


Introduction to Aircraft Design 

This book provides an accessible introduction to the fundamentals of civil and military aircraft 
design. 

Giving a largely descriptive overview of all aspects of the design process, this well-illustrated 
account provides an insight into the requirements of each specialist in an aircraft design team. After 
discussing the need for new designs, the text assesses the merits of different aircraft shapes from 
micro-lights and helicopters to super-jumbos and V/STOL aircraft. Following chapters explore 
structures, airframe systems, avionics and weapons systems. Later chapters examine the costs 
involved in the acquisition and operation of new aircraft, aircraft reliability and maintainability, and 
a variety of past aircraft projects to see what conclusions can be drawn. Three appendices and a 
bibliography give a wealth of useful information, much not published elsewhere, including simple 
aerodynantic formulae, aircraft, engine and equipment data and a detailed description of a 
parametric study of a 500-seat transport aircraft. 

Introduction to Aircraft Design is a useful text for undergraduate and graduate aeronautical 
engineering students and a valuable reference for professionals working in the aerospace industry. It 
should also be of interest to aviation enthusiasts. 
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Preface 

Tills book acts as an introduction to the full breadth of both civil and military aircraft 
design. It is designed for use by senior undergraduate and post-graduate aeronautical 
students, aerospace professionals and technically-inclined aviation enthusiasts. 

The book poses and answers pertinent questions about aircraft design, and in doing 
so gives information and advice about the whole aircraft design environment. It asks 
wby we should design a new aircraft and gives examples of market surveys and aircraft 
specifications. It then answers the question 'why is it that shape' and gives the rationale 
behind the confignrations of a wide range of aircraft from micro-lights and helicopters 
to super-jumbos and V/STOL aircraft, with many others in-between. Having examined 
the shape, the book then examines and describes what is under the skin in terms of 
structure, propulsion, systems and weapons. Later chapters answer questions about 
aircraft costs and conceptual design and draw lessons from past projects and then look 
into the future. A major part of the book answers the question 'what help can I get?' It 
is a combination of bibliography, lists of data sheets, computer tools and I 00 pages of 
appendices of design data vital to aircraft conceptual designers (most of it previously 
unpublished). 

The book concentrates on fixed-wing civil and military aircraft, with some reference to 
light aircraft and rotorcraft, but does not address the design of sailplanes, airships, flying 
boats or spacecraft. While these are fascinating and important subjects it was decided that 
the current scope of the book is sufficiently wide and further extension would make it 
unwieldy, although information about references which address the design of aircraft in the 
excluded categories is provided. 

Much of the material has been developed for use in Preliminary and Masters' courses in 
aircraft design at Cranfield University. Many of the examples and illustrations have been 
produced as part of Cranfield's unique Group Design Project programmes. With the 
Cranfield method, conceptual design is done by the staff, thus enabling the students to start 
much further down the design process. They thus have the opportunity to get to grips with 
preliminary and detail design problems and become much more employable in the process. 
Tills method also allows students to use modern design tools such as CAD, finite elements, 
laminate analysis and aerodynamic modelling. The group design project is undertaken by all 
the aerospace vehicle students and is a major feature of the M.Sc. course, accounting for 
almost half of the final assessment. Each year the students work in a team on the design of a 
project aircraft. A substantial part of the airframe, a system, an installation or some 
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xii Prtiface 

perfonnance aspect is allocated to each stodent at his or her own responsibility. The aircraft 
chosen as the subject for the work are representative of types of current interest to industry. 
They usually incorporate some feature which extends the bounds of existing practice, as an 
applied research activity. This excites the interest, enthusiasm and ingenuity of the students 
and forces the staff to keep up to date. Civil and military aircraft are investigated in alternate 
years, so that the whole of the industry is catered for. Recent examples of design projects 
included large and small business-jets, a number of medium-sized jet transports and a 500-
seat short-haul airliner. The latter aircraft is described in Chapter 10 and Appendix B of this 
book Military aircraft have also been designed, including basic aud advanced trainers, 
close-air support aircraft, an advanced tactical fighter, V/STOL supersonic strike aircraft 
and military transports. 

There are many textbooks available that cover the conceptual design phase and others that 
provide the more specific information appropriate to the detailed design phase. This book 
has been written to fill the gap between these two stages, utilizing the experience gained 
from all the projects carried out at Cranfield and from other industrial projects. 
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1 

Introduction 

1.1 Why another aircraft design book? 

Aircraft design is a complex and fascinating business and many books have been written 
about it. The very complexity and dynamic nature of the subject means that no one book can 
do it justice. 

This book, therefore, will primarily act as an introduction to the whole field of aircraft 
design leading towards the subjects summarized in Fig. 1.1. It will not attempt to duplicate 
material found in existing design books, but will give information about the whole aircraft 
design environment together with descriptions of aircraft and component design. It also 
presents otherwise unpublished data and design methods that are suitable for aircraft 
conceptual, preliminary and detail design activities. 

Oltler Dat:a Sources 

Fig. 1.1 Airciaft design data sources. 
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1.2 Topics 

Tbe following chapters are arranged as a series of questions about aircraft desigu, the 
answers to which give largely descriptive overviews of all aspects of aircraft desigu. This 
will provide an introduction into the conflicting requirements of aircraft desigu specialists in 
a desigu team, with a view to improving understanding, and the integration of a sound 
overall desigu. 

The book is divided into chapters which answer a number of significant desigu questions. 
The question 'why desigu a new aircraft?' is answered in Chapter 2 which shows the 

derivation of aircraft requirements for civil and military aircraft from market surveys, and 
gives examples of operator-derived specifications. 

Chapters 3 and 4 answer the question 'why is it that shape?' with an initial discussion of 
aircraft wing and tail shapes, followed by descriptions of the configurations of a wide range 
of civil and military aircraft types. 

The question 'what's under the skin?' is answered in Chapters 5, 6 and 7, which deal with 
structures and propulsion, airframe systems, avionics, flight controls and weapons, respec­
tively. Tbese chapters describe the interiors of aircraft, ranging from structures to weapon 
systems via airframe systems, avionic systems and landing gears. 

In Chapter 8 the crucial areas of acquisition and operating costs are discussed and some 
prediction methods are described and the importance of good reliability and maintainability 
are stressed in order to answer the question, 'why do aircraft cost so much.' 

The answer to the question 'what help can I get?' is provided in Chapter 9 which contains 
a bibliography of the most important current aircraft desigu books. It is followed by a 
description of some of the computer desigu analysis and computer-aided desigu (CAD) tools 
that are available. A summary of relevant data sheets is also given. 

Chapter I 0 draws together the information produced at the end of the conceptual stage 
and leads on to the preliminary and detail desigu stages in order to explain 'what happens 
next'. The question 'what can go wrong' is answered in Chapter II in which many 
unsuccessful or partially successful projecta are examined and conclusions drawn from 
them. 

The aircraft designer is bedeviled by lack of desigu data. Appendix A pulls together 
information that is not generally available, and includes simple aerodynamic and structural 
desigu formulae. It also provides a US/British translation list for aeronautical terms. 

Appendix B presents a parametric study desigu example which describes the author's 
parametric study of a 500-seat transport aircraft. Appendix C considers reliability and 
maintainability targets by discussing targets for civil and military aircraft and describing a 
method to be used for the prediction of dispatch reliability. 

1.3 The design process 

There are a number of generally accepted stages in the design, development, manufacture 
and operation of aircraft, each with associated desigu methods and data requirements. These 
are shown schematically in Fig. 1.2, which also shows how the modern practice of 
concurrent engineering has reduced the overall timescale from conception to service. 

Figure 1.3 gives some idea of how a desiguer's prejudice may affect his or her desigu to 
the detriment of others. It is an exaggeration, but not much of an exaggeration!! 
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The most crucial stage of any design process is to arrive at the correct set of requirements 
for the aircraft. These are summarized in design specifications for the particular aircraft 
type. Typical examples of design specifications are shown in Chapter 2. They are augmented 
by a large number of airworthiness requirements for civil aircraft or Defence Standards for 
military aircraft. These are distillations of decades of successful (and unsuccessful!) design. 
manufacturing and operational experience. Fig. 1.4, adapted from Haberland et al. [1], 
shows a very helpful illustration of what may happen after the issue of the design 
specifications, and illustrates the iterative design process that is not apparent in the 
simplified illustration in Fig. 1.2. 

