
method of MIL.-A-8862

One wheel landing



Preface

All engineering design is an iterative process although for the purposes of discussion and
analysis it is helpful to consider it as a series of discrete phases, each to be repeated
sequentially as the concept is developed. Aircraft design is no exception to this
generalization and the processesinvolved are outlined in the previous work by the author
Aircraft Conceptual Design Synthesis. That text was primarily concerned with the initial
phaseof thedesign of fixed-wingaircraft, namely theinterpretation of a written requirement
or specificationinto a reasonably well-defined concept described in some detail. In order
that thisinitial concept may provideavalid basisfor further analysisit is necessary togivea
qualitative consideration to the major features of the structure of the airframe.

The initial concept phase, as outlined in Aircraft Conceptual Design Synthesis,
involves the making of many assumptions and once the outline of the aircraft has been
established it is necessary to analyse it, especially from the point of view of
aerodynamic and mass characteristics. A likely consequence of thisanalysisis the need
to revise the concept in various ways since almost inevitably certain of the initial
assumptions will be found to be inadequate, at least to some degree.

Oncetheexternal shape of the aircraft has been established with a sufficientdegree of
confidenceit is necessary to consider the design of the airframe quantitatively. Thisis
also a synthesis process but before it can be undertaken the applied loading conditions
must be established, whether they be a consequence of operations in Right and on the
ground or of atmospheric turbulence. Essentially the loading actions analysis consists of
the interpretation of established codes of requirements in the context of a particular
design of aircraft. In flight an aircraft possesses six degrees of freedom of motion and
thus the determination of the applied loads is morecomplex than that of afixed structure
and, indeed, some other forms of transport. Some texts on aircraft structures make
passing reference to this aspect of aircraft design but few consider it in detail. When
they do it isusually in the context of a statement of the requirements of the codes rather
than covering the processes involved in their interpretation and analysis. This present
text sceks to remedy this situation. In passing it should be pointed out that loading
actionsanalysisisalso an iterative process since the application of loads to theairframe
causes a distortion of the structure which may well result in achangein theloading. In
the present text the analysis ismainly based on theinitial assumption that the airframeis
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rigid but, where relevant, the impact of the likely effect of structural distortion is
commented upon. The material presented covers the historical basis of the various
design codes, their current provisions, and their interpretation in the context of the
motion of the aircraft both in the air and on the ground. Relevant examples are given
including the overall load and moment balancing which yields the stressing data.

Once the initial set of loads has been derived it is possible to proceed to the
preliminary design of the airframe itself. There are two aspects of this. Firstly there is
the need to determine the type of structure, the material of construction, and thelocation
of themain structural memhers. As mentioned above some consideration should already
have been given to these issues in the conceptual design phase. Thisaspect is largely a
matter of experience and it is not unusual to compare a number of combinations of
material and structural form. Secondly, having established the location of the primary
members and the material. it is necessary to estimate the sizes needed to react the
applied loading. Thereare numerous texts dealing with the analysis of aircraft structures
but for the most pan they are based on the assumption that the component sizes have
aready been determined. In the present text this is not assumed to be the case and
elementary structural theory is used in conjunction with simple 'rules of thumb' in order
to invert the problem and enable a first estimate of the required sizes of the main
structural members to be derived. However, since structural design and analysis is
complex and dependent upon relatively small details of the configuration, such a
procedure may, in some circumstances, be erroneous. This danger is recognized and
covered by the inclusion of a chapter outlining the main areas where the simple
approach is likely to be inadequate and providing suggestions for dealing with them.

Of course there are available so-called 'expert' programs capable of handling all
aspects of the conceptual design phase in a seamless process. While these programs are
extremely valuable they are dependent upon the data built into them and in some
circumstances may he slow to converge to an acceptable solution. Further, it may be
difficult to interpret the results without a good understanding of the detail of the program
itself. It is the belief of the author that a preliminary structural design of the kind
outlined in this text is always of considerable bencfit in facilitating an understanding of
the way in which the structure reacts the applied loading; it will providean initial design
of the airframe which should be reasonably close to the final solution and a datum
against which to compare the output of a more advanced analysis. Having said thisitis
also essential to point out that, whatever initial method is used to determine the details
of the airframe, it is necessary subsequently to undertake a detailed stress analysis using
advanced techniques such as finite element /difference methods. This is beyond the aim
and scope of the present volume but is adequately covered elsewhere.

As with Aircraff Conceptual Design Synthesis the present text is primarily intended
for the use of graduate and post-graduate students and has been written as a con-
sequence af the experiences of the author in teaching loading actions analysis and
structural layout over a period of-nearly half a century. Nevertheless, it is considered
that it will provide a convenient reference for practicing aeronautical engineers and a
means of undertaking simple, quick, checks on the outputs from advanced expert, and
structural and analysis programs.



Notation

The notation is presented in al phabetical order with the following brackets containing
the section number where the symbol isfirst used and defined. Thelettersa, b, c... and
A, B, C... are used throughout the text as an algebraic shorthand for coefficients in
equations and are defined locally as relevant.

a
a

[~

R R
2

N N N N Y
o

g 4o
2=
=

:;-"-.IJ&‘L

Speed of sound in air (1.5.2)

Dimension used to define position of aerodynamic centre on the chord (9.4.2)
Length of short side of a structural panel (15.4.2)

Lift curve slope due lo incidence (3.2)

Lift curve slope due to control or Rgp deflection {4.2.2)

Average value of lift curve dope due to incidence (9.3.1)

Kussner attenuation factor (6.4.4)

Aspect ratio of lifting surface = & /8 (9.3.2)

Enclosed area of torsion box (15.2.1)

Enclosed area of individual segments of torsion box (15.2.1)

Area of boom (spar cap) needed to resist bending (15.2.4)

Area of edge (coaming) member a edge of cut-out (16.5.1)

Area of stringer {16.5.1)

Terms used to define the fraction of pressureload on achord due to incidence
and control deflection, respectively (9.4.3)

Term used in the solution of a second-order equation (A4.3)

Response of aircraft to continuous turbulence (3.5.2)

Material compression (overall buckling) strength factor {15.3.8)

Wing span (4.4.7)

Stringer (stiffener) pitch (16.2.3)

Overall length of a continuous beam (15.4.1)

Reference semi-chord length = ¢/2 (6.4.1)

Control hinge moment coefficient due to incidence (ADI 1.4y
Control hinge mainent coefficient due o control deflection (9 4.4,
Constants used to defineturbulence density (6.4.2)

Coeflicient in the definition panel /siringer buckling (16.2.3)
Damping coefficientof a landing eear leg (A7.2.2)
Coefficientsused to define response of aircraft to continuous turbulence,
i=1,2j=1,2(644)

Bending moment (AD2.5.1)

Induced drag factor (A7.4)
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Mean chord of lifting surface (4.2.1, 9.3.1}

Chord of trailing edge flap or control aft of hinge line (9.4.3)
Chord at 70 per cent semi-span of lifting surface (11.3}
Mean chord of wing area outside the body (11.5)

Drag coefficient (4.6.2)

Zero lift drag coefficient {A7.4)

Material constant of a windscreen laminate (A8.2.1)

Rolling moment coefficient (4.3.3)

Lift coefficient (4.2.2)

Pitching moment coefficient (4.2.2)

Pitching moment coefficient at zero lift (3.3.3, 4.2.2)
Pitching coefficient due to pitching, less horizontal stabilizer effect (4.2.2)
Yawing moment coefficient (4.3.4)

Normal force coefficient (2.6.2)

Centre of pressure (9.4.1)

Body (fuselage) diameter (9.7.1}

90 per cent of semi-span of a lifting surface (11.3)
Maximum depth of wing at the side of the body ¢15.2.4)
Depth of arib (16.2.3)

Drag (4.2.1)

Diameter of a control wheel (yoke) {3.3.2)

Signifies a determinate (1.4.1)

Non-dimensional drag factors (A7.4)

Differential operator

Chord-wise offset of aerodynamic axis from flexural axis as fraction of chord
(11.2)

Location of referencein torsion box asa fraction of chard {15.2.1)
Chord-wise centroid of vertical webs of a torsion box as a fraction of chord
(15.2.1}

Modulus of elasticity (13.3.1}

Brake energy (7.8)

Rcduccd elastic modulus in overall buckling (16.2.3)

Reduced elastic modulus in local buckling {16.2.3}

Tangent modulus (13.5.1. 16.2.3)

Elastic modulus of unidirectional composite fibre (13.5.1)

Term determining the rate of return of a control to neutral (5.2.3)
Frequency (Hz) = w/2w (6.4.1)

Fractional position of the inertia axis on the chord aft of the leading edge
(11.5)

Linear acceleration (A12.1)

Dynamic factor on nose gear load in dynamic braking (75.2)

Direct stress ratio at comer of a cut-out (16.5.1)

Materia factor in bird strike evaluation (8.3.2)

Stress factor = o/Ef{o) (16.2.3)

Gust alleviating factor (35.2)

Landing gear 'bump' factor (7.6.2)

Front spar vertical load reaction (15.2.13)

Control motivator forcing function (A41)

Buckling term dependent upon form of construction (13.5.3)

Flight profile terms in the definition of the design gust velocity (3.5.3)
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Notation

Fore and aft towing load (7.5.6)

Control forcing function in the longitudinat motion (4.6.3)
Maximum value of a forcing function (A4.3)

Control forcing functions in the lateral motion {4,7.5)
Front spar

Gravitational acceleration (2.6.1)

Location of centre of mass aft of leading edge asa fraction of the chord (11.5)
Coefficient defining boundary conditions in second-order equation (A4.2)
Shear modulus (13.3.2)

Shear modulus of a + 45° composite laminate (13.5.1)

Location of aircraft centre of gravity aft of leading edge of mean chord, as a
fraction of the chord 4.2.1)

Height of aircraft centre of gravity above main wheel axle (7.4.1)

Mean height of shear webs in a torsion box (15.2.1)

Height of a runway bump (7.6.2)

Location flexural axis aft of leading edge as a fraction of the chord ¢11.5)
Height of rudder force above the longitudinal axis (4.7.2)

Individua height of a shear web in a tarsion box (15.2.1)

Position of controls-fixed manoeuvre point aft of leading edge as afraction of
the chord (4.3.2)

Position of controls-fined neutral point aft of the leading edge as a fraction of
the chord (4.3.1)

Height of astringer (15.2.7)

Total depth of all the shear wehs in astructural box (15.2.1)

Frequency response function (6.4.1)

Height of aircraft centre of gravity above the ground (7.5.2)

Coefficients used in the derivation of thelateral acceleration. i =2, 3 (5.5.9)
Controls-fixed manoeuvre margin {(4.3.2)

Location of the aerodynamic centre aft of theleading edee of mean chord asa
fraction of the chord (4.2.1)

Hinge-line

Sample condition (6.4.1)

Non-dimensional moments and products of inertia. i=x, y, z, j==x, Y, 2
4.4

Second moment of area (15.4.1)

Moments and products of inertia, i = x, v, z, | = x, y,  (1.4.2, ADI2.1)
Moment of inertia of rotation of wheel (7.4.4)

Non-dimensional damped natural frequency, i =1, 2 (4.6.3, 4.7.5)

Term used to define the response of the aircraft in roll (4.7.4)

Term defining rate of apptication of a control (A4.3,5.2.2)

Constant in thedefinition of thetorsional stiffness of alifting surface (15.2.2)
Radius of gyration of aircraft, i =x, v, z (3.5.4. 4.4.7)

Reduced frequency (6.4.1}

Effective shear stressfactor of a buckled pand (16.2.4)

Stiffness of shock absorber strut (7.2.2)

Stiffness of tvre (7.2.3)

Allowance on panel thickness for stringer area (16.2.3)

Lift correction factor for a close coupled canard configuration (4.8.2)
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Windscreen glass strength factor {A8.2.1)

Non-dimensional lifting surface stiffnesscriterion {11.3)

Factor allowing for aerodynamic braking effect (7.8)

Effective overall buckling coefficient (16.2.3)

Effective local buckling coefficient (16.2.3)

Controls-fixed static margin {4.3.1)

Dynamic factor in landing gear spring hack (7.4.4)

Dynamic factor in wheel spin-up (7.4.4)

Tail-plane rolling moment coefficient (5.6)

Gust magnitude (alleviation) factor (6.4.4)

Terms used in the definition of aerofoil pitching moment (9.4.2)

Materia fracture toughness (13.7.1)

Length generally

Gust gradient length (3.5.2)

Length of astrut (162.2)

Spacing between supports of a continuous beam (15.4.1)

Overhang of end of beam (15.4.1)

Distance of vertical stabilizer centre of pressure to centre of gravity (3.5.4)
Position of main landing gear whedl aft of centre of gravity of aircraft (7.1.4)
Position of nose-wheel forward of the aircraft centre of gravity (7.1.4)
Distance from body nose to aircraft centre of gravity (AD3.3)

Position of centre of body side forcefonvard of the centre of gravity (AD3.3)
Location of horizontal stabilizer centre of pressure aft of wing—hody
aerodynamic centre (4.2.1)

Location of horizental stabilizer centre of pressure aft of aircraft centre of
gravity (4.2.1)

Chord-wise distance between centres of lift due to incidence and control
deflection {4.8.3)

Bending stiffness of lifting surface {11.3)

Rolling moment (1.4.1)

Scale of turbulence (6.4.2)

Spacing (pitch) of ribs and frames {13.5.3)

Load level (10.3)

Non-dimensional lift term (A7.4}

Leading edge

Lift (4.3.2)

Increment of horizontal stabilizer load due to control deflection to give a
constant rate of pitch (5.3.3)

Longitudinal acceleration factor (4.2.1}

Mach number factor = (I — M,*} (9.3.2)

Mass of a bird (8.2.2)

Mass of an element of alifting surface or control (11.2)
Pitching moment coefficient due to pitching. less horizontal stabilizer effect
(4.2.2)

Torsional stiffness of a lifting surface (11.2)

Pitching moment (1.4.1)

Bending moment (15.2.4)

Bending couple on a frame (15.7.1)

Cruise Mach number (2.6.2)

Mach number at design speed (2.6.2)

Mach number (1.5.2)

Pitching moment at zero lift (4.2.1)
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Pitching moment due to rate of pitch (4.2.1}
Mass of aircraft (2.6.1)

Landing mass of aircraft (7.2.4}

Take-off (maximum) mass of aircraft (7.2.4)

Normal acceleration factor. positive up (2.6.1)

Number of supports of a continuous beam (15.4.1)

Ratio of long side to short side of a panel (15.4.2)

Shear stressfactor {16.2.4)

Normal acceleration factor increment due to a aust (3.4.2)

Particular value of normal acceleration factor, : = 1, ...,4 (3.2.3)
Number of repetitions of a given stress level, 5; (10.3)

Normal acceleration factor, positive down = ~r (4.4.2)

Yawing moment (1.4.1)

Number of samples in statistical analysis (6.4.1)

Number of braked wheels (7.8)

Number of repetitions at a given stress level, §;, to cause failure (10.3)
Number of crossings of zero in unit time, in positive sense (6.4.2)
Number of crossings at given value of y in unit time, in positive sense (6.4.2)

Lateral acceleration (4.4.2)
Origin of axes, usually the centre of gravity of the aircraft (1.4.1)

Rolling velecity (roll rate) (1.4.1)

Uniform normal pressure on a panel (15.4.2)

Differential pressure, relative to local atmospheric value (15.5.1)
Local static air pressure (9.6.1)

Free-sueam static air pressure (1.5.2)

Probability distribution (6.4.1, 6.4.2)

Load on lifting surface due to incidence and control angle (5.5.4)
Load across the width of a panel or on astrut (13.5.3, 16.2.2)
Loads in the compression and tension flanges of a heam (16.2)
Radia and tangential loads on acircular irame (15.7.1)
Perimeter of a torsion box (15.2.2)

End load in a stiffener (16.2)

Constants used to define the turbulence density (6.4.2)

Pitch velocity (pitch rate) (1.4.1)

Shear stress (16.2.4)

Shear stress ratio a the comer of a cut-out (16.5.1)
Generalized co-ordinate (AD7.1)

Dynamic pressure (1.5.2)

Generalized force (A7.1)

Shear flow due to torsion load (15.2.3)

Shear flow in vertical webs due to vertical force (15.2.6)
Total shear flow in vertical webs (15.2.6)

Yawing velocity (yaw rate) (1.4.1)

Radius of the leading edge of alifting surface (8.3.2)

Radius of acircular frame (bulkhead) (15.7.1)

Ratio of the bending to torsiona stiffness of a lifting surface (11.3)
Instantaneous radius of motion in pitching manoeuvre {(4.2.1)

Ratio of two-dimensional control surface derivatives {—&,} and a» (9.4.4)

XV



XXVi

Notation

Vertica toad on the rear spar (15.2.1)

Reaction in the flanges at the root of a hinge rib (15.3)

Local radius of acircular shell (15.5.1)

Vertical load reaction on alanding gear leg (7.1.4)

Loads defining the landing gear shock strut deflection curve (A7.3}
Vertical load at landing gear spring-back (7.4.4)

Vertical load during wheel spin-up (7.4.4}

Auto-correlation function (6.4.1)

Non-dimensional damping coefficient, i =1, 2 {4.6.3, 4.7.5)
Ratios of landing and zero fuel masses to maximum mass {3.3.3)
Ratio of + 45° pliesto sum of 0" and 90° in acomposite laminate (13.5.4)
Responseintegral. i =0, 2, 4. 6 (6.4.4)

Rear spar

Semi-span of a lifting surface (11.2.1)

Distance of penetration of an aircraft into a gust (3.5.2)

Relative scale nf turbulence = 2L /¢ (6.4.4)

Lifting surface reference area (2.6.1}

Side load on a landing gear unit (7.5.3}

Stress level (10.3)

Wing area outside the bady side (11.5)

Proponions of load on a trailing edge device due to incidence, control angle,
and rate of roll (5.5.4)

Shear force (AD2.5.1)

Time

Track of main landing gear wheels (7.5.3)

Aerofoil leading edge or panel thickness generally (8.3.2, 9.3.1, 154.2,
15.7.2)

Individual thickness of a laminate in a windscreen (8.2.1)

Time of a given sample, ¢ (6.4.1)

Thickness of a panel skin required to resist bending load (152.4)
Effective thickness to resist bending (15.2.4)

Natural frequency in fore and aft bending of alanding gear leg {7.4.4)
Panel thickness to resist torsional shear loads (15.2.3)

Time for wheel to spin-up to maximum vertical reaction (7.4.4}
Stringer thickness (15.2.7)

Wheel spin-up time (7.4.4)

Thickness of panel to provide required torsional stiffness (15.2.2)
Non-dimensional time (4.4.7)

Thrust (4.2.1}

Total time of a sample (6.4.1)

Kinetic energy (A7.1}

Coefficient used in the derivation of panel/stringer buckling (16.2.3}
Concentrated torque (15.2.2}

Trailing edge

Velocity along the x axis (1.4.1)

Uniformly distributed load (15.4.1)

Gust velocities on forward and aft lifting surfaces in transient motion (6.3.1)
Overall forward velocity of the aircraft {1.4.1, 4.4.2)

Gust velocity at a distances into the gradient length (3.5.2)

Design gust velocity (3.5.2)
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Notation

Reference gust velocity (3.5.3)
True r.m.s. (root mean square) value of gust velocity (3.5.2)

Velocity along they axis (1.4.1)

Overall lateral velocity of aircraft (1.4.1, 4.4.2)

Applied vertical load (15.2.1)

Potential energy {A7.1)

Approach speed (7.4.4)

Manoeuvre speed (2.6.2)

Speed used to define maximum gust condition (2.6.2)
High lift device design speed for baulked landing (2.6.2)
Adrbrake limiting speed (8.3.7}

Design and minimum design cruise speed {2.6.2)

Design (diving) speed (2.6.2)

Design speed for full extension of an air brake (8.3.7)
Lifting surface divergence speed (11.2}

Design speed used to define the frequency of elevator application inachecked
manoeuvre {5.3.4)

Forward speed in landing (A7.4)

Flap design speed (2.6.2)

High lift device design speed for landing condition (2.6.2)
Lifting surface flutter speed (11.3)

Gust design speed, see Vg (2.6.2}

Maximum speed in horizontal flight (2.6.2)

Bird strike design speed (8.3.7)

Minimum contml speed ¢3.3.3)

Maximum normal operating speed (2.6.2)

Stalling speeds in particular conditions (2.6.2, 85.3)

Take-off speed (2.6.2)

General forward speed (1.5.2)

Vertical descent velocity at landing (7.2.5)
Horizontal stabilizer volume coefficient (4.3.1)
Vertical stabilizer volume coefficient (4.7.2}

Velocity along the z axis {1.4.1)

Loaded width of panel (13.5.3)

Overall vertical velocity of the aircraft (1.4.1, 4.4.2)

Weight = 4, (2.6.2)

Weight terms used to define the density of alifting surface (11.5)

Fore and aft axis fixed relative to aircraft, body axis (1.4.1)

Fore and aft axis fixed relative to an initial flight direction, aerodynamic or
stability axis (1.4.1)

Fore and aft axis fixed in space or relative to the gmund, space or earth axis
(1.4.1)

Chord-wise location of vertical web, i=1, 2...{15.2.1)

Position of centre of pressure as afraction of the chord of theload forward of
the hinge-line due to control deflection (9.4.4)

Chord-wise centre of pressure position ¢9.4.2)

Force along the x axis (1.4.1)

Generalized parameter (A4.1)

Xxvii
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y Lateral axisfixed relative to aircraft. body axis (1.4.1)

y Lateral axis fixed relative to an initia flight direction, aerodynamic or
stability axis (1.4.1)

¥ Lateral axis fixedin space or relative to the ground. space or earth axisi(1.4.1}

¥ Stationary random function (6.4.1)

¥ Term used in the definition of the design elevator angle in the checked case
(5.3.4)

¥ Lateral off-set of the thrust line {4.7.2)

Correction for level flight condition in gust response calculation (64.2)
y Span-wise centre of pressure position as a fraction of semi-span (9.3.2)
y Average value of a sample (6.4.1)

Y Force along they axis (1.4.1)

Y, ¥a Terms used in the delinition of the checked elevator angle (5.3.4)

Y. Side load on bady (AD3.3)

z Venical axis fixed relative to aircraft, body axis (1.4.1)

Venical axis fixed relative to an initial flight direction, aerodynamic or
stability axis (1.4.1)

Vertical axis fixed in space or relative to the ground. space or eanh axis

(1.4.1)

Z Force along z axis (1.4.1)

il Maximum altitude (ft) used in the determination of the design gust velocity
{3.5.3)

Zs Term used to define the buckling of a composite panel (135.4)

a Angular acceleration of a beam (A12.1)

o Ratio of the width of acut-out to the total width of apanel (16.5.1)

@ Angleof attack (incidence) relative to flight path (1.4.1)

ap Angle of attack of body axis relative to flight path (1.4.1)

ap, Body angle of attack for no wing—body lift (4.2.2)

a, Wing root chord setting to body datum (4.2.2}

& Angleof attack of an aerofoil at zero lift (4.2.2)

B Sideslip angle, horizontal angle of body axis relative to flight path (1.4.1)

B Non-dimensional measure of the cross section area of the edge member along
acut-out (16.3.1)

By Angle of thrust to body datum (4.2.1}

B Ratio of turbulence frequency to aircraft undamped natural frequency (6.4.4)

Y Angle of flight path relative to earth axisinvertical plane (climbangle) (1.4.1)

Y Ratio of specific heats of air (1.5.2)

¥ Width of cut-out as afraction of the cut-out length (16.5.1)

r Term used in the definition of elevator application in a checked manoeuvre
(5.3.4)

F Circulation around an aerofoil (9.3.1}

r Dihedra angle (ADI.3.3)

& Indicates a partial differential (4.6.2)

) Deflection of a heam or panel (15.4.1)

3 Measure of the effective end load carrying material in a panel (16.5.1)

8,8 Control forcing function coefficients in a longitudina manceuvre (4.6.3)

& Vertical deflection of the centre of gravity of the aircraft at landing (72.5)

Vertical deflection of shock absorber (7.2.5)
Vertical deflection of tyre (7.3.3)
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Notation

An increment in a parameter (3.2.2)

Angle of downwash at tail-plane (4.2.2)

Elastic portion of strain, = er,,/E (16.2.3)

Angle of twist across the span of a lifting surface (9.3.1)

Rudder angular deflection (1.4.1)

Damping ratio, i =1, 2 (4.6.5, 4.7.5)

Maximum oscillatory deflection of the rudder (5.5.3)
Datum rudder angle in a prescribed manoeuvre {5.5.2)

Effectiveness of a panel skin in resisting compression (16.5.1)

Fraction of lifting surface semi-span = y/s (9.3.2)

Effective slope of the surface of an aerofeil in supersonic flow {3.6.1}
Elevator angular deflection (1.4.1)

Maximum change of elevator angle in a checked manoeuvre (5.3.4)
Vertica efficiencies of main and nose shock absorbers (7.2.5)

Increment in elevator angle required to give a constant pitching velocity
(5.3.1)

Aircraft angle of pitch (1.4.1)

Inclination of a landing gear leg to the vertical (7.4.4)
Inclination of a bird strike normal to the surface (8.3.2)

Angle of twist of a structural box under torsion loading (15.2.2)

General deflection of a control motivator (A4.1, 5.2.2)
Control deflection in an unchecked manoeuvre (5.2.2)
Ratio of lift to weight at landing impact (7.2.5)
Radius of gyration of a strut (16.2.2)

Equivalent spring stiffness (A4.1)

Taper ratio of alifting surface = tip/root chord ¢9.3.2)
Vertical reaction factor at landing impact (7.2.5)
Windscreen panel shape factors (A8.2.1. A8.2.3)
Allowance for imperfections in overall buckling (16.2.5)
Allowance for imperfections in local buckling (16.2.5)
Sweep of a lifting surface 0.25 chord line (9.3.2)

Load diffusion coefficient {16.8.2)

Fore and aft ground friction coefficient (7.3.3)

Relative density used in aircraft response to a gust (3.5.2)
Aircraft relative density, i = 12 (4.3.1, 4.4.7)

Aileron angular deflection (1.4.1)

Density generally
Air density {1.5.2)

Ratio of air density a agiven altitude relative to the value of
sealevel {1.5.2)

Sidewash angle (5.3.1)

Stress generally (16.1)

Allowable stress {15.5.3)

Bending or buckling stress (13.5.1)

Overall buckling stress (16.2.3)

Stress at optimum compression design (16.2.3)

Average stress across a panel having a cut-out (16.5.1)

XXix



XXX Notation

e Tensile stress in acircular shell subjected to pressure (13.5.1)

o, Allowable shear stress (13.5.1)

o, Tension stress in a tension field web (16.2.4)

[0 8% Skin (panel) buckling stress (16.2.4)

o, Yield {proof) stress (13.3.1)

a, Root mean square, r.m.s., value of a parameter, e.g. aircraft
response (3.5.2)

Oy Relative structural density of a lifting surface (11.5)

by Aircraft manoeuvre over-shoot ratio (5.3 3)

T Non-dimensional time coefficient (4.4.7)

7 Time separation of points in a sampling process (6.4.1)

T; Continuous turbulence translational response time (6.4.4)

¢ Aircraft angle in roll (1.4.1)

¢ Frequency of application of a control demand {5.3.4)

Foff Angle of gust to horizontal in front elevation (3.5.4)

Dl w,,) Power spectral density, PSD (6.4.1)

@) Von Karman power spectral density (6.4.2)

b4 Aircraft anglein yaw (14 1)

Ye Term used in the definition of the clevator angle in a
checked manoeuvre (5.3.4)

v, Boundary condition coefficient in solution of second-order
equation (A4.2)

@ Frequency generaly (6.4.1)

@; Non-dimensional undamped natural freguency.
i=1,2(63,475)

(p) Spatial or reduced frequency = w/V (6.4.1)

£ Spin rate (8.2.2)

Subscripts

In addition to those already defined above the following subscripts are used, sometimes
in combination

a Aerodynamic effects due to airframe configuration (4.4.5)
'Additional’ lift distribution terms (9.3.1}
Axis systems {1.4.1}

Atmospheric turbulence effects (4.4.6)
Aerodynamic effect (11.2.1)

‘Basic’ lift distribution terms (9.3.1)

Body (fuselage) effect {4.2.1)

'Bump’ landing case (7.6.5)

Control deflection effects (4.4.5)

Drag effects (4.2.1)

Design or datum value (5.3.3)

Velocity components along body axes (1.4.1)
‘Elliptical” lift distribution terms{9.3.1)
Effective (4.2.1)

Equilibrium condition (55.2)
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Notation

Overall buckling {16.2.3)

Equivalent air speed {1.5.2)

Fin (vertical stabilizer) terms (3.5.4)
Gravitational cffects (4.4.5)

Term due to agust (3.5.4)

Landing condition (7.2.5}

Local instability (16.2.3}

Maximum value of a term

Main landing gear terms {7.1.4, 7.2.5)
Nose landing gear terms (7.1.4, 7.2.5)
Root (centreline) (9.3.2)

Sea level or datum condition (2.6.2, 4.2.1)
Due torolling (1.4.1, 3.2.2)

Powerplant effects(4.4.6)

Due to pitching (1.4.1)

Due to yawing {1.4.1}

Return to initial condition (5.5.2)
Simulation output (ADX1.10.3)

Maximum or required value of control deflection (5.2.3, 5.3.3}
Structural effect {11.2.1)

Simply supported value (15.4.1)

Steady trimmed condition (4.4.4)
Tail-plane (horizontal stabilizer) terms (3.2.2)
Thrust (4.2.1}

Total effective angles (4.4.5)

Trailing edge device (5.3.7)

Take-off condition

True air speed (1.5.2)

Due to forward velocity (1.4.1)

Dueto lateral velocity (1.4.1)

Due to vertical velocity (1.4.1)

Wing terms (4.2.1}

Wing—body terms (4.2.1)

Component along the x axis(1.4.1}
Component along they axis (1.4.1)
Component along the z axis (1.4.1)

Dueto angle of attack (9.4.3)

Due to sidedip (3.3.3)

Due to control or flap deflection (9.4.3)
Due to rudder deflection (3.3.3)

Due to elevator deflection (4.6.2)

Due to pitch angle (1.4.1)

Due to aileron deflection {3.3.2}

Denotes conditions at given points of response motion (5.5.2)
Due to roll angle (1.4.1}

Due to yaw angle {1.4.1)

Sea level condition (2.6.2)

Control angles to initiate and return to initial conditions (5.3.3}
Conditions in development of full gust velocity (6.3.1)
Longitudinal motion (4.6.3)

Lateral /directional motion (4.7.3)
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Notes

A differential with respect to time isindicated by y
A non-dimensional motion of the aircraft isindicated by y

Equivalent units

The units used throughout the text are the Sl (Standard International) system. except in
those instances where the codes of requirements specifically use an aternative. The
more common equivalent usages are stated below together with relevant standard

numerical values.