A converging iterative spiral of design stages, ending in the detail design, and ultimately 
manufacture and operation of the aircraft can be seen in Fig. 1.4. 

It is a truism that 99% of the decisions which affect aircraft success are made on 1% of 
the facts available during the conceptual design phase. Very coarse methods have to be used 
which are then refined by progressively more accurate methods as the design evolves. This 
is true if the spiral is convergent, but there are occasions where the spiral is divergent and 
the design must be abandoned, and started again, unless significant modifications are made 
to the design. 

Figure 1.5 shows the author's usual design procedure for conceptual design and the start 
of preliminary design process. 
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1.3 The design process 5 

Fig. 1.5 Major stages in liD. airliner initial design process. 





2 

Why should we design a new aircraft? 

The world has accepted that flying is an extremely efficient means of quickly transporting 
people, cargo or equipment, and performing a wide range of other activities. All operators 
need to increase efficiency, cost-effectiveness, environmental compatibility and safety. It is 
often possible to do this by modifying either the design or operation of existing aircraft. This 
is limited, however, by the inherent capabilities of the original design and the cost­
effectiveness of modifications. Under these circumstances, it is necessary to consider the 
initiation of the design of a new aircraft. Aircraft manufacturers are usually in the business 
of making profit out of building aircraft. They may do this by means of building their own 
existing designs, modifying their designs or licence-building the designs of other companies. 
Another reason for the initiation of new designs is to retain or enhance their design 
capabilities. 

Requirements and aircraft specifications come from a number of different sources, but 
they must all consider the needs of the aircraft operators, whether they are airlines or air 
forces. A certain path to disaster is to produce an aircraft that no one will buy! 

Descriptions will be given of the two main means of deriving a requirement specification, 
namely the results of market surveys and individual aircraft operators' specifications. 

2.1 Market surveys 

The major aircraft manufacturers employ marketing departments which produce annual 
reports [2]. Historical data are analysed and extrapolated in such areas as world economic 
indicators. Fignre 2.1 shows gross domestic product (GDP) and highlights the recent 
recessions. Fignre 2.2 shows the close correlation between GDP and the world air travel 
growth in revenue passenger ntiles (RPM). 

Further work led to predictions of world capacity requirements in terms of available seat 
ntiles (ASM) (Fig. 2.3) and numbers of passenger seats in various aircraft size categories 
(Fig. 2.4). Table 2.1 shows the results of the author's summary of the market surveys which 
led to the specification for the aircraft design described [5]. (Appendix B shows the initial 
stages of the design process of the aircraft.) 

Having determined the projected market for aircraft, the next stage was to examine 
existing and proposed competitors in that market. Figure 2.5 shows a very simple but 
effective illustration of current and projected jet transport competitors. More details of these 
aircraft are gathered and analysed to show strengths and weaknesses. Some useful means of 

7 
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2.1 Market surveys 

Table 2.1 Summary of foture requirements for airliners 

Parameter 

Projected date 
Projected fleet 
Percentage of240-350 passengers 
Percentage of250 +passengers 
Long range 240 + passengers 
Percentage of< 130 Seats 

World Fleet 
Thousands 

Boeing [2) 

2005 
9935 
14 
39 
25% 
8% 

Airbus (1)[3] Airbus (2) [4] 

2008 2005 
11136 7840 
28 
45 54 
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20 
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Fig. 2.4 Projected world fleet, 1996. (Excludes Confcdcmti.on of Independent States and Baltic 
republics.) 
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Fig. 2.6 Cnmfieldregionaljet general arrangement drawing, 1988. 
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comparison are the tables of aircraft major characteristics, as shown in Appendix A, as part 
of what might be the rather grandly named 'empirical database'. This sort of data is an 
obvious candidate for computerization. An annual publication is the major source of the 
information required for such tables [6], but it may be augmented by information from 
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aeronautical journals and manufacturers' brochures. General arrangement drawings such as 
Fig. 2.6 yield valuable information. 

The final stage in the derivation of the specification is to determine targets of how much 
to improve certain performance parameters, comfort, or costs, relative to the competition. 
The aircraft must be significantly better in important areas to stand a chance of selling well, 
w!less there is political pressure to buy a certain aircraft. Payload range diagrams of 
competing aircraft are very instructive (Fig. 2.7), as are comparative direct operating costs. 
The magnitude of the specified improvements are a source of judgement and are risky. Too 
great an improvement may not be achievable and too little may be too small to be attractive. 
This can be checked to some extent during the conceptual design stage and the specification 
may be modified. 

2.2 Operator-derived specifications 

Military aircraft specifications are often derived using operational research techniques, but 
include significant input from pilots and engineers. They rely heavily on data from existing 
aircraft which need to be replaced or to be augmented by other aircraft. The perceived threat 
is an important element of the specification and is determined from intelligence sources, 
with more than a small amount of 'crystal-ball gazing'. 

More complex aircraft are often procured by several governments and follow the 
production of multi-national specifications. Airlines or groups of airlines know the capabil­
ities of their current fleets and make predictions of traffic on current and futore routes. 
Short-falls lead to specifications for new aircraft for their particular requirements. The 
aircraft designer has to be careful not to follow individual airline requirements to the 
exclusion of other potential customers. There have been sad cases when this has happened 
and later competitors have been more flexible and much more successful. 

The following paragraphs are modified extracts from the ground attack mission of a 
fighter aircraft specification and show what are termed the cardinal points. It led to the S-87 
close air support aircraft [7] (Fig. 2.8). 

Further paragraphs show the major points of a specification from a large US airline. This 
specification was written in imperial units, which are usual in the western air transport 
industry. 

2.3 Specification for a close air support aircraft 

2.3.1 Modes of operation 

The need exists for a close air support capable of operating in support of ground troops in 
the vicinity of the forward edge of battle area (FEBA). Three modes of operation are 
required. 

2.3.1.1 Autonomous mode 
In this mode the aircraft is required to operate some I 00 km behind the FEBA. The targets 
will be first and second echelon troops - in particular main battle tanks, armoured fighting 
vehicles, armoured personnel carriers and their support vehicles in daylight hours. 
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2.3.1.2 Forward air control mode 
In this mode, the aircraft is directed on to targets by a forward air control aircraft {FAC). It is 
envisaged that the FAC aircraft would carry the complex electronic systems required to 
direct, identify and mark targets. 

2.3.1.3 Ground control mode 
In this mode the aircraft is directed onto targets by ground forces. 

2.3.2 M"ISsion radius 

The radius of action of the aircraft should be 500 km at 3.5 km altitude, optimum speed with 
a 15 min loiter/search time and a 10"/o fuel reserve. These figures are based upon the 
following mission at the specification payload: 

(i) Crnise at optimum speed at low level 300 km to FEBA. 
(ii) Accelerate to Mach Number (M) 0.8 at a height of 100m and carry out mission. 

(100 km penetration to target.) 
(iii) Optimum speed crnise at low level 300 km back to base. 

2.3.3 T~ff and landing performance 

The aircraft should take off from semi-prepared strips in a distance of 880 m over a 15 m 
obstacle. Landing ground distance should be 500 m. 

2.3.4 Performance 

The following performance figures are required: 

(i) Maximum speed: 0.8 at sea level (SL) with a specified payload (2.3.5 below); 0.9 
at SL with two advanced short-range air-to-air missiles (AS­
RAAM) alone. 

(ii) Maximum operational height: 3500 m. 
(iii) Maximum-sustained g loading: 4g at specified payload at M 0.8 at SL. 

2.3.5 Weapon loads 

Possible weapon loads include: 

(i) Six 277 kg cluster bombs + two ASRAAM + gun + ammunition (specified 
payload). 

(ii) Eight 500 kg low drag bombs + two ASRAAM + gun. 
(iii) One JP233 fuselage store of2335 kg+ two ASRAAM +gun. 
(iv) Six short range air to ground gnided missiles +two ASRAAM + gun. 
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Fig. 2.8 Model ofS-87 strike aircraft, 1998. 