Unit ]| Alternative equivalent
Length m 3281 ft
39.3in
0.000622 miles
Area m’ 10.675f*
Volume m’ 35.321t>
(Capacity) m? (10° litres) 0.004 54 Imperia gallons
0.003 79 US gallons
Speed (velocity) m/’s 3281 ft/s
2.237 mile/h
1.942knots
Speed of sound ar sen level 340.3m/s 1116.5 ft/s
Acceleration m/s’ 3.281ft/s’
Standard gravitational 9.807 m/s’ 32.47 fr/s*
acceleration
Mass kg (2.2046 1b)
0.0685dug
Weight N 0.22481b
Density kg/m’ (0.0624 1b/ft*)

Standard air density at sea
level

Moment of inertia

Force

Moment (torque)

Power

Pressure

Standard air pressure at
sea level

Wing loading

Stress

Kinematic viscosity

Standard air value ar
sea level

1.225 kg/m’
kg m*
N

Nm
kW

bar (10° N/m?)
{10°Pascal)
1.013bar

N/m” (0.102 kg/m?)
MN/m? (10° Pascal)

m*/s

0.001 94 slug/ft*
(0.0765 Ib/fi')
0.002 378 slug/ft’
23.751b
0.2248 1b

0.7375 Ib ft

7458 1b ft/s
1.356 HP

14.5 Ib/ft*

14.7 Ib/fr

0.020 88 Ib/fi*

145 Ib/in’

10.76 ft /s

1461 x 107" m’/s
1572 x 10 *f'/s




CHAPTER 1
Introduction

1. The preliminary design of an airframe

Engineering design is an iterative processin which there must be a continual feedback
of dataas they becomeavailable in order to check the assumptions needed to initiate the
procedure. The loading analysis and the preliminary structural layout of an aircraft are
no exception to this generalization. The conceptual design phase cannot he satisfactorily
concluded without some consideration having been given to the location of the primary
structural members, as is considered in the previous hook hy the author Chapter 4,
Section 4.3.2,and Chapter 5, Section 5.4.! Experience enables this to be achieved
without the necessity of specific reference to the loading requirements. However, the
more detailed layout of the components of the airframe and, especially, theinitial sizing
of the individual members, can only be undertaken in conjunction with a detailed
reference to the loading requirements. For the present purposes this phase of the total
aircraft design process is taken to be the definition of the configuration of the primary
structural members and their preliminary sizing; the description 'structural layout' is
taken to cover both aspects of this procedure. It follows the establishment of the external
configuration and its verification by appropriate analytical methods. The preliminary
conceptual design involves assumptions concerning the airframe mass and the present
phase of the processseeksto producethe factual data needed to give confidence to these
assumptions. Oncethepreliminary structural layout has been established it is possible to
proceed to a detail design, analysis, and stressing of the airframe.

Experience over the history of aviation has led to the specification of requirements
intended to ensure the structural integrity of the aircraft throughout its life. The current

'Howe, D. Aircraft Conceprual Design Syathesis. Professional Engineering Publications Ltd.,
2000.
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requirements, which are outlined in Chapter 2 and amplified in Chapters 3 and 5 to &,
form the starting point for the preliminary structural design. It must be pointed out that,
since these requirements are based on past experience, it is also necessary to consider
the introduction of special new requirements in those cases where the concept of the
aircraft isin any way unconventional. The interpretation andapplication of the structural
design requirements may be defined as loading actions analysis. A knowledge of the
basic aerodynamic and inertial characteristics of the design is essential to enable the
loading analysis to be undertaken and it is presumed that these data have been derived
during the conceptual design and analysis phases. The usua initial assumption is that
the airframe is nominally rigid. Thisis not the true situation since application of load
must inevitably cause certain distortions of the airframe and hence result in a loading
distribution which may bc different to that derived by assuming the airframe to be
rigid. Therefore, the derivation of the loading and consequent sizing of the pre-
liminary structure are interrelated and the iterative feedback procedure mentioned
above isessential in deriving an acceptable overall solution. The whole issue of static
and dynamic distortion is the province of aeroelasticity. This is given preliminary
consideration in Chapter 11, but see also paragraph 1.4.3.5(c).

With the availability of powerful computational facilities and the development of
finite element and difference methods it is feasible to produce a loading analysis
program which includes the preliminary design of the airframe and hence is able to
apply correctionsfor the effects of structural distortions. It may be expected that such a
program will be available ta facilitate the design of a sophisticated aircraft. However.
the understanding of the way in which the structural design procedureis undertaken and
how such a program may be developed demands a more pragmatic approach. It is
necessary to make some fundamental initial assumptions, the validity of which must be
checked subsequently and corrections made where required. These initial assumptions
and the implication of making them are discussed in the following sections.

1.2 Airworthiness targets
7.2.17 Introduction

It is impracticable to design, manufacture, and operate an absolutely safe aerospace
vehicle. T o attempt to do so would produce an unacceptably heavy design and it would
be prohibitively expensive. It is necessary, therefore, to establish an airworthiness
standard for normal design and operational purposes, although the possibility of alower
standard. which nevertheless confers a safe 'get home' capability. can be considered in
respect of the design of the structure and the associated systems. Past experience has a
major influence upon the setting of the airworthiness target.

1.2.2 Civil aircraft

In the context of civil operations it has been observed that the media and fare-paying
public react adversely when catastrophic accidents occur, especialy if there are several in
close sequence. Over the years. asuccessful attempt has been made to reduce the accident
rate so that. on average, the frequency of major disastersis moreor less constant in spite of



Introduction

TOTAL SYSTEM

iin 107
L

' T T v )
Aircraft Flight crew error Air traffic control Terrorism Acts of God
5.5in 10° I'm io* 310" 3in10° 2in10

1 - [ ] 1
Airframe Powerplant Power systems Avionics
1.5 10° 1in10® 15in 10" 1.5in 10°

* -+ T T T L
Siructure Airframe systenis Conrd system Cabin utilittes  Maintenance errors
3in 10° 3in 10° 3 10° 3n 10° 3 107

continually increasing traffic. Currently thefatal accident rate fromall causes is about one
for every 1 million (10% flying hours. On average this probably corresponds to about two
passenger fatalities for every 100 million (10%) kilometres fiown. Approximately onein
four of these accidentscan be ascribed to airworthinessfailings, the remainder being dueto
such things as human factors. air traffic control, the environment, and terrorism. This
experience hasled to the use of a notional airworthiness target of no more than one fatal
accident in 20 million (10"} hours due to airworthiness failures.

As the number of aircraft operations increases it becomes desirable to consider the
implication of maintaining therate of fatal accidentsat the present level. Thisissue has been
considered by Howard® who has suggested that it will be necessary to have a target of no
more than one catastrophic incident from all causes in 10 million (107) flying hours. The
possible implication of such atarget isillustrated in Fig. 1.1 The numerical values shown
are inevitably speculative and to a major extent depend upon the impact of technological
development on the individual items of risk. For example, developments in automatic
controls could well reduce the probability of crew error. Clearly air traffic control and the
aircraftitself are thedominant contributors, but it must be stated that theallocation of equal
risks to the airframe componentsis arbitray. Nevertheless the figuredoes indicate that the
overall aircraft airworthiness achievement will require around afivefold improvement. and
it will need to be better than the present notional target of one loss in ten million flying
hours. Theindividual target for the structure will haveto be of the order of no morethan one
catastrophic failure in 1000 million (10°) flying hours, see Section 1.2.4.

71.2.3 Military aircraft considerations

A similar philosophy is applied to the operation of military aircraft in peacetimeand. at
least to some degree, to guided weapons during the launch phase when personnel are

*Howard, R. W. Breaking through the 10° barrier. International Federation of Airworthiness
Conference, October 1991.

Fig. I.f Breakdown of
therisk of a fatal accident
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involved. However, the airworthiness target for combat types may be somewhat less,
possibly being an order of magnitude less than that of civil transport aircraft.

1.2.4 Definition of failure probabilities

A number of definitions have been made in an attempt to categorize the severity of
incidents involving the safety of aircraft and the probability of their occurrence. For
the purposes of overall system design it is useful to give definitions to the failure
probability, especially for individually non-critical components and also when multi-
plexing is used to achieve the required overall safety level.

The accepted definitions of the effect of failure incidents for civil aircraft are:

(a)

(b)

(c)

(d)

Minor effect, which covers normal operation. nuisance conditions and those
where it becomes necessary to impose operating limitations or standard
emergency procedures.

Major effect, where there is significant reduction in safely margins. possible
injuries to the occupants and adverse conditions which make it difficult for the
crew to operate the aircraft.

Hazardous effects, where there is a large reduction in the safety margins,
possiblefatalities to some of the occupants and unduly high workload for the
crew.

Catastrophic effect, when at least multiple occupant fatalities occur and most
likely it will result in the loss of the aircraft.

These effects are related to the probability of occurrence and the European
airworthiness requirements JAR-25. see Chapter 2. Section 2.2.3 and Chapter 17.
Appendix A17, further allocate specific numerical values to them. The definitions are;

(a)

(b}

(©)

Probable, which coincides with minor effects and is subdivided into:

(i) Freguent: an event expected to occur often during the life of an aircraft.
numerically taken to occur more often than once in 1000 hours (10%);

(i) Reasonably Probable: an event which may occur several timesin the life
of an aircraft, that is oncein 1000 (10*) to 100000 (10”) hours.

Improbable, which covers the major and hazardous effects being:

(i) Remote (Magjor): Unlikely to occur to any given aircraft in its life, but
which may occur several timesin the total fleet of a given type, or oncein
100 000 (10%) to 10 million (107) hours:

(i) Extremely Remote (Hazardous): Unlikely to occur at al to any aircraft,
but nevertheless it must be considered. Thisis usually taken asthe onein
10 million ¢(107) hours target but it covers the range up to one in
1000 million (10°) hours.

Extremely improbable, which coincides with the catastrophic effect and has a

probability of no morethan onein 1000 million (16% hours. Such an event does

not need to be considered in isolation unless the overall aim for safety is

increased beyond present targets.
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1.3 Achievement of airworthiness
targets — loads and factors

1.3.17 Requirements

The fundamental input data for loading action analysis are contained in the particular
specification and the general requirements for an aircraft. Many years of experience
haveresulted in the formulation of definitive sets of requirements, sometimes referred to
as requirements handbooks. These cover various types and classes of vehicle, such as
manned aeroplanes (military and civil), helicopters, and guided weapons. They are
issued by appropriate airworthinessauthorities and are frequently updated in thelight of
both operating experience and technol ogical developments. Specific detailsof the more
important sets of requirements are outlined in Chapter 2.

It should be pointed out that the requirements contain much more than conditions
to ensure structural strength and stiffness. Their scope ranges over performance,
handling, general operating requirements and procedures, and the design of systems
and installations. The latter have major relevance to the achievement of airworthiness
targets.

7.3.2 Cause of loads

The loads experienced by a vehicle fall into two broad categories, see Fig. 1.2. One
group consists of the loads resulting directly from the action of the pilot, or when
appropriate, of the autopilot. These can be generally classified as manoeuvring loads
since they occur asthe vehicle carries out itsintended role. For conveniencethey can be
taken to include cabin pressure differential and the effects of kinetic heating at higher
Mach number.

LOADING
| o
Manoeulvres Environment
L ]
|l 4= i
Limit loads Total load spectrum
| I
Proof factor Structure lie
[ |
f |
Ultimate factor Safe life Fail-safe
|
Life factor Dam ag'e tolerant

Fig. 7.2 Establishment of
the integrity of the airfrarme
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The second group of loads arise because of the imperfectnessof the environment in
which the vehicle operates. These may be due to such things as atmospheric turbulence
or runway unevenness. Essentially this class of loading would not occur in an idea
situation but in practice has to be tolerated and appropriate provision made.

In each of the two categories there are a number of specific loading cases as
explained in Chapter 2. Section 2.4.

1.3.3 Frequency of loads

Whether the loads are due to manoeuvres or to environmental effects, for the purposes
of structural design they have to be dealt with in two ways.

(a)

(b)

Firstly there isthe limit load condition. The limit load is the actual maximum
load of a particular case anticipated to occur in the prescribed operating
conditions. A catastrophic failure due to the application of the limit load must
bein the extremely remote category. That is. the limit load can be regarded as
one which can be anticipated to be reached once. but not exceeded in, say.
10 million (10") flying hours. It is in fact the maximum load for a particular
manoeuvre or environmental condition and represents the most severe isolated
intensity of load appropriate to the particular case. It may occur at any time
during the tife of the aircraft.

Secondly there is the load spectrum, or the total set of loads, of varying
magnitude experienced by the airframe throughout its life and which arises in
any given loading case. Often the majority of these loads are small in
comparison with the limit value but each may reduce the ability of the structure
toresist load and it is necessary to ensure that the total accumulated effect of all
of them over the life of the airframe is within the capability of the structure.
These loads may arise in a specific way and he of known magnitude and
frequency as. for example, cabin pressurization, but unfortunately this is not
usualy the case. Some, especially those due to atmospheric turbulence or
runway unevenness, are essentially random in nature.

1.3.4 Load factors

Conventional manned aerospace vehicle structures are designed using the concept of
factors superimposed on the limit load. Two different factors are used for this purpose.

(a)

The first of these is the proof factor which has a numerical value of 1.125 for
military and 1.0 for civil aircraft. Under proof loading, that is the product nf
the proof factor and the limit load, the airframe must not distort permanently
more than a small specified amount, usually the equivalent of between 0.1 and
0.5 per cent permanent strain dependent upon the particular form of loading.



Introduction

Clearly thisfactor isintended to ensure that the structure will effectively return
to itsoriginal shape should the design limit load of a particular case be applied.

(by Secondly there is an ultimate factor. In most cases it is 1.5 for both military
and civil aircraft. The ultimate factor is effectively a safety factor on the limit
load. It isrelated to the proof factor through the properties of typical airframe
materials but the numerical value of 1.5 was established somewhat arbitrarily
when it was realized that that factor of 2 used in the first 25 years or so of
aviation was unduly severe. The ultimatefactor isintended to cover such items
as variation of material and structural properties outside the specified limits.
deterioration in service, inadequacy of load and stress analysis, and possible
flight of the aircraft just outside the stated design limitations. Attempts have
been made to analyse these items statistically and for combat aircraft at least
it would seem that a value of 1.5 may be somewhat high and a lower value of
1.4 is now used for some combat aircraft manoeuvre cases. Guided missile
requirements introduce some variation in the value of the ultimate factor, it
being only 1.33 except for the launch and initial flight phases when 1.5 is
retained to safeguard the operating crews and installations. The structure must
be capable of resisting the ultimate load, that is the product of the ultimate
factor and the limit load, and the civil requirements specifically state that it
must be possible to withstand this load for 3 seconds without collapse.

For some specific cases higher ultimate factors are stated. When thisis so the value
usually represents a special condition conveniently covered by means of an ultimate
factor rather than implying a higher order of safety. One such exampleisthe emergency
alighting case where only ultimate conditions are relevant.

1.3.5 Structure life
1.3.5.1 Introduction

The application of proof and ultimate factors covers the limit load condition of a
particular case but by itself isonly adequate for a short-life vehicle. Other measures are
necessary to safeguard the integrity of the structure when it is subjected to numerous
repetitions of loads over the life of the vehicle. As is discussed in Chapter 10,
Section 10.6, the life is usually defined in terms of the number of landings. It may be
6000-8000 landings for a combat aircraft rising to more than 80 000 landings for
a short-haul transport aircraft. Further, flight in transonic and supersonic regimes
introduces non-linearity of load distributions and possibly temperature effects due to
kinetic heating, such as creep. Simple overall factors cannot effectively cover these
contingencies.

Eachindividual load in the total load spectrum appropriate to a particular case has to
beconsidered. Theindividual load is often relatively low and the strain resulting from it
iselastic sothat theeffect of stress concentrationsisof vital importance. Thecumulative
damage from al the loads must be evaluated to establish the satisfactory integrity of
the structure at the end of its life. Unfortunately in the majority of cases the accurate
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specification of the load spectrum and its application is very difficult and it is therefore
necessary to incorporate safeguards to cover the unknowns. Chapter 10, Section 10.7.
provides a further discussion of thisissue but for completeness the philosophies used to
ensure the continued airworthiness of the structure are outlined here.

1.3.5.2 Safe life — life factor

One approach isto ensure that the structure is able to continue to resist any design load
for a substantially longer period than its design life. Thus the structure would be
designed to have an estimated life, or safe life, of three or more times that actually
intended in service. the ratio of the demonstrated life to that actually intended in
operation being the life factor.

Theactual numerical value of thelifefactor is determined by the statistical accuracy
of the available design information. especially in relation to actual tests on both
components of the structure and the whole airframe. The analysis is often based on
unfactored loads. Thisis not necessarily entirely satisfactory and it might be better to
consider factoring each individual load, or more reasonably the stresses resulting from
it, before evaluating the safe life. Thisis a complex process but should enable a more
reliable result to be obtained.

Further, it may well be that in some cases the loads are of high frequency but low
magnitude and thus fall below the effective endurance limit of the component. In this
case no theoretical damage is done. see Chapter 10. Sections 10.3 and 10.7, and a
sensible result can only be achieved by reverting to aload factor, possibly of 2, on the
individual loads in the spectrum to ensure that the effect of each load is included. This
condition is met on rotorcraft transmissions and rotor heads.

Military combat aircraft are often designed using the safe life approach.

1.3.5.3 Fail-safe

A possiblealternative philosophy isto accept that the accurate prediction of the loading
and itseffect upon the structure isdifficult and that factors applied to ensure theintegrity
of the structure could imply adesign penalty. Where possibleit may be better to design
the structure so that should alocal failure or damage occur there is always an alternative
load path to enable the vehicle to continue operating safely, see Chapter 10, Section
10.7.3. Any failure must be easily detectable on a subsequent inspection and repairable.
If it is assumed that initially there are no flaws or damage present in the airframe this
approach is known as fail-safe. Clearly such an approach requires early detection of a
failure and assumes the existence of adequate structure life in the absence of any
damage. Continued safe operation of the aircraft depends upon the assumption that after
any single failure the residual strength is sufficient to meet the design loads. In practice
there are initial flaws and damage in the airframe so that the fail-safe approach to
structural design should also be accompanied by slow crack growth. The fail-safe
concept is of considerable importance in system design where the consequences of a
failure must be covered by redundancy in the form of multiplexing of components and
channels, see Section 1.3.6.
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1.3.5.4 Damage tolerant design

It isinevitable that some inherent flaws will be present in an airframe. The damage
tolerance approach recognizes this and seeks to predict the rate of growth of such
damage as well as incorporating design features to delay the propagation of cracks.
Such an approach is obviously psychologically advantageous and can often be
incorporated with little weight penalty. In practice the degree of tolerable damage is
determined by the rate of crack propagation relative to inspection intervals.

Transport aircraft normally adopt a damage tolerant philosophy.

1.3.56.5 Practical structural life design procedure

Although the emphasis may vary it should be pointed out that any properly designed
structure will possess both damage tolerance and safe life features as there are some
parts of the aircraft where it is virtually impossible to incorporate fail-safe concepts.
When this is the case, one possibility isto introduce a reliable means of failure warning
which indicatesthe onset of a crack beforeit becomes catastrophic. Thiscan sometimes
bedone on mechanical components, such asrotor blades, which area particular problem
in this respect.

It is undesirable for a structure to suffer numerous small failures and the difficulties
of inspection must not he overlooked. Therefore any significant cracking must be
considered as an exception rather than the rule and an overall life expectancy is still
necessary. However, in adamage tolerant design the life before significant cracks occur
can be less than would otherwise be the case. It is the practice for transport aircraft to
have a specified life in the context of repairs and replacements.

1.3.5.6 Probabilistic design

A totally alternative approach to ensuring the continued integrity of a structure is
the probabilistic design technique. This is based on an entirely statistical approach.
The concept of factors superimposed on a limit load is replaced by a statistical
demonstration of the required failure probability. It is particularly applicable in three
circumstances:

(a) When the structure is very special both in concept and application such that
there is inadequate past experience to be able to specify realistic factors.

(b) When there is high variability or randomness in the loading, material prop-
erties, construction techniques, and the like.

(cy When the design is a complex system having many components as, for
example. in aflight control system.

The first two of these circumstances are encountered in nautical structures where
each onemay bedifferent from every other and the wind and wave loadings are random.
There is aso likely to be a variability in materials and construction due to the use of
production methods such as welding. For these reasons the technique of probabilistic
design was extensively developed by offshore structures and ship designers. More
recently it has been realized that aguided weapon system consists of many components,
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most of which have to be designed on a statistical basis, and the airframe can
he included in this. The concept has been applied to the design of military aircraft
in the United Kingdom and it is accepted as one way of demonstrating compliance
with structural design requirements. However, at the present time, in most cases the
application of probabilistic design appears to result in a mass penalty relative to the
traditional approach.

Basically, probabilistic design applicd to structures involves a detailed statistical
knowledge for each case of:

(i) the most adverse total loading spectrum on any structure of the type:
(ii) the maximum limit load to a stated probability:
(iti} the statistical hehaviour of the structure and its individual components and
materials under both the limit load and the total loading spectrum.

Theam isto state thelife of the structure with a given degree of confidence, or risk.
Thereis no question of applying factors as they are replaced by the various probabilities
and risk levels. A tremendous amount of information is needed before this approach
can be used completely. One of the major unknowns is the behaviour of a complete
structure because of the enormous variation possiblein both design and manufacture.
This problem may be reduced somewhat by identifying the critical members and then
analysing them in sequence.

Damage tolerance remains an important design consideration.

1.3.6 Design 0 systems

Figure 1.1 shows that the airframe is only one component in a complex transport
system. It must also be recognized that the integrity of advanced control systems
which incorporate such features as load alleviation and flutter suppression has a
direct impact upon the airworthiness of the airframe. While Section 1.3.5.3 explains
the limited use of the true fail-safe concept in structural design, the reserva-
tions expressed there do not apply to the system as a whole or to the majority of its
components. The continued satisfactory performance of a system subsequent to a
failure is primarily dependent upon the use of the fail-safe philosophy. Aircraft have
employed fail-safe concepts almost since the beginning of manned flight, sometimes
in the airframe hut more often in the systems such as duplicated control cables and
several powerplants. Howard' has reviewed the importance of fail-safe, where the
term fail-safety is preferred.

Failure of acomponent in afail-safe system usually results in a degradation of safety
and often an accompanying reduction in performance. When thelatter is not the case the
design issometimes referred to asfault tolerant or failure survivable. Aswith structural
design a fail-safe system almost invariably relies upon the availability of a number of
alternative paths, each being capable of performing the desired function. Very
occasionally it may be satisfactory for a system to fail in a passive way, the consequent
loss of performance being acceptable.

*Howard. R. W. Planning for super safety—the fail-safe dimension. Kings Norton Lecture.
Journal of tke Royal Aeronautical Saciery, 104 (1041). November 2000.
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As electronic devices develop it is becoming possible to conceive the design of
systems which are not only tolerant to the effects of failure of their components but can
also adapt their operation so that in large measure their integrity is maintained.

It is important to understand that the design of sophisticated aircsaft relies upon
the integration of the systemsand the airframe. This isespecially true of the use of the
flight control system to provide load limitation or alleviation and clearly in these
circumstances the design of the structure must allow for both the potential and the
integrity of the system. The need for integrity has a major impact on system design
which may accordingly include such techniques as redundancy, error monitoring, and
separate channels having alternative hardware and software. Also system instabilities
can result in structural oscillations and consequent fatigue loading.

1.4 Definitions and basic assumptions
1.4.1 Reference axes
1.4.1.1 Axes systems

Figure 1.3 illustrates the system of axes conventionally used to define both the
aerodynamic and inertial characteristics of an aircraft in flight. In passing it should be
pointed out that it may well be convenient to use different axesfor the structural design
process and thisis discussed in Chapter 12, Section 12.5. Asshown in Fig. 1.3 theorigin
of the axes is always the centre of gravity of the aircraft, O. The Ox axis extends
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forwards from the centre of gravity, the Oy axis to the right (or starboard) side and the
0z axis downwards to produce a right-handed set.
The actua orientation of the axes can vary and the usua possibilities are:

(i) fixed relative to the aircraft, so-called body axes, Oxyz;
(ii) fixed relative to an initial flight direction, known as wind, aerodynamic, or
stability axes. Ox'y'z’;
(iiiy fixed in space, or relative to the ground, space or earth axes, Ox"y"z".

Theuse of axissystems requirescareful consideration. An excellentdiscussion of the
transformations which may be necessary is given by Cook™.

For the purpose of loading action calculationsit isoften preferable to use body axes
referred to an initial reference, possibly the earth axes. For structural design a
modification of the body axis system is expedient.

The great majority of aircraft possess symmetry about the vertical fore and aft, Oxz,
planc Some guided weapons also possess symmetry about the horizontal, Oxy, plane
and have what is referred to as a doubly symmetric configuration.

Assaciated with the axis system Oxyz are:

{a) Linear velocity perturbationsof i, v, and w and the corresponding accel erations
along the x, v, and z directions, respectively, together with forces X, ¥, and
Z

() Angular vclocity perturbations of p, g, and r and the corresponding
accelerations about the x, y, and z axes together with moments L. M., and N,
respectively.

{c) Angular displacements of the body axesrelative to the initial reference axes
about the point O, of & (roll), 4 (pitch), and y (yaw) together with the
corresponding rates of angular displacement from the reference axes. It must be
noted that the angular rates ¢, é, and drare only equal top, g, and r when all the
perturbed displacement angles are small, see Fig. 1.4.

(d) Angular displacement of the wind axes as follows:

(i) in the Oxz plane, relative to initial earth axes, v, the angle of the flight
path, and relativeto the body axes — & where « is the angle of incidence of
the body as illustrated in Fig. 1.3; in a symmetric flight situation, the
motion king solely in the Qxz plane, v, is equal to {& — a);

(iiy in the Oxy plane relative to the body axes — 3, where 3 is the sideslip
angle, and when the motion is solely in the Oxy plane 3 is equal to
(dv/Vdr), where V is the velocity vector along the Ox' wind axis, see
Fig.l.5.

1.4.1.2 Transformation of axes

Itisfrequently desirable totransform a parameter, for example velocity, from one set of
reference axes to another. This is done by resolving the components of the parameter

*Cock, M. V. Flight Dynamics Principles. Armnold. 1997.
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Wind and earth axes are coincident

from one axis system to another in sequence. It is important to do thisin the correct
order. Thus if a parameter is defined in the Ox,y,z, axis system and it is to be
transformed into the Ox,y.z4 axis system the procedure is:

(a) Apply a rolling motion about Ox, through an angle ¢ to transform to the
Ol‘;,_‘!"j,i(, wstem.

(b) Apply a pitching motion about vy, through an angle ¢ to transform to the
Ox.v.z. axis system.

{c) Apply a yawing motion about @z, through an angle s to transform to the
Ox v,z aXis System.

The resulting transformation is conveniently expressed in matrix notation:

O, 0,
0, | =p| o, (1.1)
0. 0.

a +. dd

where

sin ¢ sin Bcosf —cosepsiny  sindsinBsinifr+ cosdeosy sindeos

cos@cos s cos @sin —sin
D —
cos psinBeos -+ sindsing  cos psinBsiny — sindcos & cosgcos

Fig. f.4 Axissystemin
asymmetric mation
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B =sin" (WV) = wV \ f
\

z, Z', z" are coincident
Motion in horizontal plane only

i Wind tunnel case, x' coincident with X
w=-=p

An important application of Egn. (1.1) isthetransformation of the forward velocity,
V, defined in wind axes to the body axes when the aircraft hasan angle of attack aand a
sideslip angle 3. noting that 3 = (— ). In this case:
¢ =10, 0=, = —p
The velocity components along the body axes (3xvz are denoted by ., V.. and W..
Application of Egn. (1.1} gives:

U cosacosf3 —cosasinf3i -snf ||V
Vi fies sin 3 cosf3 0 0 (1.2)
| W |, | sinacosf -—snasinf3 cosa 0

or
U, = V cosacosf
V. =Vsing
W, = Vsinacos 8
It is sometimes useful to use the inverse of the matrix D:

cos fcos @ coSirsin Bsind — Sndrcos @ coSQINBcos + sngrsin
D' = | Snyreos O sinysin Bsin b T cosgrcos ¢ Sn bisin Beos d — cosisin &
—sin @ cos Bsin ¢ cos Beas
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Similar transformations may be applied to other parameters, for example the angular
rates p, g, and » about the body axesin terms of the rates of change ¢. f, and ¢ defined
in terms of the earth axes.

1.4.2 Inertial characteristics

The inenial characteristics are the mass, the centre of gravity and the moments and
products of inertia.

1.4.2.1 Mass

The conceptual phase of adesign yields a predicted total mass together with a break-
down into individual contributions. The total mass comprises the following specific
items:

(a) The basic empty mars. This includes the airframe, powerplant, systems.
installations, and the fixed equipment.

{b) The operating items required to bring the aircraft to flight status hut with it
otherwise being empty. These additional items are often specified by the
operator and include crew, unusable fuel, removable equipment which may
include some furnishings, and on board supplies such as food and water which
have to be replenished after each flight. Together with the basic mass the
operating items make up the operating empty mass.

(¢y The disposable load. This consists of the payload and the fuel required to
perform a specified operation or sortie. The sum of the disposable load and the
operating empty mass is the total, or take-off, mass of the aircraft.

The basic empty mass may be assumed to be a fixed quantity for a given version of
a design. The other items may he variable athough the total can never exceed the
maximum design mass. The magnitude of the variable components is determined both
by the requirementsof a particular flight and by their usage. Thusfuel massreduces asit
is consumed and the payload may he disposed of in combat operations.

To further complicate the matter the design mass may have more than one value.
For example it is not unusual for military aircraft to have a specified ‘overload’ take-
off mass associated with reduced performance requirements such as the allowable
manoeuvres. In the case of some larger transport aircraft a 'ramp' massisdefined that is
somewhat greater than the design take-off mass and allows for the fuel used between
engine start-up and the commencement of the take-off run. The ramp mass has an
impact upon the design of the landing gear.

1.4.2.2 Centres of gravity

The centre of gravity position of the basic empty mass isdefined by thelocal centres of
mass of the items which go to make it up. There will be a range of centre of gravity
positions associated both with the operational items and the disposable load and, in
general, there will be variation during the flight as the mass reduces.

15
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The number of combinations of mass and centre of gravity islikely to belarge and it
is usua to define an 'envelope’, the boundaries of which are used for both aircraft
stability analysis and structural design, see Section 1.5.3.2.