2.3.6 Avionicsjit 

The avionics fit comprises the following systems: 

Integrated communication. navigation and identification system. 
Inertial navigation system. 
Controls and displays. 
Radar altimeter. 
Digital computers. 
Weapon management and interface unit (IFU). 
Tail warning (0.15 m diameter antenna). 
Radar warning receiver. 
2-18 GHzjammer. 
Chaff and :flare dispensers. 
Ground attack, laser range finder. 
Forward-looking infra-red (FLIR). 

2.4 Airline spedfication for a 150-seat airliner 
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This is an amalgamation of US and European specifications, that were current in mid-1980s, 
and led to the MD80 and Airbus A320-type designs. 



14 Why should we design a new aircraft? 

2.4.1 Introduction 

The aircraft is to be a !50-passenger, short-range, twin-engined aircraft designed and 
constructed to the latest technology in both airframe and propulsion systems. The major 
design objectives are to include an aircraft with minimum seat mile cost and yet provide 
maximum comfort to the passenger. It is expected that the design will utilize the latest 
aerodynamic, systems and material technology consistent with the stated mission require­
ments. At the same time, design demands will be extended to achieve a maximum service 
life, a maximum of reliability and full ease of maintainability. A minimum requirement for 
training, both ground and flight, is to be a goal. Spares requirements are to be minimized 
and maximum utilization of present ground equipment will be paramount. Fuel conservation 
will be a major consideration and all present and pending environmental requirements must 
be fully considered in the design. 

Each design iteration shall be fully optimized to the ctiteria without considering further 
growth or derivative aircraft of the type. 

2.4.2 Capacity requirements 

The interior configuration will consist of the following specified items. 

2.4.2.1 
(i) 

(ii) 

(iii) 

(iv) 

(v) 
(vi) 

(vii) 

(viii) 
(ix) 

2.4.2.2 
(i) 

(ii) 

Interior 
Capacity- A total of !50 passengers: 138 tourist class and 12 first class. 
Seats - Pitch 36" in first class, 32" in tourist. Lightweight bulkhead seats to have 
built-in armrest tray tables. Width between armrests: first class 19.5" with 4" outer 
and 8'1 centre armrests; tourist class 17 .5" minimwn with 2" armrest. 
Aisle width - 18" minimum with adequate spacing at galley and coatrooms to 
allow ease of access and service. 
Attendants' seats - A total of five ( 5) seats shall be installed. Restraints and 
cushioning will be designed for maximum service utility. 
Flight deck - Design shall include convertibility to either two or three man crew. 
Galley area - Space for one full hot meal service for !50 passengers. 
Lavatory - Design will include at least three (3). Floor plan layout sba11 include 
tradeoffs for four ( 4) 
Overwater provisions - Shall include slide rafts or life rafts and life-vest stowage. 
Passenger air - Each passenger shall have individual air (gasper) outlets. 

Cargo 
Doors - Locations sba11 allow maximum bin space utilization and access without a 
mechanized loading system. 
Ventilation and temperatore - Adequate to allow carriage of live auimals in 
designated areas. 

2.4.2.3 General external dimension criteria 
The outlined design characteristics generally dictate external dimensions of the aircraft to 
be: 

Span 110-120 ft 
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Length 
Tail Height 

120-135 ft 
30-45 ft 

2.4.3 Operating profile 

2.4.3.1 Trip length 
An operating fleet average of 370 statute miles. The distribution of individual flight 
segments by distance and present allocation to trip length is shown in Table 2.2 and a model 
oftbe Cranfield A-82 tbat was designed to meet tbis specification is shown in Fig. 2.9. 

2.4.3.2 Payload and range 
The minimum trip length witb a full space limit payload shall be 1000 statute miles (SM). A 
passenger and bag payload range shall be on tbe order of 1400 SM miles. 

2.4.4 

2.4.4.1 
(i) 

(ii) 

(iii) 

Operational characteristics 

Flight 
Speeds - The maximum design cruise speed will be of tbe order of M 0.83; 
minimum cost cruise from M 0.76 toM 0.78. Maximum speed on approach will be 
130 knots. 
Altitude - The maximum cruise altitude shall be of tbe order of 39 000 witb a 
minimum initial cruise altitude of 31 000 feet after a maximum weight take-off. A 
single engine approved performance enroute altitude shall be 16 000 feet 
(ISA + 10 •q at tbe midpoint of 1200 SM full passenger flight. 
Fuel efficiency - The objectives in ASM per gallon while carrying a full passenger 
and baggage payload shall be: 

Trip length (SM) ASM/gallon 

400 77.6 
600 85.0 

1000 92.0 

2.4.4.2 Ground 
(i) Airport compatibility: runway - The maximum certificated runway required for a 

trip of 370 SM witb a space limit payload shall be 6000 ft on a 90 op day at SL. 
The pavement and flotation design criteria shall preclude limitations upon tbe 
aircraft at any standard commercially acceptable airport. 

(ii) Noise: exterior - Noise levels shall be lower tban FAR 36 Stage 3 limits without 
requiring trades or thrust reductions for compliance. Levels sball meet all required 
standards for ground service personnel. 

(iii) Emissions - Engine emissions will meet all projected standards and design effort 
will be expended to achieve levels well below standards. 

(vi) Wheel and engine placement - Wheel and engine placement design shall be such 
as to attempt to preclude foreign object damage (FOD). Design criteria in engine 
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Fig. 2.9 A-82 short-range jet transport, 1984. 

placement, air flow and ground clearance for all ground operation including take­
off or reverse thrust conditions shall contain detail to minimize FOD. 

(v) Ground times - Service access, equipment and door design shall be configured to 
achieve the maximum ground times of: (a) through flights, 15 min; (b) turnaround, 
30min. 

2.4.5 Reliability ami maintainability 

(i) Design for mechanical dispatch reliability shall include a full system analysis of 
the highest order with a goal of achieving a 99.5% mechanical reliability by the 
end of first year of operation. 

(ii) The most advanced cost-effective materials shall be utilized to minimise weight 
and drag and, in all instances, particular attention shall be centred upon corrosion 
prevention, protection and/or treatment. 

(iii) All aircraft systems shall have prime consideration for maintainability in design 
and placement. Unit removal and replacement times will be reduced to a minimum 
and full demonstration of access, elapsed removal and replacement time and tools 
will be conducted 

(v) Overall design fatigue life shall fully consider the short cycle time flight. 

2.4.6 Design considerations 

2.4.6.1 i.le~~ics 
The latest technology in aerodynamics shall be utilized Specifically: 

(i) Aerofoils and control surfaces contour and geometry shall use advanced technol­
ogy, optimized for the intended mission. 

(ii) Active controls shall be used to minimize weight and drag. Full consideration 
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should be given to both load alleviation and stability augmentation type systems 
(wing and tail). 

2.4.6.2 Structural 
(i) Brake and wheel systems shall be adequate to handle short cycles separately 

without affecting minimum ground times. Full consideration should be given to the 
use of carbon brakes. 

(ii) All pressure vessel doors shall be plug type. 

2.4. 6.3 Systems 
(i) Air conditioning - Environmental control system (ECS) shall be air cycle cooling, 

with percentage recirculation to be decided during trade-off studies. 
(ii) Hydraulics - Hydraulic power generation shall place minimum reliance on air­

driven and electric hydraulic pumps. The use of screw-jack type actuators should 
be minimized. 

(iii) Automatic flight - The automatic flight control system shall make extensive use of 
digital avionics. The system shall contain an automatic subsystem with fail active 
CAT IIIb certification. A fully integrated flight management system(s) shall be 
considered 

(vi) Landing gear - Nose wheel steering shall be capable of steering angles of ±90° 
nominal with torque link connected. 

(v) Flight controls - Primary consideration shall be given to single-segment trailing­
edge flaps. Control surface sealing shall be easily replaceable. 

(vi) Communications - Digital to include provisions for triple VHF and single ADF. 
(vii) Navigation - digital - Standard very-high-frequency omnidirectional range 

(VOR), instrument landing system (ILS), with provisions for microwave landing 
system (MLS). 

(viii) Auxiliary power - Trade studies should be generated on the requirement for an 
airborne use of an auxiliary power unit (APU). 