Thefore and aft centre of gravity isespecially important. The specification of thefore
and aft centre of gravity range is amatter of interaction between the desired operational
characteristics. in that these determine the mass allocations. and the acrodvnamic
characteristics. In a conventional configuration the size and location of the horizontal
stabilizing surfaceisof particular significance. For an aircraft having alarge disposable
load the fore and aft centre of gravity rangeis likely to be of the order of 20 per cent of the
aerodynamic mean chord of the wing. Typically it could be between 16 and 36 per cent
of the chord aft of its leading edge.

1.4.2.3 Moments and products of inertia

In general for each mass and corresponding centre of gravity position there will be a set
of three moments of inertia /.. /,. and /. about the Ox. Oy, and O: axes, respectively.
There will also be three corresponding products of inertia, 1,,, 1,,. and /... However, for
the usual case of an aircraft having nominal symmetry about the Oxy plane the products
of inertiainvolving mass in the Oy direction are zero. The remaining product of inertia.
1. resultsfrom the mass coupling in the Ox and Oz planes and is only zero if the Ox and
(32 axes happen to be principal axes. While this is not generally the case. it may be
approximately true when the Ox and ¢}z body axes are very close to the Ox' and Oi’
wind axes, that is, when the aircraft is flying at low angles of attack.

When undertaking loading analysis the moments and products of inertia must be
consistent with the relevant mass and centre of gravity position.

1.4.3 Aerodynamic characteristics
1.4.3.1 Introduction

The geometric configuration of the aircraft is explicitly defined during the conceptual
design phase. Thisincludes such details as the type and extent of the high-lift devices
and the sizes and locations of the aerodynamic surfaces used to confer the required
stability and control. Indeed an important aspect of the conceptual design processisthe
determination of satisfactory stability and control characteristics whether the aircraft
is designed to be naturally or artificially stable. To do this it is necessary to evaluate
the aerodynamic derivatives for the defined configuration of the aircraft. While the
derivation of these quantities is outside the scope of the present work it is useful to
make some pertinent comments regarding their estimation as they are also essential for
the loading analysis.

1.4.3.2 Standard aerodynamic data

Various standard reference sources are available for the evaluation of the aerodynamic
derivatives, refer to the Bibliography in Chapter 17, Appendix A17. However, they are
largely based on conventional aircraft configurations. When the proposed layout is in
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any way unconventiona it is important to recognize the limitations of the data and to
make due allowances. This may imply a need for wind tunnel testing as well as the
application of more advanced techniques such as computational fluid dynamics.

1.4.3.3 Problem derivatives and data

Even for conventional configurations there are some aerodynamic characteristics for
which an accurate prediction is difficult. There are also some aspects of wind tunnel
testing where accurate full-scale data are hard to achieve. For the purposes of stability
and control analysis it may be acceptable to apply a sensitivity technique to ensure that
satisfactory characteristics can be predicted across a numerical range of derivatives for
which accurate prediction isdifficult. The accurate derivation of loadsrequires a precise
estimate of the significant values. Among the data critical for loading actions analysis
are:

(a) Control hinge moment characteristics. On the one hand the use of too high a
value can penalize the design of the control system and the control surfaces, and
on the other hand it may have the effect that the motion of the aircraft
consequent upon control deflection is less than would otherwise be the case.

(b) High-lift device characteristics, especially the associated pitching moments
which have a major impact on the loads needed to trim the aircraft.

{c} The overall wing—body pitching moment in the zero-lift condition and the
corresponding position of the aerodynamic centre. see Chapter 4, Section4.2.1.
As indicated above these values depend upon the deflection of the high-Ilift
devices but are also affected by small, detail, aspects of the configuration such
as the geometry of the wing—hody junction.

1.4.3.4 Airframe distortion

Although the airframe will distort under load, as discussed in Section 1.1, it is usually
inevitable that the initial evaluation of the aerodynamic characteristics is based on the
assumption that the airframeis rigid.

1.4.3.5 Aerodynamic data for loading calculations

Within therestrictionsoutlined in Sections 1.4.3.2 to 1.4.3.4 it may he assumed that all
the aerodynamic data needed to undertake the loading analysis are available. However,
in order to ensure that the structural design is adequate, although possibly some-
what conservative, it is necessary to consider making allowances for the difficulty of
accurately predicting certain of the critical values.

{a) For the purposes of the initial design of the control surfaces, and parts of the
control system where relevant, it is common to factor the predicted control
hinge moments. A typical factor is 1.25 but this may he reduced or removed
when flight test data become available. In some cases it is also necessary to
assume a very severe distribution of air-load across the chord, especially when
the surfaceincomarates a horn balance.

17
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{b) It may be advisable to apply a factor to the predicted values of the wing—body
zero-lift pitching moment coefficient in the various high-lift device configur-
ations or to establish a minimum value for loading calculations. Associated
with this it may be wise toinclude an adverseincrement in the assumed position
of the aerodynamic centre of the wing—body relative to the overall centre of
gravity of the aircraft. Such allowances must be made with extreme caution
since, while they may be desirable if not actually necessary, any undue allow-
ance will result in an unjustifiably conservative and over-designed structure.

(¢} Thesignificance of the distortion of the airframe under the applied loading is
worthy of further comment. When aload is applied to alifting surfacethereisa
tendency for the surface to both bend and twist. In the majority of cases the
ohvious static bending deflection across the span of the surface is of negligible
significance. The reason for the twisting of the wing is less clear and is due to
the fact that the position of the local chord-wise centre of air-load is usually
forward of the twisting axis of the structure. The implied additional lift lends to
cause the local angle of attack to increase with aconsequent further increase of
the lift. The magnitude of the lift increase vanes across the span of the surface.
being small in the root region and relatively larger at the tip where the wing is
much moreflexible in torsion. The net result is that there is a tendency for the
span-wise centre of lift to belocated further outboard than would be the case if
the surface was rigid. The first direct consequence of thisis an increase of the
bending moment. In addition, excess local twisting may result in a form of
static aeroelastic divergence. Thisis considered further in Chapter 11, Section
11.2.1. Nevertheless, in spite of the important effect of the distortion on the
aerodynamic derivatives and the loads calculated by using them. there is no
easy aternative to the assumption of arigid airframe for the initiation of the
loading analysis. Subsequent correction for the effectsof distortion isessential.

1.5 Specification of design conditions
1.5.1 Operating and design flight envelopes

The structural integrity of the aircraft must be established at al points on, and within,
its operating envelope with adequate allowance for possible excursions outside this
envelope. Thus the structural design flight envelope represents more severe conditions
than are specified for the operating envelope, especially in respect of the maximum
design speed. The envelope is defined in terms of combinations of forward speeds and
altitudes upon which are superimposed manoeuvres and the effects of atmospheric
turbulence. The forward speeds and altitudes are determined by the performance
requirements of the aircraft. Manoeuvre conditions may be determined by specific
performance requirements or, like the effects of atmospheric turbulence, the general
requirements for that class of aircraft. For higher subsonic, transonic, and supersonic
flight it is usua to define the speeds in terms of Mach number.
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1.5.2 Definition of speeds

The airloads experienced by the airframe are directly proportional lo the dynamic
pressure. g, which may be defined in terms of either velocity or Mach number.

7= i Voras)' /2 = ypa(My)* /2 (1.3)
where
P is the air density
Pa is the local static pressure
V,1as isthetrue. that is the actual. forward velocity
¥ isthe ratio of the specific heats of air and isequal to 1.4

The Mach number is:

.’1‘1‘\‘ = V‘“j_.!”‘) ,"'{i' (1.4)

where a is the local speed of sound at a given altitude.

However, it is important to note that the structural design speeds are specified as
equivalent speeds, V., z45. that isthe speed at zero altitude (sea level) that gives the same
dynamic pressure as the true speed at a particular altitude.

1/2

Voeas = Vorasa (I.5)
where ¢ is the ratio of the density at the particular atitude corresponding to the true
speed to that at sea level and thus o < 1.

When the speed is defined as a Mach number at a particular altitude the equivalent
structural design speed is deduced by first converting the Mach number to a true
airspeed using Eqgn. (1.4) and thence to an equivalent airspeed using Egn. (1.5). It is
common for aircraft operating at the higher Mach numbers referred to above to be
limited by a maximum equivalent airspeed at low altitude and by Mach number
above an altitude where the true speed derived from the design equivalent speed isequal
to the limiting Mach number.

In passing it is worth commenting that the pilots instruments show Mach number
and indicated airspeed. Theindicated airspeed differs only from the equivalent airspeed
in respect of instrument errors.

When an aircraft only operates at low Mach number in what may be regarded as
incompressible flow conditions the use of the equivalent airspeed enables the loading
in static and quasi-static conditions to be calculated without reference to altitude.
However, it must be pointed out that when the loading is a consequence of a dynamic
disturbance of the aircraft the resulting motions, and hence loads, are dependent upon
dtitude in that the response of the aircraft is a function of the local air density.
Atmospheric turbulence is also atitude dependent.

The situation is more complex when the aircraft operates in the transonic and
supersonic flight regimes where compressibility effects are significant and there-
fore Mach number considerations are likely to be dominant. The complication arises
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from the fact that the speed of sound vanes with altitude so that there is no simple
relationship between Mach number and equivalent airspeed. A further difficulty is
that the basic aerodynamic characteristics are also Mach number dependent.

The specification of actual design speeds and Mach numbersis covered in Chapter 2,
Section 2.6.

71.5.3 Aircraft mass and centre of gravity
1.53.1 Mass

The structural design loads must he calculated for the complete range of masses
appropriate to a given condition. The flight cases have to be considered for all masses in
the range of the minimum flying mass to the maximum take-off mass, the minimum
flying mass being the operating empty mass plus a minimum landing fuel reserve. The
ground cases need to be considered for the range of masses from the basic empty mass
to the ramp mass. In either case some operational limitations may he imposed. for
example it is common to specify a maximum landing mass for ground cases which
makes some allowance for the use of fuel during the Right.

It is important to examine mass conditions between the two extremes for a given
case. Thisis necessary because of the effect of inertial forcesin relieving the air-loads.
For example, the wing structural loading may he higher than the take-off conditions
when part of the fuel has been used and its relief effect reduced in greater proportion
than the corresponding reduction of overall mass.

1.56.3.2 Centre of gravity

As mentioned in Section 1.4.2.2 the centre of gravity has a specified range. In practice
specific combinations of empty mass, fuel, and payload will have corresponding centre
of gravity positions. In some cases it may be possibleto uniquely definethese points but
more usually the number of possible casesis large and, at least for the first set of loading
calculations, it isconservative to apply the full range of massesat both the extreme fore
and aft centre of gravity locations.

1.5.4 Engine conditions

Theloadsontheaircraft areinfluenced by the thrust of the powerplants, especially when
they are located vertically above or below the centre of gravity and contribute to the
overall pitching moment. A given operational performance caseimpliesacertain thrust.
Aswith other design conditions thereis the possibility that a very large number of thrust
cases must be considered. For initial work it is usualy adequate either to use the engine
condition appropriate to the particular case. for example steady level flight thrust is
equal to thedrag, or to examine the effect of the two extreme thrust settings for a given
design case. Thus the engine conditions examined could be maximum and minimum
thrust for that flight condition. the minimum possibly being the flight idling value unless
it is an engine-failed case.
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1.5.5 Altitude

The altitudes considered for structural design must cover the range from sealevel to the
maximum operating altitude, as mentioned in Section 1.5.2. Some considerations, for
example Mach number and atmospheric turbulence, are afunction of atitude. Further as
theaircraft climbsto altitude fuel is used so that the mass at altitude islessthan the take-
off value. It is usua to specify a number of design altitudes based on the operational
performance requirements of the aircraft. AlImost certainly one case will be the lowest
altitude at which the aircraft can reach its design maximum operating Mach number.
This somewhat complex situation is simplified for those classes of aircraft where the
operational altitude range is small, such as light general aviation types or combat
aircraft which are reguired to achieve the maximum manoeuvre and Mach number
performance immediately after take-off at nominally sea level conditions.
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CHAPTER 2

Structural design
requirements

2.1 Historical review
2.11 Introduction

A historical review of the development of structural design requirementsis of interest.
While the emphasis is placed on the United Kingdom and Europe, a similar process
occurred in the United States and this will he referred to as appropriate. Although there
has always been some interaction between military and civil requirements the impetus
of the First World War placed emphasis on military aspects and for this reason these will
he considered initially.

2.1.2 Development of requirements for
military aircraft

2.1.2.1 Early contributions, 1907 to 1924

Asearly as 1907 an attempt was made to produce design datafor military aircraft. This
work began at the National Physical Laboratory in the United Kingdom and was
continued at His Majesty's Balloon Factory at Famborough. The investigation naturally
included lighter-than-air aircraft since at the time they were the subject of considerable
research. By about 1910 the Superintendent of what by now had become the Royal
Aircraft Factory introduced a scientific approach by encouraging his staff to publish
technical paperson relevant aeronautical subjects. Perhaps the most significant of these
was published in 'Flight' magazine in October 1913. Its title was 'The stresses in
wings—the RAF method of investigation'. In that it covered design and not just a
strength requirement it began atradition and, to some extent, this hasbeen continued in
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British military airworthiness requirements. However, the first officiad British
publication in the airworthiness field was a confidential Admiralty memorandum
dated 1915. It was written by H. Booth and H. Bolas and was titled 'Some contributions
to the theory of engineering structures with special reference to the problem of the
aeroplane'

A summary of the existing knowledge appeared in 1916 when the Royal Aircraft
Factory produced a six-page pamphlet. The next officially authorized publication was a
classified document of 1918 written by A.J.S. Pippard and J.L. Pritchard. Thiswas ‘The
Handbook of Strength Calculations™ and its contents were based on a case study of a
single-engine biplane. It was issued by the British Ministry of Munitions — Aircraft
Production and later formed the basis for a classical textbook 'Aeroplane Structures’
published by these two authors in 1919. The 1918 Handbook. known as HB#06.
remained the officia document for hoth military and civil aircraft for about six years.

2.1.2.2 The formative years, 1924 to 1939

The British Air Ministry had been established in 1919 and in 1924 it issued a revised
version of document HB806 bearing the designation AP 970. The numerical pan of this
designation has been retained to the present time. AP 970 was unclassified and could be
purchased from His Majesty's Stationery Office for the price of one guinea, later
reduced to three shillings! It was applicable to hoth military and civil single engined
biplanes of conventional design. Some two years later a special civil version, AP 1208,
appeared, see Section 2.1.3.3. A feature of AP 970 was the contributions made by
industry and academia as well as the government departments through membership of
the Load Factor subcommitlee of the Aeronautical Research Council. A new edition of
AP970 wasissued in 1930 extending its coverage to monoplanes. The 1933 edition was
given anew title ‘Design Requirements for Aeroplanes for the Royal Air Force'. Soon
after the title was extended to include “rhe Roval Navy'. The 1935 edition formed the
basis of the British military design requirements for some 45 years, an amendment
procedure keeping it up to date.

From time to time the work on strength requirements was undertaken by the
Airworthiness Department of what by now was the Royal Aircraft Establishment, but
there was a major change in policy in 1928 when many of the staff were dispersed
around the aircraft industry as Resident Technical Officers in newly established
‘Approved Organizations. The strength requirements were supplemented by ones for
structural stiffness based on the work of A. Pugsley and H. Roxbce-Cox (Lord Kings
Norton). Additional requirementsfor such items as systems and installations were first
issued in the form of Aircraft Design Memoranda (ADM), but were subsequently
incorporated in AP 970.

During the years immediately preceding the Second World War there was doubt
about the validity of certain of the requirements, especially in the industry. Thisled to
discussions hetween the Society of British Aircraft Constructors (SBAC), and the Air
Ministry and it was agreed that a procedure should be established whereby future
changes resulted from cao-operative efforts. The result was the formation of the Joint
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Ainvonhiness Committee (JAC), which has shaped the nature of British military
airworthiness requirements ever since. One of the aims of the JAC was to confine the
documents to aclear statement of the purposes without attempting to define the detailed
means of applying them. Another aim was to combine all the relevant documents into
one volume for clarity and ease of reference.

2.1.2.3 Second World War. 1939 to 1947

During the wartime period it was essential for operational experience to be fed into
the system very rapidly and this was done using ADMs. At the same time research
produced new data and various |AC subcommittees were set up to handle issues of
critical importance. New concepts of presenting strength requirements, such as the
flight envelope proposed by A. Pugsley, were introduced and flight test requirements
promulgated and added to AP 970 in 1945. There was an inevitable duplication
of information in various documents so that one of the aims of the setting up of the
JAC was not achieved. Conseguently when the war ended the SBAC made a new
representation to the Ministry of Aircraft Production and it was agreed that in future the
design requirements should be separated from technical procedures and ‘'Technical
Requirementsfor Service Aircraft” wasissued in 1947. It waslater coded as AvP 25 and
more recently as Def.Stan.05-123 under the title 'Technical Procedures for the
Procurement of Aircraft, Weapon and Electrical Systems'.

A completely revised version of AP970 was issued in 1947 at amendment 40 and an
unclassified version made available to the public for 15 shillings.

2.1.2.4 Post the Second World War, 1947 to 1969

The JAC continued to be active during the two decades after the war in a period which
saw major developments in aviation with the application of the jet engine and
supersonic flight. Important changes included the introduction of aVolume2to AP970
to cover advisory material and, in 1955, Volume 3 to cover ‘Rotercraft Design
Requirements'. After 1956 it was agreed that the Volume 2 material should be returned
to Volume 1 but printed on distinctive green paper to emphasize its advisory nature.
During this period the governmental authority changed first to the Ministry of Supply
and then to the Ministry of Aviation, the designation following suit as SP 970 and then
AvP 970. Towards the end of this period it was felt that AvP 970 was sufficiently well
defined and that further upgrading was not required.

It was decided, therefore, that after amendment 109, 1st March 1969, no further
alterations would be made to AvP 970, al new requirements being covered by theissue
of Memoranda. After a period of some ten years the number of Memoranda was such
that it became very difficult to use the requirements and there was concern over what
action should be taken. Among the proposals made was the development of a pan-
European set of military requirements and the complete replacement of AvP 970 by the
Transport Supersonic Standards (TSS) requirements developed for Concorde, see
Section 2.1.3.6. The JAC continued to meet and provided a degree of continuity.
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By 1980 the situation had deteriorated to such an extent that urgent action was
essential. The JAC proposed a complete review of the military design requirements.
This was accepted and a completely new document prepared and given the code
Def.Stan.00-970. This current document is discussed in Section 2.2.2.]

2.1.2.5 United States military requirements

There was a period of intense activity in the United States which coincided with that in
the United Kingdom covered in Section 2.1.2.4. This led to the issue of a number
of MIL-Specs covering various aspects of the structural design of US Air Force, Navy,
and Marine aircraft. Unlike the British requirements there was no complete handbook
or set of requirements and MIL-Specs cover many items other than aircraft structural
design. Although there were some similarities with AvP 970 there were also many
differences.

2.1.2.6 Joint European projects

In the case of collaborative European military aircraft projects the usual practice was
to agree on a special set of structural design requirements based on those employed
by the associated nations. This included elements of the M E-Specs as appropriate.

2.1.3 Civil aircraft requirements
2.1.3.1 Historical review

Civil aircralt operations in the United Kingdom commenced immediately after the end
of the First World War in 1919. For some years the airworthiness requirements were
commeon With those of military aircraft as mentioned in Section 2.1.2.1. At this time the
military requirements were based on single-engined hiplanes and there was concern
among those involved in multi-engine civil operations that the imposed requirements
were not applicable. An official approach was therefore made to the Air Ministry for
civil aircraft to be considered in their own right.

The period after the First World War also saw rapid expansion of air transport
operations in the United States. This led to the formation of the Bureau of Air
Commerce and the production of a document entitled the 'Civil Aviation Manual'. The
responsible authority changed names through the Civil Aviation Administration, the
Civil Aernnautical Board (CAB), and ultimately the Federal Aviation Administration
al of which in turn became responsiblefor the regulation and safety of civil operations.
The governing documents also had title changes through 'Civil Aviation Regulations'
(CAR) to 'Federal Aviation Regulations' (FAR). published as the 'Code of Federal
Regulations, CFR-14.

2.1.3.2 The international scene up to 1960

Asearly as 1910 a somewhat premature attempt was made to develop a set of European
aeronautical regulations. In 1919 an International Air Convention was prepared and by
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1939 this had been ratified by some 33 states, a notable exception being the United
States. A pan of this Convention was the establishment of an International Commission
for Air Navigation (ICAN). A set of 'Regulations concerning the Minimum Re-
quirements for Airworthiness Certificates was approved in 1934 and adopted by
the signatories as recommendations rather than mandatory requirements. Associated
with this was an agreement that all participating states would accept 'Certificates of
Airworthiness' from the other participating nations.

In 1944 the United States took an initiative by inviting some 52 nations to attend a
convention on international civil aviation to bc held in Chicago. This now famous
meeting formed the International Civil Aviation Organization (ICAOQO) and reiterated
the ICAN concept of states accepting Certificates of Airworthiness from each other
provided they conformed to minimum international standards. Perhaps not surprisingly
the US delegates suggested that these minimum standards should be an international
version of the US domestic Federal Aviation Requirements. While it was agreed that
such a set of international standards was necessary, the US offer was not accepted,
especially by the UK which cautioned a more considered approach.

In fact considerable difficulty was encountered in formulating a set of ICAO
requirements. The first issue, in 1944, was accompanied by a statement encouraging
member states to use it as a basis for certification. However, by 1952 this outlook
had been reversed and member states were encouraged not to use ICAO as a basis
for cenification. A consequence of this was that a review undertaken in 1953 led to
a decision that ICAO regulations were not a replacement of those of individual
nations. The emphasis was therefore changed and in 1955 a short ICA O code of basic
standards was accepted. This was supplemented by 'Acceptable Means of Compliance'
{AMC) and later 'Provisional Acceptable Means of Compliance' (PAMC). The
latter proved to be very valuable in establishing international guidelines for national
codes of practice.

2.1 3.3 United Kingdom civil aircraft requirements in
the period 1926 to 1946

A conseguence of the representations made to the Air Ministry, referred to in Section
2.1.3.1, was that in 1926 a special document was issued with the code AP 1208 and the
title 'Airworthiness Handbook for Civil Aircraft'. This consisted of two parts. The first
was concerned with design and the second with inspection, and thereby it established
the principles of initial and continuing airworthiness. Private flying was largely
uncontrolled and thisled to some degree of apprehension as the number of light aircraft
increased. In 1933, the UK government set up a committee to examine the control
of private flying, but in fact its report made recommendations concerning the whole
field of civil aviation. While some notable members of the committee suggested an
immediate separation of all civil aircraft activities from the Air Ministry, this was not
implemented. For some years the Air Ministry retained responsibility for large civil
aircraft. defined as those in excess of 10 000 1bs weight (4536 kg). and AP 1208 still

applied.
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However, the basic recommendation that civil aircraft should be overseen by an
independent organization was eventually accepted and the Air Registration Board
(ARB) was established in 1937. The ARB was specifically charged with:

(i) controlling the airworthiness requirements for civil aircraft:
(ii) controtling the system of approved firms, which was the concept introduced
for military aircraft in 1928;
{iii) theissue of Certificates of Airworthincss.

A transition period for the transfer of responsibility from the Air Ministry was
envisaged and in fact thisextended beyond the beginning of the Second World War in
1939. This had no immediate effect as there were virtually no civil operations during the
wartime period.

2.1.3.4 The United Kingdom Air Registration Board.
1944 to 1972

When the Air Registration Board was formed one of itsfirst tasks was to prepare a set of
airworthinessand operational requirements to replace AP 1208 which was not amended
after 1939. A fundamental principle of the new document was that it should be a code of
practicerather than a set of absolute rules, thereby achieving aflexibility of application.
The new document was modelled on AP 1208 with major emphasis on structural
requirements, but covering also some performance and equipment stipulations. Work on
it was stopped at the outbreak of the Second World War.

By 1944 it was clear that a new era of civil air transport was approaching and afresh
start was made on formulating the code of practice. This became known as British Civil
Airworthiness Requirements (BCAR) and it was formally issued in 1948. Although
the document conformed with the developing ICAO requirements it was more
comprehensive in detail.

The Air Registration Board continued to operate until 1972 when the whole of UK
civil aviation was reorganized with the formation of the Civil Aviation Authority
(CAA). This was effectively an amalgamation of the Air Traffic Control operation
with the ARB, the latter's activities becoming its Airworthiness Division. In fact the
designation ARB was retained for an advisory committee known as the Airworthiness
Requirements Board.

2.1.3.5 British Civil Airworthiness Requirements
(BCAR)

Although BCAR has been superseded for new aircraft designsit is still current in the
context of application to older aircraft which are still operating. It includes a section
on procedures and has separate sections for individual classes of aircraft and their
components. The layout partly stemmed from the original formation of the ARB and
partly following the precedent of the US Federal Aviation Regulations. Each of the
relevant individual sectionscovered all aspects of the design requirements for a given
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class of aeroplane. Thus Section K applied to light aircraft and had the following
subsections:

K1 Genera and Definitions

K2 Flight

K3 Structures

K4 Design and Construction

K5 Powerplant Installations

K6 Equipment Installation

K7 Operating Limitations Information

Theinclusion of such a comprehensive set of topics was amajor difference between the
first versions of BCAR and its predecessors.

2.1.3.6 International developments and European
co-operation

In paralel with these developments there was activity at theinternational level. In the
United States the civil aeronautics authorities had made significant changes to the
Federal Aviation Regulations, especially in respect of what is now known as field
performance. Much of the performance section of the US requirements was adopted in
the first issue of BCAR, but thereafter there was a divergence as research in the UK
enabled new requirements for rate of climb to be specified in terms of atmospheric
conditions.

The United Kingdom ARB began working on airworthiness requirements for
supersonic airliners as early as 1959. With the decision that Concorde should be
developed asajoint Anglo-French project there came the need to produce asingle set of
design requirements. Theresulting 'Transport Supersonic Standards' {TSS) represented
the first serious attempt to produce a detailed set of international requirements and it
paved the way for future work in this context. The fundamental philosophy of the
airworthiness aspect of the TSS requirements reflected the thinking which had already
evolved round the certification of automatic systems, such as auto-land, for subsonic

transport aircraft. This aimed at specifying acceptable rates of catastrophic failure to’

enable the appropriate reliability and multiplex system design to be undertaken
meaningfully. The TSS requirements were the first to introduce the distinction between
the three levels of hazard referred to in Chapter 1, Section 1.2.4. At the same time the
four levels of probability were established: frequent, reasonably probable, remote, and
extremely remote. By attaching numerical values to these a statistical design could be
undertaken.

The advent of the Airbus consortium following on from the Anglo-French
co-operation on the TSS standards gave the impetusfor work to start on the formulation
of a set of joint European airworthiness requirements for transport aircraft. Theoriginal
aims of the 1944 Chicago convention were not overlooked and thefirst major decision
was that the format of this code should exactly follow that of the US equivalent,
FAR-25, and be designated JAR-25. The task was by no meanseasy. Each of the seven
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or so European aeronautical nations initially involved already used their own set of
requirements and the differences had to he taken into account. The question of the
language used was of some significance, especialy in relation to the interpretation in
translation.

Apart from using FAR-25 asa basis for the format of the new document it was agreed
that FAR-25 should be adopted as the '‘Basic Code'. This has important ramifications.
For example when the Federal Aviation Authority amended FAR-25, those amend-
ments automatically applied to the European JAR-25 unless one of the participating
countries gave notice of objection within a specified period.

In practice JAR-25 was produced by working through FAR-25 paragraph hy
paragraph. Where acceptabl e to dll the participating countries, the detail of FAR-25 was
retained. Otherwise the attemnpt was made |0 come to a common European agreement
to replace the FAR-25 stipulations. In order to obtain a document having overal
agreement it was necessary to allow for some national variations.

Thefirst issue of the new code was limited to subparts: C — Structures. D - Design
and Construction. and E —~ Powerplant installation. It appeared in 1974. However, it was
several more years before the document had reached a more or less complete form,
being changed to incorporate FAR-25 amendments, European amendments, and new
material. Thusin this respect considerable progress has been made, albeit more than 30
years later, towards the aims of the Chicago convention.

Refinements over a period of several years resulted in a document in which al the
basic requirements became common to the participating nations and this comprised
Section |. There was some variation in the means of compliance and this was covered
by a supplementary Section 2. This used the terminology 'Advisory Circulars — Joint'
(ACI). It was agreed that none of the participating nations would introduce its own
amendments without having first submitted them for general approval.

Subsequently the European Joint Airworthiness Reguirements have been extended
to cover al classes of arcraft and their components, as well as operational proce-
dures.

2.2 Current airworthiness codes
2.2.1 Introduction

In recent years there has been achange of emphasisin the specification of requirements,
especially in the case of those concerned with more sophisticated military and transport
aircraft. Whereas at one time the aim was to provide a design handbook, outlining
the calculation procedure to be used, it is the present policy to state the intended
consequence of the code and to allow the design organization to use a 'rational analysis'
of its own choice. As an example of this, comparison may be made between the
transport aircraft requirements. FAR /JAR-25, and the light aircraft requirements. FAR/
JAR-23. Although a cursory survey suggests that there is considerable similarity
between the two. in practice the transport aircraft codes relegate 'design handbook'
features to advisory information.
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2.2.2 Military aircraft
2.2.2.1 United Kingdom

The proposal for a new version of AvP 970 referred to in Section 2.1.2.4 was that there
should be a complete revision undertaken in three stages.

(@) Phase |.  Animmediate updating of AvP 970 amendment 109 to clarify the
relationships between the Leaflets and Memoranda.

(by Phase 2. To prepare a reprint of the whole document, edited to be consistent
throughout and on A4 format. Thiswasachieved by theend of 1983 with theissue of
'‘Design and airworthiness requirements for Service Aircraft' — Def.Stan.00-970.

(c) Phase3. To thoroughly update the technical content of the document, taking
into account where appropriate the comparable civil requirements and the
United States MIL-Specs. This was achieved by 1989.