(ix) Instruments - Consideration shall be given to electronic display types. 

2.4. 6.4 Engines 
(i) Thrust - Takeoff thrust shall be in the 20 000-23 000 lb thrust class fiat-rated at 

least 85 "F at SL. 
(ii) Weight - Bare engine weight shall be in the 4000-4300 lb range as a desigo goal. 

(iii) Life - Rotating components shall be desigoed for a 30 000 cycle service life. A 
shop visit rate of 0.35 per 1000 cycles shall be a desigo goal. 

(iv) Deterioration - I% fuel consumption deterioration for the guarantee shop visit rate 
period and 2% long term deterioration shall be desigo goals. Case distortion, 
transient rubbing, and blade/stator erosion shall be minimized through optimum 
combinations of materials selection and active clearance controls. 

(v) Modularization - Modules and mini-modules shall be designed for both ease of 
disassembly/assembly and minimal post-assembly test cell ruuning. Mating seals 
between modules shall be desigoed to prevent both assembly problems and 
component performance matching problems. 
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Why is it that shape? - Civil aircraft 

3.1 Background 

There is almost no limit to the variety of the shapes of aircraft that have been conceived. 
This chapter will give a brief introduction describing wing, fuselage and powerplant 
arrangements followed by descriptions of the characteristics of civil, military and rotorcraft 
types. 

Aircraft are essentially aerodynamic vehicles and every aircraft designer must develop 
considerable aerodynamic skills. This book is not aimed at providing those, as there are 
many excellent texts available, as shown in the bibliography section of this book. Appendix 
A6 contains some limited information to enable the evaluation of simple aerodynamic 
predictions for use during the conceptoal design process. 

The aerodynamic shape of the aircraft will determine aircraft speeds, manoeuvrability, 
flying qualities, range, field performance, costs, altitudes and many other parameters. There 
is a close interaction between such disciplines as aerodynamics, structures, propulsion and 
aircraft systems. For example, a high subsonic aircraft usually requires a very thin or swept 
wing, or a combination of these, to achieve low aerodynamic drag. Thin or swept wings 
adversely affect weight and may require more thrust from the propulsion system. A good 
compromise is therefore required An optimum shape must be determined to maximize a 
chosen performance parameter. This may be minimum life cycle cost, initial cost, weight, 
fuel bum, etc. depending upon the type of aircraft required In all cases, however, a good 
aerodynamic shape is vital, as in the areas now described. 

3.1.1 W"mgs and tail 

The wing is the main lift source and it must be carefully designed to optimize its lift/drag 
ratio over the whole flight envelope. 

Fignre 3.1 shows definitions of the main wing geometrical characteristics. The parameters 
are defined as: 

b wing span - masimum distance over wing perpendicular to centreline 
s b/2, wing semi-span 
Co root chord of wing defined either as distance at centreline between projec­

tions of leading and trailing edges or along body side 

19 
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Fig. 3.1 Major wing geometrical definitions. 

CT tip chord of wing defined as the distance between the projection of leading 
and trailing edges at the tip, measured parallel to the centreline 

S wing plan area defined as gross area when the area of the body between the 
lines joining the leading and trailing edges is included and exposed or nett 
area if this is excluded 

.?.. CT I Co, wing taper ratio 
tIc wing thickness chord ratio, defined as maximum local thickness divided by 

local chord length 
c SIb, geometric wing chord 
A b2 IS, wing aspect ratio 
a geometricincidence 
~LE sweep-back (or forward) of the wing leading edge 
~1 ;4 sweep-back (or forward) of a line joining the local25% chord points of a 

wmg. 

Some of the more important aerodynamic parameters are:-

LI D Lift/drag ratio, either of wing or complete aircraft, sometimes expressed as 
CL/Cn 

CL = Ll!pV2 S = Ll!ypM2S 

where p = air density; p = air pressure; V = velocity; M = Mach number; 
y = ratio of specific heats = 1.41 for air; L = lift; D = drag and V = M a0 

where a0 = velocity of sound. 
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Co= DI!PV2S = Df!ypM2S 

CM = MI!PV2Sc = Ml!rpM2Sc 

where M is pitching moment (nose up positive) 
C MO pitching moment coefficient when overall wing or wing-body lift is zero. 
MoR = Mach number where the drag rises significantly. 

21 

T I W Thrust/weight ratio. It is often quoted as powerplant sea level static thrust/ 
aircraft gross weight. It will, in fact, vary throughout the flight as thrust 
varies with throttle setting, speed, altitude and temperature. Weight changes 
with fuel burn and changes of payload. 

WI S Wing loading. The usual parameter is the aircraft gross weight divided by 
the gross wing area, but again, weight and therefore wing loading will vary 
through the flight. 

Camber The curvature of the aerofoil section. A camber line in defined as the 
position at mean local thickness relative to the chord line. 

a1 Slope of a wing lift curve. 
Vs Stall speed. This is the condition such that airflow separates and the lift force 

is reduced, whilst the drag increases rapidly. It occurs immediately after 
maximum lift (CL,.) and is defined by a re-statement of the lift coefficient 
equation 

v. =J WIS S I . 
2PCL.-. 

The stall speed may be reduced by use of leading or trailing edge devices. These increase 
camber and/or area and thus CL.-.. 

Appendix A6 gives simple methods to allow the prediction of lift and drag of aircraft with 
clean wing (cruise configuration). Wings must be designed to be as efficient as possible over a 
wide range of often conflicting flight conditions. Table 3.1 highlights the main wing aero­
dynamic variables, and their effects on different categories of aerodynamic performance. 

Propeller-driven aircraft are not likely to be used at Mach numbers in excess of 0.65 
and wing sweep back is not therefore necessary. Figure 3.2 shows a typical configuration. 
The operating lift coefficient can be higher than 0.35 for an 18% thick wing before the 
critical Mach number falls below 0.65. 

Cruise efficiency indicates the need for high aspect ratio coupled with moderate taper of 
the order of 0.5 to 0.65 to give a close approximation to an elliptical load distribution, which 
is the best shape for reducing the lift-dependent drag. The tapered wing is easier to 
manufacture than an elliptical wing and is therefore a better compromise in terms of drag 
and cost. The upper bound on aspect ratio is fixed by structural weight conditions and is 
primarily a function of the thickness chord ratio of the aerofoil section, the aircraft 
manoeuvre factor and the design diving speed. 

Typical figures are aspect ratios from 8 to 12 with maximum Ll D values of 15 to 18. 
Root thickness chord ratios usually vary from 14 to 20% and tip values are often 0.65 to 
0.75 of the root value. 

The wing area has to be chosen as a compromise between that required for cruise and for 
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Table 3.1 Wing design features and their effect on performance 

Performance requirement Sweep Aspect ratio Thickness of Area Camber 
chord 

Stall speed + + + + 
Rate of climb + + + 
Absolute ceiling + + + 
Take-off and landing + + + + 
Low altitude high subsonic + 0 
speed 
Gust ridge quality + 0 0 
High mach no. at altitude + 
Supersonic manoeuvre + + 
Subsonic manoeuvre + + + + 

+ = increase in this parameter improves performance. 
- = increase in this parameter degrades performance. 
0 = increase in this parameter has negligible effect. 

Fig. 3.2 Typical turbo-prop aircraft wing. 

low speed operation. The use of flaps enables satisfactory low speed performance to be 
achieved with near optimum cruise wing area. Take-off wing loadings usually vary between 
75 and 90 lb/ft2 (350-450 kg/m2) and cruise lift coefficients are in the range of 0.3 to 
0.45. With lift curve slopes of the order of 6 per radian, this represents only 3-4° of wing 
incidence and this is normally a fixed setting on the body. The maximum lift coefficient of 
this type of design is usually around 2.5-3.0 and is achieved by using large chord flaps over 
about two-thirds of the span. It is frequently sufficient to use the simpler types of flap, in 
which case the lower value of lift coefficient is appropriate. 

As the efficiency of a jet engine increases with Mach number, it is desirable to design the 
wing of jet aircraft such that the value of MnR is as high as is reasonably possible. This 
usually in the range 0.78 < M < 0.92 and attempts to increase it further are probably not 
worthwhile. The use of sweep is immediately implied for useful lift coefficients (Fig. 3.3). 
Sweepback is normally used since swept forward wings are subject to divergence and 
longitudinal instability unless the angle is small. Sweep back implies higher bending material 
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Fig. 3.3 Swept and delta wing planforms. 

weight. The thickness chord ratio is usually relatively low, being of the order of 10-15% at 
the root (the higher with supercritical sections - see Appendix A6 for an explanation of 
supercritical sections). Stiffness is frequently the design criterion for such wings. 

The sweepback required is usually between 15° and 40° and this is associated with 
moderate taper. Extreme taper can cause tip flow problems, especially at high incidence 
when 'pitch up' may occur. Pitch up is caused by separation and loss of lift occurring on the 
outer part of the wing, the remaining lift being inboard and hence well forward of the 
normal position. 

If the wing is mass-balanced by the powerplants, as in several Boeing designs, the aspect 
ratio can be as high as 10 with root thickness chord ratios of around 15%. Mass-balancing is 
the term used to describe the wing configuration where the gravity loads of components in, 
or on a wing, such as engines help to balance the upward lift load on the wing, and reduce 
wing bending moments. Transport aircraft wings have ample span for flaps and their 
effectiveness is often improved by reducing the local trailing edge sweep in the root region. 
Wing area is fixed by cruise considerations and the take off wing loading may be as high as 
150 lb/ft2 (750 kg/m2) for large aircraft. Lift curve slope is of the order of 4 to 5 per radian 
and cruise lift coefficient around 0.3-0.6. Taper ratio is usually about 0.3. 

The major advantage gained by using a delta planform is the considerable root depth of 
the wing, even with low thickness chord ratios. There is no difficulty in achieving a high 
critical Mach number, but by implication the aspect ratio is low. Maximum lift coefficient is 
low, not exceeding unity in most cases, and because of the relatively small span, flaps do not 
help a great deal. Wing loading must therefore be low, probably in the region of 45 to 
70 lb/ft2 (200-350 kg/m2) at take off, and low speed requirements dictate the choice of 
wing area. Modification of the wing leading edge shape enables an elliptical load distribu­
tion to be approached, and tip flow problems to be mitigated. There is a serious longitudinal 
stability and control problem which results from the short elevator arm whether a tailplane 
is used or not. Since the lift curve slope is low, around 2 or 3 per radian due to the low 
aspect ratio, the aircraft flies at high incidence at low speed. This gives rise both to vision 
difficulties for the pilot on the approach and undesirable roll-yaw couplings which 
frequently cause instability. 

While the above comments have been applied to wings, they also apply to other flying 
surfaces such as tailplanes, fins or foreplanes. In American usage these surfaces are called 
horizontal stabilizer, vertical stabilizer and canard, respectively. 



24 Why is it that shape?- Civil aircraft 

3.1.2 l'uselG!fes 

Aircraft fuselage shapes are usually defined by what they have to contain in terms of 
payload, crew, systems and equipment. Different classes of aircraft have widely varying 
requirements in terms of payload and their fuselages are consequently of different shapes 
and sizes. These effects will be discussed below for different classes of aircraft. 

3.1.3 Powerplant choice 

The choice of powerplant type and number has a fundamental impact on an aircraft 
configuration. The usual rule is that the fewer the engines the better, consistent with 
adequate levels of safety. Fewer engines have simpler aircraft systems and are generally 
more cost effective in terms of mass, iuitial and maintenance costs. The four-engined 
transport aircraft, however, may be optimum for either short-take-off or extremely long­
range aircraft. In these cases take-off engine failure requirements with two- or three-engined 
aircraft may lead to too much power for efficient cruise. Chapter 5 gives the reasoning 
behind the choice of type and locations of different classes of powerplants. 

3.2 Civil aircraft types 

3.2.1 Possenger aircraft 

The over-riding requirement for all fare-paying passenger-carrying aircraft is that of safety. 
The order of safety required is specified by the relevant Airworthiness Requirements. The 
two most commonly used Requirements are the US Federal Aviation Regulations (FAR) and 
European Joint Airworthiness Requirements (JAR). The usual parts in both cases are PART 
25 for larger aircraft and PART 23 for aircraft with maximum take-off masses less than 
5700 kg (12 500 !b). 

Second only to the need for safety is that of economy, since all civil aircraft are operated 
by organizations which, at least nominally, are profit making. Aircraft operating costs are 
divided into two sections. These are basically those directly connected with flying the 
aircraft, the direct costs, and those resulting from the rest of the orgauization, the indirect 
costs. The latter are of little direct concern to the design and cover such items as airport 
facilities and staff, sales and service, etc. 

The direct operating costs (DOC) are discussed more fully in Chapter 8, but fall into the 
following categories: 

(i) Crew costs 
(ii) Fuel, oil and taxes 

(iii) Insurance 
(iv) Maintenance, which may be approximately divided equally between power plant 

maintenance man-hours, powerplant spares, airframe maintenance manhours and 
airframe spares. 

(v) Depreciation, which, spreads the cost of buying the aircraft. The first cost is usually 
written off over a fifteen to twenty year operating period and may include interest 
payments. Table 3.2 summarizes recent airline operating cost figures for a range of 
current subsouic jet transport aircraft. The two important parameters are the direct 
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Table 3.2 Airliner direct operating costs (1994). (Based on leading US airlines.) 

Boeing Airbos Airbos MD-11 Boeing 
737-100/200 A320 A300 747-400 

Crew(%) 28.8 25.2 14.5 20.9 19.7 
Fuel/oil/taxes (%) 25.1 23.5 26.5 32.5 31.3 
Insurance (%) 1.6 2.8 1.6 1.4 1 
Total flying(%) 55.6 51.5 42.7 54.9 52 
Total maintenance(%) 23.9 12.8 28.2 14.4 17.2 
Depreciation and rent(%) 20.6 35.7 29.1 30.7 30.8 
Total DOC (US $ per block 1702 1808 3644 4399 6592 

hour) 
Number of aeats Ill 148 262 255 397 
Average flights (miles) 441 995 1157 3487 4639 
Block hours/day 8.95 10.9 9.2 12.08 13.43 
Average load factor (%) 63.1 65.9 67.6 67.4 74.2 
Fuel burn US gal/block 813 788 1754 2300 3393 

hour 
Cost/aircrafl mile ($) 5.37 4.72 8.25 9.05 12.98 
Cost/available aeat 4.84 3.19 3.54 3.55 3.27 

miles US cents 
(DOC/ASM) 

operating cost (DOC) per block hour, that is the time between the aitcraft leaving 
and arriving at passenger terminals. The other measure is the DOC per ASM. 

In general, a large aircraft is cheaper to operate in terms of DOC per ASM, than a small 
one providing certain conditions are satisfied. This is because the large aircraft has a large 
payload, but crew, engineering and depreciation costs can be relatively lower. Thus a larger 
aircraft can operate economically with a smaller percentage payload than a smaller one, that 
is, it has a lower 'break even' load factor. However it still requires more passengers or 
freight to reach this load factor and one of the serious problems at preaent facing airlines is 
the surplus of capacity over traffic. Thus the general rule is to use the largest aircraft that the 
traffic route will support. In certain circumstances, however, this may lead to unacceptably 
low flight frequencies. This will reduce passenger appeal and therefore trade-offs must be 
performed. Another important fact is that different airlines have different requirements in 
aircraft range. All of these factors mean that there is a wide range of successful aircraft 
types such as shown in Table 3.2. They are all efficient in meeting the requirements for their 
own markets but competitive pressures are leading to the reduction of DOC on future 
aircraft. Figure 3.4 shows some new aitcraft features. Crew costs are reduced by increasingly 
sophisticated avionics to allow two-crew operation. Many aerodynamic system and structur­
al improvements have led to mass, drag and fuel cost improvements, as have improvements 
in engine designs and maintainability. 
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• Low workload, two member crew 
cockpit 

• Maximum use of new materials and 
processes 

- extensive avionics integration 

• Centre of gravity 
management system 

• Extended fly-through-computer system 
- load alleviation 
- flight envelope protection 

- advanced composites 
- aluminium-lithium 
- superplastic forming and 

diffusion bonding 

• Increased thrust version 
of A320's CFM56 engine 

Fig. 3.4 Some of the advanced design features of the airbus A340 aircraft, 1995. 