The layout of the Def.Stan.00-970 Issue | followed closely that of its predecessor:

Volume 1: 3 books - Aeroplanes
Volume 2: 2 books - Rotorcraft

Some of the chapters are common to both Aeroplanes and Rotorcraft, but there is full
duplication in the respective volumes so that cross-reference is not needed. Each
volume consists of an Introduction, Reference to US MIL-Specs, an Index. and Parts O
to 10 inclusive. Each part is subdivided into chapters, and each chapter into main text
and leaflets. The parts are:

Part 0: Summaries of changes introduced by amendments
Part |: General and operationa requirements

Pan 2: Structural strength and design for flight

Part 3: Structural strength and design for operation on specified surfaces
Pan 4: Detail design and strength of materials

Pan 5: Aeroelasticity

Part 6: Aerodynamics and flying qualities

Pan 7: Installations

Part 8: Maintenance

Pan 9: Flight tests — handling

Pan 10: Flight tests - installations and structures

One of the particular matters which had to be faced in the formulation of the
requirements was that Volume 1 covers al classes of aeroplanes and Volume 2 all
classes of rotorcraft. This is especially significant in the case of Volume 1 which
includes coverage of al types from small trainers, through transports to supersonic
combat aircraft. In some chaptersit is necessary to distinguish between these and four
specific classes of aircraft are identified. However, in most cases the requirements are
written in such away asto be general. The use of advisory leaflets gives the opportunity
to record existing design and testing practice, and in some casesthere isa parallel with
the US MIL-Prime series of requirements, see Section 2.2.2.2.
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Def.Stan.00-9701ssue | wasupdated to amendment AL 14. Theoriginal concept of a
Design Handbook was formally abandoned over 50 years ago but the present document
contains a large quantity of design information for the benefit of the future generations
of designers.

At the end of 1999. Issue 2 of Def.Stan.00-970 was puhlished in part. The new
version differsinthat it isdivided into pans each of which isappropriatetoagiven class
of aircraft, or other topic, and is intended to be completein itself. The parts are:

Part 1: Combat aircraft

Part 3: Small civil-type aircraft

Part 5: Large civil-type aircraft

Part 7: Rotorcraft

Part 9: Unmanned aircraft systems

Part 11: Engines

Part 13: Military common fit equipment

Part 15: Items with no specific military requirements

Each part consists of a number of sections which typically comprise:

Section 1: General

Section 2: Flight

Section 3: Structures

Section 4: Design and construction

Section 5: Powerplant

Section 6: Equipment

Section 7: Operating limits and information

Section 8: Gas turbine auxiliary power unit installations
Section 9: Military specific systems

The leaflet material is retained but is located at the end of each section as relevant.
The new issue is stated to he a replacement for:

Def.Slan.00-970 Issue 1, {12 December 1983)
AvP 970 (1959) (see Section 2.1.2.4)

AP 970, 2nd edition (1924) (see Section 2.1.2.2)
HB 806, 1st edition (1918) (see Section 2.1.2.1)

Until the publication of Issue 2 is complete, and in the event of any conflict of
information. the provisions of Def.Stan.00-970 AL 14 take precedence.

2.2.2.2 United States

As mentioned in Section 2.1.2.5 the United States system of specifying military design
requirements differs from that used in the United Kingdom in that there is no comp-
lete design handbook as such. Specific topics are covered hy individual Military
Specificationsin the MIL-Specs series. These cover al aspects of military operations.
The morerelevant requirements which were introduced in the period commencing at the
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beginning of 1960 were:

MIL-A-8860: Airplane strength and rigidity - General specification
ASG (18 May 1960) and 008860A
USAF (31 March 1971)
MIL-A-8861: Airplane strength and rigidity — Flight loads
ASG (18 May 1960) and 008861A
USAF (31 March 1971)
MIL-A-8862; Airplane strength and rigidity - Landplane landing and ground
handling loads
ASG (18 May 1960)
MIL-A-8863: Airplane strength and rigidity — Ground loadsfor Navy acquired airplanes
ASG (18 May 1960)
MIL-A-8865: Airplane strength and rigidity = Miscellaneous loads
ASG (18 May 1960)
MIL-A-8866: Airplane strength and rigidity — Reliability requirements, repeated
loads, fatigue, and damage tolerance
ASG (18 May 1960) and (¥}#8668
USAF (22 August 1975)
MIL-A-8867: Airplane strength and rigidity — Ground tests
ASG (18 May 1960) and 0088678
USAF (22 August 1975)
MIL-A-8870: Airplane strength and rigidity — Vibration, flutter, and divergence
ASG (18 May 1960) and 008870A
USAF (31 March 1971)
MIL-A-8871: Airplane strength and rigidity — Flight and ground operations testing
USAF {1 July 1971)
MIL-A-8892: Airplane strength and rigidity — Vibration
USAF (31 March 1971)
MIL-A-8893: Airplane strength and rigidity - Sonic fatigue
USAF (31 March 1971)
MIL-A-83444: Airplane damage tolerance requirements (2 July 1974)
MIL-F-8785: Flying qualities of piloted airplanes
MIL-F-9490: Flight control systems - Design, installation, and tests of piloted
airplanes — General specification
MIL-F-18372: Hight control systems - Design, installation, and tests of piloted
airplanes — General specification

The above specificationshave now been replaced by a new series. These are of different
format and make provision for the contractor to state the conditions appropriate to a
given aircraft. Guidance notes based on the earlier specifications are included. Among
this newer series, known as MIL-Prime, are:

AFGS(MIL-A)-87221: Airplane structures — General requirements
MIL-L-87139: Landing gear systems
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2.2.2.3 Guided weapons

The current United Kingdom reference is Def.Stan.08-5, which is classified.
This document replaces AvP 32 which was in existence for over 40 years. Until
Def.Stan.08-5 iscompleted it is necessary to refer back to AvP 32.

2.2.3 Civil aircraft requirements

As indicated in Section 2.1.3.6 there is now considerable commonality between the
European Joint Airworthiness Authority (JAA) requirements and the equivalent United
States Federal Aviation Authority (FAA) requirements. In those cases where the FAA
regquirements have been used as a basis for the JAA requirements the format of the two
isidentical. The JAA reguirements are arranged in such a way that the differencesfrom
the comparable FAA document are immediately apparent. Thisis done by:

(a) Underlining any textual details differing from the statements in the cor-
responding FAA document.

(b) Identifying all the FAA clauses but inserting the note 'Not required for' when
the clause is not applicable in the JAA document.

{c) Introducing the letter 'X' in new clauses which do not appear in the equivalent
FAA document

Further there is agreement on a harmonization process whereby as new or amended
clauses are introduced they are agreed for both sets of documents so that, ultimately.
there will be complete commonality.

The current JAA Joint Airworthiness Requirements, with the Basic Codefrom which
they were derived and, where relevant, the corresponding sections of BCAR are:

JAR-I Definitions and Abbreviations (no Basic Code)

JAR-11 1AA Regulatory and Related Procedures (no Basic Code)

JAR-21 Certification Procedures for Aircraft and Related Parts (no Basic Code)

JAR-22 Sailplanes and Powered Sailplanes (German LFSM) (BCAR Section E}

JAR-23 Normal, Utility, Aerobatic, and Commuter Category Aeroplanes (up to
5700 kg mass except Commuter Aircraft up to 8618 kg mass) (FAR Part 23)
(BCAR section K)

JAR-25 Large Aeroplanes, (FAR Part 25) (BCAR Section )

JAR-26 Additional Airworthiness Reguirements for Operations (no Basic Code)

JAR-27 Small Rotorcraft (FAR Part 27) (BCAR Section G)

JAR-29 Large Rotorcraft (FAR Part 29) (BCAR Section G)

JAR-36 Aircraft Noise (ICAOQ Annex 16) (BCAR Section N)

JAR-145 Approved Maintenance Organizations (no Basic Code)

JAR-147 Approved Maintenance/Training Examinations (no Basic Code)

JAR-APU Auxiliary power units (FAR Part 37-183-TSO-c77A)

JAR-E Engines (BCAR Section C)

JAR-P Propellers (BCAR Section C)

JAR-VLA Very Light Aeroplanes (no Basic Code) (BCAR Section S)
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Further JAR standards cover such items as Standing Orders, All-Weather Operations,
Commercial Operations, Licensing, Training Devices, and Simulators.

Some sections of BCAR are still current, such as Section Q, Non-Rigid Airships
(CAPA4TY).

2.3 Categories of aeroplanes
2.3.1 Military aircraft

Def.Stan.00-970 Issue 1 divides aeroplanes into four main categories for requirements
purposes (Chapter 600 paragraph 3 and Leaflet 60{)/1, and Chapter 606 paragraph 3):

Class I: Small light aeroplanes

Class II: Medium weight, low to medium manoeuvrability
Class III: Large, heavy, low to medium manoeuvrability
Class IV: High manoeuvrability,

Def.Stan.00-970 Issue 2 has different categories as listed in Section 2.2.2. 1.

2.3.2 Civil aircraft
BCAR used the following groups based on performance:

A: Where the performance is such that an engine failure never requires forced
landing procedure.

B: Where a forced landing is necessary if a failure occurs en route — multi-engine
rotorcraft or small twin-engined aeroplanes having not more than 19 seats with a
performance level such that a forced landing is unlikely to be necessary after an
engine failure at any time.

F(i): Small twin-engined aeroplanesof not more that nine seats where enginefailure
may result in a forced landing just after take-off or before landing.

Fi(ii): Small single-engined aeroplanes having not more than nine seats.

The JAR requircments retain the categories A and B for rotorcraft.

2.4 Major categories of loading cases
2.4.1 Vehicle configuration and load cases

Virtually all vehicles are designed to possess symmetry about a vertical plane passing
through the centreline of the body, see Fig. 2.1. However, manned aircraft are
asymmetric with reference to a horizontal plane passing through the body centreline.
Such an arrangement possessing single symmetry can be subjected to both symmetric
and asymmetric loading cases. Certain guided missiles also come into this category and
areknown as'polar’ or ‘twist and steer' missiles. However, many missiles are designed
to be symmetric about both the vertical and horizontal planes through the body
centreline. These doubly symmetric missilesare said to be of ‘cartesian’ or ‘cruciform’
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configuration. They do not experience the usual asymmetric loading but are likely to be
designed for specia roll effects, such asroll stabilization.

2.4.2 Symmetric flight cases

Symmetric flight cases arise as a consequence of pilot- or autopilot-initiated
manoeuvres solely in the longitudinal, or pitching plane. Uniform air turbulencein the
vertical and head-on directions also gives rise to symmetric loading and may take the
form of discrete gusts or continuous turbulence.

2.4.3 Asymmetric flight cases

Asymmetric loads arise when the controls are operated to initiate yawing or rolling
motion. An engine failure has a similar effect. Asymmetric loads, particularly those
due to rolling, are combined with symmetric ones. A cross-wind condition or a non-
symmetric turbulence will also give rise to asymmetric loads.

2.4.4 Ground cases

From the point of view of landing gear design there are two typesof requirement. Thefirst
of these covers the case of the aircraft whileit is static or manoeuvring on the ground and
isinvariably associated with the maximum aircraft mass. The second is concerned with
the absorption of vertical energy in alanding and may be associated with a reduced mass.
The landing loads are the result of the vertical deceleration occurring when the aircraft
lands or, for that matter, when it encounters arunway irregularity. Thereis an associated
foreand &ft deceleration and asymmetry of loading occursdueto side forces encountered
inacrosswind landing. A 'one-wheel' landing caseisintroduced toensure the integrity of
the airframe between the main landing gear units.
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2.4.5 Longitudinal load cases

Fore and aft loading is usualy quite small on aircraft except for assisted take-off,
arrester landings, and emergency alighting cases. Asymmetric components are
associated with these conditions. Many missiles are launched with very high fore and aft
accelerations.

2.4.6 Local loading and miscellaneous
loading cases

There are a number of considerations which do not conveniently fall into the main
categories. Many of these only affect local parts of the structure; such as the high-lift
devices and powerplant installations. In these cases the overall aircraft loading is
associated with local conditions. There are one or two of more general significance, for
example cabin pressurization.

2.5 Interpretation of loading cases

The methods used for estimating the loads acting on a vehicle are complex and involve a
knowledgeof parameterswhich can only bedetermined accurately at thelater stages of the
design. The requirement handbooks have sometimes sought to overcome thisdifficulty by
suggesting cases for loading that are based upon past experience with similar types of
vehicle. These are relatively simple to apply and sometimes do not appear to have a very
obvious theoretical backing. However, in the case of a conventional design they doenable
afirst indication of the loads to be obtained and hence allow the preliminary design to
proceed. For an advanced design, particularly one of unconventional layout, itisessential
to be more precise and because of this there has been a tendency in recent yearsfor the
specified requirements to be stated fundamentally, leaving the designer to interpret them.
Infact it isnow usually necessary to use more precise methods of analysisfor all designsas
soon as sufficient information is available.

It is essential to bear in mind certain points when interpreting the results of loading
calculations and applying them to a design.

(a) An actual aircraft will not conform exactly to the ideal specification, and hence
allowance must be made for the vehicle build to be at the most adverse
tolerances. This is particularly important with regard 1o wing-body setting,
wing twist, horizontal and vertical stabilizer settings, and control angles.

{(by The accurate prediction of input data is very difficult for a design materially
differing in either shape or operation from an existing type. Wind tunnel tests
may be of limited accuracy, especially with regard to control hinge moments,
which frequently play a significant part in overall load evaluation. In some
cases computational fluid dynamics (CFD) analysisis of value.

{c) Sincedesign codesare based on past experience there is no certainty that they
will cover al the cases needing to be considered in the design of a vehicle. It
is for the designer to introduce any new cases considered to be necessary,
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especially when the design is unusual, and to obtain permission for the
relaxation of ones which can he shown not to apply.

{d) Application of the details of the requirements should make allowance for
physical and design limitations, such as the maximum lift coefficient. achiev-
able tyrefriction coefficient, and built-in features, especially in systems, which
introduce load restricting characteristics.

tey The complexity of a modem aircraft is such that it is often necessary to make
some fairly drastic assumptions in the initial loading evaluation. The designer
must use the best information available. On the other hand, an unduly severe
assumption will penalize thedesign and must be avoided. Thecalculations must
he continually updated as more accurate input information becomes available.

2.6 Design speeds
2.6.1 Introduction

The structural 1oading requirements are expressed in terms of a set of design speeds,
complemented where appropriate by the corresponding Mach numbers. In the majority
of casesthe speeds are equivalent airspeeds, that is the speed isrelated to the sealevel
air density used to define the dynamic pressure, see Chapter 1, Section 1.5.2. In some
circumstances, especially cases concerned with atmospheric turbulence, the effect of
altitude isimportant and true speeds may be defined. hut unless thisis specifically stated
equivalent airspeed should be assumed.

It should be noted that the dynamic response of an aircraft to a disturbance is a
function of its density relative to that of the local air. Since the air density isa function
of altitude the dynamic response and the implied loading will be altitude dependent
cven though equivalent air speeds are being used.

2.6.2 Design speeds
2.6.2.1 sStalling speed, Vs

Thestalling speed isdefined as the minimum steady flight speed at which connol can be
maintained:

Vo = (2ngsm/p,SCrmax)""* (2.1)
where
Pa is the sea level density: so that
Ve is an equivalent airspeed, see Chapter |, equation (1.5)
s is the wing reference wing area
g is the gravitational acceleration
e is the appropriate mass

# is the normal acceleration factor and is one for level flight
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Crpraxis the maximum normal force coefficient at a Mach number corresponding to a
true speed Vat a given altitude, and with the appropriate setting of the high-lift devices.
It should be noted that Causay isafunction of Mach number and this can materially alter
the stall boundary for vehicles of high wing loading. The normal force coefficient is
approximately equal to the lift coefficient in many cases.

There are some specific definitions of the stalling speed:

(@) Vs isthe stalling speed in a specified condition, typically with the high-lift
devices, and undercarriage retracted and with the engines idling. However, the
effect of engine power, high-lift devices, and dive brake positions must be
investigated where appropriate.

(b} Vs isthe stalling speed in the landing configuration.