A designer must produce an aerodynamically efficient aircraft equipped with quiet low 
fuel consumption power plants. The choice of speed will depend upon this, as well as the 
design stage length. Payload capacity will depend upon the estimated available traffic and 
size of operator, but the aircraft must be versatile in being able to trade payload for range, 
and vice-versa. 

Shorter-range airliners are designed to cruise most efficiently at Mach numbers between 
0.75 and 0.8, whereas longer-range aircraft cruise around M 0.86 at altitudes of around 
40 000 ft. The most obvious effect on the aircraft shape is the wing configuration. Earlier jet 
aircraft, such as the DC-8 and Boeing 747, utilized what were termed high-speed aerofoil 
sections, which required higher sweep-back than current designs. Quarter-chord sweep 
angles now vary between 25° and 30°, as against 35°-38°. These reductions are primarily 
due to the introduction of so-called 'supercritical' aerofoil sections and more sophisticated 
three-dimensional wing-body design techniques, which simultaneously predict the airflow 
over the junction between the body and wing. These have been made possible by the use of 
computational fluid dynamic (CFD) programs, allied to the continuing use of wind-tunnels. 
Reduced sweep improves the wing structural efficiency and makes leading and trailing-edge 
flaps more efficient. 

The fuselage size is almost entirely determined by the volume required for the maximum 
number of passengers and maximum quantity of freight, both of which may be selected in 
various combinations to give the maximum payload. Consistent with meeting this volume 
requirement, the fuselage must be as small as possible to reduce cruising drag to a 
minimum. A further compromise is necessary in the design of the wing since the cruise 
conditions invariably require a smaller area thea than those at landing and take off. The use 
of flaps may partially overcome this difficulty. 

Most airliner manufacturers aim to produce a 'family' of aircraft to cover a wide range of 
payload-range options. 

The Boeing narrow-body family does this by using identical fuselage cross-sections in its 
707, 720, 727, 737 and 757 aircraft. This considerably reduces manufacturing costs and 



3.2 Civil aircraft types 27 

gives improved commonality in service. Another method of 'tailoring' aircraft to the market 
is to stretch the basic aircraft. This is done by the use of parallel section fuselage which is 
lengthened by inserting 'plugs' of fuselage ahead and behind the wing. This increases the 
capacity significantly for relatively little extra cost. Most manufacturers use this method, but 
McDonnell-Douglas have produced the most extreme stretches in their MD80 and 90 
ranges. 

This process can also be reversed for what are termed 'thin' routes. In these there is not 
enough traffic to fill, say, a 747 at the required frequencies so fuselage sections are removed. 
This was done by reducing the Boeing 747 fuselage into the 747SP version. An extension to 
this process was carried-out in the design of the A-330 and 40 where a common wing was 
designed. (Fig. 3.5) 

The fuselage cross-section is of crucial importance in passenger comfort and cargo 
efficiency. Figure 3.6 shows a range of types including some of these proposed for the new 
500-1000 seat ultra-high capacity aircraft. 

One very important aspect of airliner design, which particularly affects take off perform­
ance, is the question of noise. Earlier aircraft were judged to be too noisy and many aircraft 
were withdrawn from service because they did not meet new regulations. This was a costly 
exercise because many of these aircraft would otherwise have been in service for many 
years, although their older turbojet engines had poor fuel consumption. One compromise 
was to re-engine some aircraft with modem quiet turbofan engines and this was carried-out 
for some DC8 and 707's. 

The supersonic airliner is faced with an even more severe problem in this respect. It was 
possible to reduce the take-off and landing noise levels of Concorde to those of contempor­
ary jet aircraft, at its service-entry date, but these are unacceptable for any future supersonic 
aircraft. A further problem is that the noise produced by the sonic boom is inherent in 
supersonic flight. This is mitigated by restricting supersonic flight to over-sea portions of 

Common ----1:... 
cockpit 

A330 

Common 
landing gear 

Common 
fuselage 

Common wing 
(differences limited to 

engine installation) 

I A340-300 ., 

Common systems 
(differences limited to 

engine interface) 

Common 
empennage 

• A340-200 8 frames shorter 

Fig. 3.5 Common features of the Airbus 330 and 340 aircraft. 
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Pig. 3.6 Some airliner fuselage cross-sections (not to scale). 

air-routes. Future supersonic transports (SSTs) are likely to follow this pattern and to use 
variable-cycle engines. Such engines will be relatively quiet turbo-fans on take-off, but have 
reduced by-pass ratio for increased fuel efficiency at the likely cruise Mach number of 2.0 to 
2.5. New project designs should triple Concorde's 100 seat payload, and provide trans­
Pacific range. 

Most of the foregoing discussion has concerned high-subsonic and supersonic jet 
transports, but regional aircraft are a crucial part of the aerospace business. 

They have relatively short range and are sometimes called commuter or feeder-liners. 
This follows from their usual mode of operation which is to carry passengers from large 
numbers of small airfields near small cities or towns to the larger cities, for transfer onto 
larger aircraft. 

They may be divided into three distinct categories. The largest carry 70 to 130 passengers 
at ranges of up to 1000 miles. They are usually turbo-fan powered and differ mainly from 
larger airliners only in having slightly reduced cruise speed, but improved field performance. 
The BAe RJ and Fokker 100 are the main contenders in this market. 

Mid-range regional aircraft are usually powered by turbo-props and carry 40 to 70 
passengers, although Bombardier have recently modified their Challenger Executive jet into 
a 50-seat regional jet. The SAAB (Fig. 3.7) is a successful mid-range regional turbo-prop. 

Smaller regional aircraft vary in capacity between 18 and 40 passengers, and most use 
turbo-prop engines. 

The very smallest aircraft may operate from austere airfields and need to be very rugged 
Requirements for performance do not require high speed, so externally braced wings and 
fixed landing gears may be used as for the Cessna Caravan (Fig. 3.8). 

3.2.2 Business or executive aircraft 

There was a tremendous increase in airline activity in the late 1940s following the end of the 
Second World War. Business became much more international, but senior executives felt 
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Fig. 3.7 The SAAB 2000 regional turbo-prop with its stable-mate the SAAB 340'. 

Fig. 3.8 CeS8IIa Caravan regional turbo-prop, Berlin 1996. 

themselves to be limited by the infrequent flights offered by airlines. Such flights operated 
from relatively few, large airports. This inflexibility led to the advent of smaller specialized 
aircraft, for use by senior executives. Early examples were the twin propeller-driven De 
Havilland Dove and four-engined Heron aircraft. The former aircraft transported up to eight 
passengers over short flight sectors, but could use an extremely wide range of melds 
because of its good amield performance. Such aircraft were then augmented by jet-powered 
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aircraft such as the De Havilland 125, which entered service in the mid 1960s. Developed 
versions of this aircraft are still being produced, now named the Raytheon-Hawker 800. 
Table 10.2 shows a decision-making chart which compares the performance of this aircraft 
against competing aircraft, in 1993. The aircraft shown are in what is termed the mid-range 
category. Maximum seating is eight, but typical occupancy is two to three. Cabin size is 
important for comfort in such small aircraft, and is improved by luxurious furnishings. Mid­
range aircraft fly at airliner speeds, at ranges up to 2500 miles, but most flights are much 
shorter. Current costs are of the order of $10 million, so they are hardly toys for company 
executives and have to work to justify their existence. They do this by saving expensive 
executive time that would otherwise be lost in transit to, and waiting at, commercial airports. 
They can also act as in-flight meeting-rooms and as useful publicity enhancers by showing 
the company logo on their elegant exteriors. A number of longer-range aircraft have been 
developed, as well as conversions of smaller airliners. 

The entry-level corporate jet has been developed with the aim of matching this price, but 
at improved comfort levels. Cranfield's E-92 project is shown in Fig. 3.9 and has the typical 
rear-fuselage-mounted engine configuration. The slightly forward-swept wing is not typical. 
It's aim is to give M 0.75 cruise speeds with a degree of natural laminar flow to reduce 
aerodynamic drag. The wing centre-section structure is not a cabin obstruction and the 
carbon fibre wing structure saves weight and prevents aeroelastic problems. 