2.6.2.2 Manoeuvre speed. V,

The manoeuvre speed is the lowest speed at which the aircraft can attain the pre-
scribed maximum limit normal manoeuvre factor, ;. Thus V, is the speed defined by
the intersection of the stall boundary, appropriate to the definition of Vg, and the
manoeuvre factor n,. See Chapter 3, Section 3.2.3.

Vi = Vi /(n)'? (2.2)

V4 need not exceed the speed V-, see below.

2.6.2.3 Design cruising speed, V¢

The definition of the speed V. is somewhat complex as it is intended to cover the
maximum normal operating condition, speed V. On larger civil aircraft (JAR-25). V-
must be sufficiently greater than the gust design speed, Vg, to provide for inadvertent
speed increases which may result from turbulence, see Section 2.6.2.6 for the definition
of V. Thismay be taken as V- isequal to (Vg + 1.32U,.) providing that in doing so V¢
does not exceed the maximum speed in level flight for the corresponding altitude. The
definition of U,.,is to befound in Chapter 3, Section 3.5.3.3. Further, if the condition is
a an atitude where the design speed Vp islimited by Mach number, V- may also be
Mach number limited. See Section 2.6.2.5 for the definition of Vp,.

Far light civil aircraft (JAR-23) V- (knots) is equal to 33(W/5)'* for W/S below
201b/ft* falling linearly to 28.6(W/S)'/* for W/ of 1001b/ft* (except for aerobatic
aircraft wherethe value is36(W/5)!'/? as aminimum value. W is the weight (lb), that is
g, and Sis the reference wing area (ft?).

In somemilitary applicationsthe speed Vi, is used asan alternative, see the next section.

2.6.2.4 Maximum horizontal speed, Vy

The speed Vy is defined as the maximum speed attainable in level flight with
powerplants set at the maximum continuous cruise condition. For a military type the
aeroplane is assumed to he flying at the basic design mass with no external stores. For
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aircraft designed for dive bombing or ground attack duties, V;; shall be assumed to be
equal to V., see below.

2.6.2.5 Design (diving) speed, V5

At one time the speed V,, was dehned as the maximum speed which the aircraft could
attain in adive of specified steepness. Thisis no longer a realistic definition due to the
low drag characteristicsof modem aircraft. I n the case of civil aircraft designed to JAR-
25 the definition depends on whether the aircraft is designed to operate into the
transonic range or not. For an aircraft flying at relatively slow speed Vv, may be set at
1.25V (or Mach number M, at 1.25M ). However, this may well result in too large a
margin for an aircraft designed to operateinto the transonic speed range. In this case the
value of Vp,is estimated by either adding to V¢ the speed increment resulting from a7.5"
divefrom V. sustained for 20 s and endingin a1.5g tota pull up, or providing sufficient
margin to allow for contingences such as instrument errors and atmosphere variations.
whichever is the greater. One critical atmospheric variationisa15.2 m/s (50 ft/s) EAS
horizontal, head-on, gust which impliesa near instantaneous Mach number increment of
about 0.05. Thus, even where compressibility effects limit the speed which can be
achieved above the speed V., the value of M, cannot be less than (M + 0.05) and the
increment above M is more likely to be at least 0.07.

For light civil aircraftdesigned to JAR-23, ¥V, may not belessthan 1.25 V- (M, not less
than 1.25 M) or lessthan 1.4 Vg fOr normal, 1,50 Ve for utility, or 1,55V, for
aerobatic category aircraft. V-, is the minimum design cruising speed. For valuesof the
wingloading, W/S. above 20 1b /ft2 these multiplying factors aredecreased linearly to 1.35
at W/S of 100 Ib/ft%. The method outlined above for larger aircraft may also be applied.

Vp isstated in the specificationfor military aircraft, its value being determined by the
required operational characteristics as with civil aircraft.

2.6.2.6 Gust speed, Vg

The speed Vp is the design speed for the maximum gust intensity. Vg may be chosen to
providean optimum margin between the low- and the high-speed buffet boundaries, and
it need not be greater than the speed V.- defined in Section 2.6.2.3. The civil aircraft
requirements, JAR-25.335, at subparagraph {d) state that ¥z may not be less than:

Vavn = Vsi(ng + ”l;.’ (2.3)

where n isthe incremental load factor resulting from the aircraft encountering agust of
magnitude U,., when flying at a speed V- asestimated using an alleviated sharp-edged
analysis, see Chapter 3, Sections 3.5.2and 3.5.3. Thisissimilar, but not identical. to the
military speed Vg, see below.

Ve need not exceed V. | norder to determine Vg the rough air gusting is
assumed to be 20 m/s (66 ft/s} EAS between sea level and 6097 m (20 000 ft) then
falling linearly to 11.6m/s (38 ft/s) EAS at 15240 m (50000 ft}. The possible
overriding magnitude of 15.2m/s (50 ft/s) EAS gust at speed V¢ must be considered.
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2.6.2.7 Gust speed, Vg (United Kingdom military
aircraft requirements)

The definition of the speed V; in Def.Stan.00-970issomewhat similar to that of Vg but
does depend on whether the maximum Mach number in horizontal flight is greater or
less than unity:

(a) Aeroplanes where the speed V, is equivalent to a Mach number of less than
unity and other than weapon system aeroplanes; Ve shall be either the speed
determined by the intersection of the line representing the maximum lift
coefficient and the 20 m/s (66 ft/s) gust line on the n-V diagram or Vs,
(nez + 1)/ where here ns is the incremental load factor resulting from a
15.2m/s (501t/s) EASalleviated sharp-edged gust when the aircraft isflyingat
speed V. See also Section 2.6.2.6 and Chapter 3, Section 3.2.3.

{b) Weapon system aeroplanes and others where the speed Vy is equivalent to a
Mach number of one or greater; Vi shall be determined by the mission
requirements, the permissibility of reducing speed and the slow-down speeds
attainable, but V; need not be greater than V,,.

2.6.2.8 Flap and high-lift device design speeds

A design flap speed. Vg, is defined in JAR-25 for each flap, or high-lift device. setting as
not less than:

(i) 1.6 times the stalling speed at the maximum take-off mass with the high-lift
devices in the take-off position; or
(iiy 1.8 times the stalling speed at the design landing mass with the high-lift
devicesin the approach (intermediate) position; or
(iii) 1.8 timesthe stalling speed at the landing mass with the high-lift devicesin the
landing position.

For military aircraft Def.Stan.00-970 gives the design speeds relevant for the various
high-lift device settings. The speeds are:

(a) Retracted position: the design speed, V.

(b) Take-off position: the take-off speed, Vo, which is the lesser of the speed
attained before the high-lift devices can be retracted or 1.6 times the stalling
speed at the maximum mass with the high-lift devices set at the take-off
position.

{c) Intermediate position; the speed Vg, , which isthe greater of the speed attained
in a baulked landing before the high-lift devices can he retracted or 1.8 times
the stalling speed at the landing mass with the high-lift devices in the
intermediate condition.

{d) . Landing position; the speed Vg, which is the greater of 1.8 timesthe stalling
speed at the landing mass with the high-lift devicesin the landing position or
1.4 times the stalling speed with the high-lift devices retracted.
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CHAPTER 3
Flight loading cases

3.1 Introduction

The experienceof acentury of practical fixed-wing flight hasresulted in comprehensive
requirements for the safe design of aircraft structures. In many cases the individual
provisions were made as a consequence of accidents in which aircraft encountered
previously unrecognized flight conditions. There is now a substantial measure of
consistency in the structural design codes for military and civil aircraft prescribed by
the various relevant authorities. However, new or revised provisions are frequently
introduced as a consequence of experience and research as well as for clarification of
intent. It is essential that reference is made to the current issue of the relevant set of
requirements for actual design calculations.

The following sections outline the loading cases prescribed for symmetric and
asymmetric flight manceuvers and atmospheric turbulence. Chapters 5 and 6 cover the
interpretation and the application of the flight manoeuvre and atmospheric turbulence
cases respectively.

3.2 Symmetric flight manoeuvres
3.2.1 Introduction

As implied by the title the symmetric flight cases are concerned with the design
requirements for the strength of an airframe when it is subjected to loading in its plane
of symmetry. In the case of a conventional aircraft or a twist and steer missile this
loading isnormal to the plane of the wings and in the case of a cruciform missileit also
appliesin the lateral direction.
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3.2.2 Flight conditions in symmetric manoeuvres

The simplest case of a pilot- or auto-pilot induced manoeuvre is that of the vehicle
changing from steady level flight to aclimbing or diving path. In actual fact the greatest
loads are likely to arise when the vehicle pulls out of adive, or when it is in acorrectly
banked turn. The symmetric manoeuvreisa general case covering a number of specific
loading conditions.

Consider the case of a conventional aircraft entering a dive from steady level flight
as shown in Fig. 3.1. The pilot first moves the pitch motivator, usually the elevator
or horizontal stabilizer, to inducc a nose-down pitching acceleration. The resultant
incremental |oading issuperimposed upon the steady condition. Astheaircraft responds
the motivator angle is reduced to stop the pitching acceleration. The aircraft gains a
nose-down pitching velocity. g, causing it to fly on acircular path with a corresponding
centrifugal load which hasto be balanced by thelift. which in this case is negative rather
than the usual upward lift. When the aircraft approaches the required angle of divethe
pilot uses opposite motivator deflection to arrest the pitching velocity. At the end of the
dive the reverse procedure is adopted.

?g? be::V%ilfllng(t:l ?g%?titciﬁnnsose down

(c) Tail load removed when desired pitch velocity 15 attained Lr
(d} Reverse tall load |o arrest prtching velocity £ <L
(e) Reverse tall khad removed and steady dive attained A-Ad ? *
L= i |
s 30— % i
L-AL /\: W W
q
W - l (b) (a)
1 = Wooyy % l w
oo
W | d
ng (c)
(d)
/7/ . Fd it
Forward speed increase W Weight

7 v Dive angle
Normal acceleration factor
Pitching velocity

-
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P

-
Reverse procedurefor pull-out

ol

I o

Fig. 37 Sequence of a Symmﬁl’iCmanoeuvre
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Thus, in general, the aircraft must be designed to withstand lifting loads greater or
less than the weight, and with or without nose-up or nose-down pitching accelerations.
Of course the speed will not necessarily remain constant and it is obvious that a very
large number of possible cases can arise. Asfar asthe lift on the wing is concerned the
loading in a correctly banked turn is also effectively symmetric, see Fig. 3.2.

3.2.3 The flight envelope or n—V diagram

A convenient way to describe the symmetric flight loading isto consider a Right envelope
of forward velocity and acceleration perpendicular, or normal, to the flight path. The
normal acceleration issimply the ratio of thelift to the massin a given manoeuvre. This
so-called 'n- V' diagram is illustrated in Fig. 3.3and is arranged to give a set of cases
that experience has shown are adequate for the design of the aircraft and its required
performance. For convenience n, the normal acceleration factor. is specified in units of
gravitational acceleration. In many operational circumstances the usual flight manoeuvre
loads lie well within the boundaries of the envelope. However, in certain extremely
improbablecircumstancesit may be possibleto exceed thelimitsof theenvelope and so, at
least nominally, the ‘n* boundaries are established by assuming that the probability of
doing thisis less than extremely remote, say no more than 1in 107 to 1 in 108,

The left-hand comers of the n-V diagram are determined by the stalling
characteristics of the aircraft in both upright, that is normal, and inverted flight. The
upper left-hand comer is the intersection of the stall line and the maximum normal
acceleration factor, #,, and is at the manoeuvre speed V,. The right-hand comers are
determined by the maximum speed conditions of the aircraft. the extreme right-hand
side being the design (diving) speed. V. The actual definitions of the speeds may be
found in Chapter 2, Section 2.6.2,

Weight = Lift cosg

Lift sinp = lateral force ,

\. % -

Centrifugal acceleration

‘ Weight '
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Fig. 3.3 A typical n-V
diagram

Aircraft loading and structural layout

| Positive stall boundary
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There are potentially four definitive values of the normal acceleration factor in any
given case although not all appear in all sets of requirements and the terminclogy
sometimes differs. They are:

(i) ny, the maximum positive, upright, value;
(ii) #2, the lower normal acceleration factor at the speed Vv,
(it} na, the maximum negative. inverted, value:
{iv} #., the maximum positive value at the speed V when it differsfrom ,

In some structural design codes the values of the normal acceleration factors are
specifically stated. In others, especially those relating to military aircraft, the value of
the maximum normal acceleration factor, »,, is quoted in the specification for the
aircraft and the other values are determined from it. Table 3.1 is a summary of the
normal acceleration factorsto befound in the various design codestogether with typical
values where n, is given in the specification for the aircraft.

It should be noted that the speeds used in the diagram are equivalent airspeeds{EAS).
This is because loads are directly proportional to the dynamic pressure which is half
the product of the sea level air density and the square of the equivalent air speed, see
Chapter 1 Section 1.5.2,

The n—V diagram describes. all the points corresponding to every specified
symmetric manoeuvre the vehicle is permitted to perform. The comers correspond to
the maximum manocuvrcs permitted on the assumed probability of occurrence and
consequently it issufficientin general to examine only these comers when considering
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Table3.1 Limit normal acceleration factors (basicflight design mass)'

Class of aircraft Code nq n; ny ng
Civil:
Sailplane. normd  utility JAR-22 53 -15 - 265 4.0
Sailplane. acrobatic JAR-22 7.0 -5.0 -50 7.0
Vey light aircraft (not less than)  JAR-VLA 38 0 -15 38
Utility JAR-23 4.2 -10 -1.76 42
Aerobatic JAR-23 6.0 -3.0 -3.0 6.0
Normal, up to 1860kg mass JAR-23and 4.2% 0 - 1.68% 4.2
Normal, above 22665 kgmass JAR-25 2.5% 0 -10 25
United States military: MIL-A-008861 A
Strategic trangport 25 0 -1.0 25
Assault transport 30 0 -1.0 3.0
Heavy bomber 30 0 —1.0 3.0
Medium bomber 4.0 0 -20 4.0
Trainer 6.0 -1.0 -30 6.0
Supersonic attack/ interceptor 6.5 -10 -3.0 6.5
Subsonic attack /interceptor 8.0 -1.0 -30 8.0
United Kingdom military: Def.Stan.00-970
Strategic transport (Typical specified 25 +0.25 -1.0 25
Tactical transport values of ;) 3.0 +0.1 -12 30
Medium bomber. in the range 4.0t05.0 +02t0-05 -18t0-24 40to5.0
Trainer 7.0 -11 -3.6 70
Supersonic interceptor 6.0 -0.8 -3.0 6.0
Subsonic ground attack 8.0 4.2 -4.2 8.0

'Reduoed values of the acoderation factor are used for overload cases.
For intermediate nasses #; = [2.1 T 24000/(10 ND = 2.207 wrH(» is mass in kg}.

tny = —0.4dn,.

the loading cases. By this means the infinite number of possible manoeuvres to be
considered can be reduced to a reasonable number of cases to be examined in detail .

It is, however, necessary to consider the possible variation of other parameters some
of which may result in changes Lo the boundary of the envelope. Among these are:

(a) Different engine conditions. Usually power on and power off is sufficient.

(h) All vehicle masses. Zero fuel or part fuel cases often design the inner wing
structure of an aircraft with wing fuel tanks.

(c) All possible centre of gravity positions corresponding to a particular vehicle
mass. It is usually adequate to consider the most forward and aft positions.

(d) All possible Mach number combinations relating to the equivalent airspeed
condition considered. Mach number effects can alter not only the magnitude of
the load but also the distribution of the load over the vehicle surfaces and may
introduce the effects of t