Pig. 3.9 CAD model of Cranfield E-92 executive jet project, 1993. 
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3.2.3 Car~o aircraji 

These have always been the 'Cinderella' of aircraft types. Air cargo is expensive compared 
with sea freight and attempts are made to cut costs. A very large proportion of air cargo is 
carried in airliners along with passengers. This cuts costs and gives a good service 
frequency. The wide-body aircraft are particularly useful in that they have large under floor 
holds which can be filled with standard containers, (Fig. 3.10). Larger items of cargo, 
however, must be carried above the floor and so large doors are cut into the sides of the 
fuselage. A particularly popular solution is the Combi-freighter which uses part of the 
fuselage for passengers and the rest for above and below floor cargo. 

For even larger payload dimension, more drastic conversions are required. The most 
capable civil freighter is the Boeing 747F, (Fig. 3.11) which uses a large visor nose door, 
together with a fuselage side door. The use of standard containers in such large numbers 
drastically reduces freight costs. 

The pure cargo aircraft has somewhat different requirements from the airliner since the 
payload must be large over a long range, but speed is not of primary importance. Since the 
volume capacity is often as great a consideration as weight capacity, the fuselage of the 
cargo aircraft tends to be large and blunt, with very large doors. Low speed performance is 
sometimes of considerable importance so as to give the aircraft the ability to operate from a 
large number of places where only second-rate facilities are available. This not only means 
large area wings with refined high lift devices, but also large and heavy undercarriages. Two 
older aircraft, the Viscount 810 and Argosy had almost identical power plants but the latter 
could carry up to twice the payload with a 20% reduction in cruising speed and has a 50% 
greater wing area, (Fig. 3.12). 

Military cargo aircraft are more specialized and are described later. 

3.2.4 A~ricultural aircraji 

Small fixed-wing aeroplanes or helicopters perform extremely useful duties to support 
farming operations, throughout the world. They are particularly useful for pest-control or 
fertilizer dispersal in areas of the world where surface access is difficult. They are therefore 
used in many developing countries. Their flexibility and efficiency is thus an important 
element in the world's agricultural economy. Most aircraft are rugged light aircraft typified 

Fig. 3.10 Airbus A300 main deck cargo conversion, 1995. 
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Box Spar Wing 

Fig. 3.12 Armstrong-Whitworth C&JgO Aircraft, 1966. 

Fig. 3.13 Manufacture of PZL-WILGA agricultural aircraft, 1994. 

by the PZL-WILGA shown in Fig. 3.13. This has a piston engine and a chemical hopper 
near its centre of gravity. This is to minimize pitch changes when up to 500/o of the aircraft 
mass is rapidly discharged The WILGA and other agricultural aircraft have good take-off 
and low-speed performance, to give safety close to the ground. Other more recent 
agricultural aircraft have moved to the Low-wing configuration, with more payload, and the 
pilot seated behind the wing. This is to prevent him or her being sandwiched between the 
heavy hopper and engine, if the aircraft were to fly into the ground. Moving the pilot aft 
means that the cockpit needs to be raised to aid pilot vision. The pilot is protected by a roll­
over crash cage and the whole region designed to resist 25 'g' axial deccelerations. Those 
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Pig. 3.14 The Cranfield A 1 aerobatic aircraft, 1978. 

11)]50 

t 

"""·"" 
DUAL IGNITION QUASAR 582 DI TC 

TININ CARBUREI I I;. R 

Pig. 3.15 The Solar Wings Quasar, 1995 (dimensions in mm). 
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requirements lead to the characteristic hump-back shape of many agricultural aircraft. The 
most widely-used aircraft have a payload of half a tonne and are powered by single 200-
300 hp piston engines. Larger aircraft may carry twice the payload and be powered by 
ageing 600-700 hp radial engines or by more expensive torbo props. The agricultural 
aircraft sometimes provide the last significant role for the biplane. Such aircraft are very 
strong and have very good low-speed manoeuvrability. 

3.2.5 Light aircraft 

This is the term used to describe the smallest size and most numerous aircraft. Many 
thousands of aircraft such as the Cessna 150, Beagle Pup, etc. are used for pleasure, pilot 
training and very light transport. They are of aimple and cheap construction, usually 
powered by a single piston engine. One specialized category is that of aerohatic aircraft such 
as the Cranfield's AI, which has to have a very strong construction to withstand severe 
manoeuvring loads (Fig. 3.14). Micro-light aircraft developed from powered hang-gliders 
and have their own airworthiness requirements, as do gliders. 

The simplest micro-lights use the pilots weight-shift for flying control, such as the Solar 
Wings Quasar (Fig. 3.15). 
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Why is it that shape? - Other types 

4.1 Military aircraft types 

4.1.1 Fighurs 

These arrcraft have had several designations over the years, including pursuit and interceptor 
aiTcraft. There are many types, and definitions become blurred between fighters and bombers 
and ground-attack arrcraft. True fighters may be divided into two major classes. The first 
class is that of relatively simple short-range interceptor arrcraft (class 1 ), whilst the second 
used to be called 'all-weather' fighters which tend to have longer range and more aviouic 
equipment (class 2). Figure 4.1 shows a plot of combat wing loading against thrust/weight 
ratio, which is a good indication of the manoeuvrability of combat aircraft (see Chapter 3 
for the definition of thrust/weight and wing loading). Recent requirements for high agility 
have moved aircraft towards the top left-hand corner where high thrust/weight and low wing 
loading improve climb, sustained tum and attained tum performance. Most arrcraft in this 
region are class 1 short-range fighters and class 2 are closer to the bottom-right quadrant, 
where the higher wing loading leads to better long-range cruise. 

The class 1 short range, high performance interceptor carries the minimum of equipment 
and maximum speed is always important. However for such an arrcraft the rate of climb and 
manoeuvrability may be even more important. This arises from the fact that due to the fighter's 
necessarily short range it cannot take off until a target is definitely located, but must then 
rapidly climb to interception. A very high thrust/weight ratio is implied by these requirements, 
particularly at altitude. Compatible with reasonable operational safety, everything must be 
placed second to climb and interception performance. Only one crew member can be carried 
and acquisition and life-cycle costs are reasonably low. Due to the relative simplicity of the 
equipment carried, reliability should be high. The F-16 is in this category, (see Fig. 4.2). 

The high thrust/weight ratio for combat manoeuvrability leads to the thought that ouly a 
litlle extra thrust might give vertical take off and landing capability (VTOL). The BAe 
Harrier has been developed into an extremely effective strike/bomber aircraft with the very 
siguificant operational advantage of lack of reliance on runways. The invention of the ski­
jump runway improved payload/range by offering an extremely short take-off distance 
(STO). These innovations led to the extremely potent Sea Harrier interceptor aiTcraft flown 
from small aircraft carriers. 

The US Navy proposed a supersonic V/STOL Interceptor requirement and this specifica­
tion was exaruined by the College of Aeronautics to produce the S-83 design (Fig. 4.3). 

37 
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Fig. 4.2 US Air National Guard F-16 fighter, 1993. 
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Fig. 4.3 Model of Cranfield S-83, 1994. 

A close-coupled canard arrangement was chosen because it gave improved lift character­
istics for short take-off and combat. The foreplane make possible the achievement of high 
angles of attack, and improved area-ruling for reduced supersonic drag. Negative subsonic 
longitudinal stability combined with active controls gave improved aerodynamic perform­
ance. 

The forward-swept wing has an aspect ratio of 4 and utilizes a 5.9% thick super-critical 
aerofoil section. Claimed advantages of such a configuration are: 

(i) Configuration flexibility. 
(ii) Significant higher manoeuvre lift/drag ratio. 

(iii) Lower trim drag. 
(iv) Lower stall speeds and slower landings. 
(v) Virtually spin proof. 

(vi) Better low-speed handling. 

The aircraft uses the remote augmented lift system (RALS) developed by the General 
Electric Company. Two propulsion units are used, mounted side by side in the rear fuselage 
having variable cycle capability. A double bypass split fan provides airflow to the single 
remote augmentor nozzle during vertical take-off and landing. Primary exhaust is through 
Augmentor Deflector Exhaust Nozzles (ADEN). 

The remote augmentor nozzle provides thrust under the forward fuselage. Thus the 
aircraft rises on three points of thrust. Canards have been successfully used on non-V/STOL 
aircraft such as Rafale,Viggen, Gripen and Euro:fighter. The late 1980s/early 1990s saw the 
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conceptual designs of several advanced V/STOL aircraft, an example of which is the 
Cranfield S-95, shown as the frontispiece. 

The class 2 'all weather fighters' are designed to have longer range patrol ability. Such 
aircraft tend to be large, heavy, complex and expensive. The equipment carried has to be 
extensive in order to ensure satisfactory interception in bad weather and a crew of two may 
be required to operate the aircraft. Rate of climb is of lesser importance since the aircraft 
should be patrolling at altitude when alerted, but thrust/weight ratio will still be high for 
manoeuvres. Fuel economy for maximum duration of patrol is critical, which is one of the 
reasons for the use of low bypass turbo-fan engines. These are usually fitted with after­
burners for good combat thrust/weight ratio. Attempts to design one aircraft to fill both short 
and long-range roles have usually resulted in mediocre aircraft not suited properly to either 
task. In choosing between the two it is necessary to consider economics, geography and any 
other defensive means which may be available, and the actual nature of the enemy threat 
Variable geometry can be used to improve the compromise if interception and strike 
requirements coincide, as in the Tornado shown in Fig. 4.4. 

Non-V/STOL naval fighters are similar in concept to land-based aircraft but additional 
restrictions and requirements are imposed on their design. Apart from the obvious sacrifice 
of performance and safety necessary to enable operation from a restricted deck area, the 
limited storage space in an aircraft-carrier implies a considerable restriction of the total 
number of aircraft which can be carried. Therefore each type should be able to fulfil more 
than one task and reliability is of prime importance. In addition to its defensive capacity, the 
longer range type of interceptor becomes an offensive aircraft, so that it can be used in a 
strike role. 

The limited storage space and deck elevator dimensions usually require wing and perhaps 
fuselage section folding. Additional complications arise from strengthening for catapult 
launch and arrestor-wire hook attachments. The deck of the aircraft carrier is a moving 
runway which will pitch and roll. Combined with arrested landings, this is very punishing 

Fig. 4.4 BAe Tornado fighter. 
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for landing gears which need to he greatly strengthened. The salt-laden atmosphere restricts 
the use of certain structural materials which may be used on land-based aircraft. 

All of these complications lead to weight and maintenance cost increases which make 
naval aitcraft desigo one of the most challenging aitcraft desigo tasks. 

4.1.2 llon~ber.o 

Most fightet aircraft have bombing capability, but many ait forces have a need for dedicated 
bomber aircraft. These aircraft can vary enormously in size according to their particular 
tactical or strategic roles. Examples of extremes in this respect are the Douglas A4D which 
weights only 8 t and the Boeing B52 with a take-off mass of more than 220 t. However, each 
type is designed with a common over-riding consideration - the ability to deliver a warhead 
at a given range with a minimum chance ofloss due to enemy action. 

Although the range requirement and warhead size tend to decide the size of the aircraft, 
the method adopted to reduce the chance of enemy interception also has a big repercussion 
on the desigo. If high speed is chosen for this putpose, as in the Rockwell B 1 which flies 
supersonically, the range will be limited because of the high fuel consumption, or the size of 
the aircraft may be prohibitive. The same is true if low level attack is adopted so that the 
approach to the target can be made under the enemy's radar screen. On the other hand 
subsonic flight at very high altitode requires a large wing area and hence a heavy structure 
weight. A further possibility is to defend the bomber by gons as in many former Soviet 
aircraft, but since the advent of the guided missile this technique has fallen into disfavour. It 
has been replaced by the concept of a 'stand off' bomb or cruise missile which is launched 
from outside the main target area. It is impossible to draw any general conclusions about the 
final configoration in view of the number of possibilities, except to say that the bomber is a 
complex, and usually large, aircraft. Cruise performance is critical of course but, like the 
aitliner, low speed performance may well force the desigoer into a compromise, or the use 
of variable geometry as in the strike version of the Tornado. 

4.1.2.1 Reduction of the probability of being detected 
High-flying aircraft have become vulnerable to high-performance surface-to-ait missiles 
(SAMs) and interceptors, so new defensive techniques have been developed:-

(i) Electronic measures - A modern bomber defends itself with electronics rather than 
with gons or missiles. A radio frequency surveillance/electronic countermeasures 
(RFS/ECM) system detects hostile radio signals and automatically protects the 
aircraft against them, making it difficult to locate and hit with missiles. ECM 
operates in one of two ways. The first is to send a high-powered 'blanket' of signals 
on many frequencies. The second sends decoy signals to mislead the opposition. 

(ii) Stealth aitcraft - This is a relatively recent concept in which the aircraft is desigoed 
to be almost invisible to radar and infra-red (IR) sensors. 
Radar cross-section (RCS) can be reduced by careful desigo of the airframe to 
reduce sharp corners and hide the engine intakes from the ground. Special materials 
have been desigoed to absorb radat signals and they are placed in critical areas of 
the aitcraft. 
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Figure 4.5 gives a comparison of the mdar cross-sections of a number of bomber and 
fighter aircraft [8]. 

Figure 4.6 shows the configuration of a supersonic bomber aircraft designed to minimize 
mdar cross-section [9]. The high altitude cruise requirement was M 1.6 and M 0.9 at low 
altitude. Its main features were: 
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Pig. 4.5 Relative radar cross-section, 1990. 
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Fig. 4.6 Supersonic stealth bomber configuration, 1987. 

(i) Wing - A highly swept, basically delta wing with rounded tips was chosen. This 
combines good supersonic wave drag and favourable stealth behaviour. The wing is 
mounted as low on the body as allowed by other considerations to minimize the 
wing-body blending needed to avoid introducing comer reflectors. Stealth con­
siderations dictated that leading edge devices should not be employed, but the inner 
leading edge is swept forward to form a chine along the sides of the forward 
fuselage. This has the consequence of eliminating vertical fuselage surfaces and 
providing a shielding to the cockpit canopy and engine air intakes, as well as 
enhancing wing-body lift. 

(ii) Body - All weapons are carried in a bay which is located beneath the wing 
structure. The somewhat large canopy was chosen to give good visibility to the 
crew. This led to the need to shield it as much as possible, although it was proposed 
to give the cockpit canopy a non-reflective metallic coating. 

(iii) Powerplant installation - The two powerplants are buried in the fuselage behind 
the wing carry-through structure to minimize frontal RCS. The air intakes are 
located on the upper surface of the blended wing-body and are thus largely 
shielded from in front and below. Although shaped in plan similarly to flush intakes 
they do in fact, face forward and slightly upwards. Some reliance is placed on the 
leading edge vortex to feed air into the intake region. Auxiliary doors are provided 
for low speed, the main intakes being of fixed geometry optimized at M 0.9. The 
intake ducts are long, curved and lined with radar absorbent material (RAM). Two 
dimensional exhaust nozzles are located on the upper side of the extreme end of the 
fuselage. 

(iv) Fins (vertical stabilizers) - The vertical stabilizing area is split into two to 
minimize side area and the pair of surfaces canted inwards from the aft end of the 
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wide fuselage. In this configuration the fins provide a side shield for the exhausts 
and the adverse effect of corner reflection at the wing junction is minimized 

(v) Canards - Low speed take-off and landing performance dictated the need for a 
small canard lifting surface. Although this could be used to provide gust alleviation 
during low-level flight it is not required for performance or control at high subsonic 
and supersonic speed. The canard is a significant penalty from stealth considera­
tions, so it is proposed that it be retracted into the fuselage sides for normal 
crnising flight. 

(vi) Overall considerations - Much of the construction employs composite materials. 
Care bas been taken to avoid cutouts and discontinuities on all upper surfaces. 
Lower access doors would bave to be sealed and bonded. The main landing gear 
retracts into the wing-body blend fillet alongside the weapon bay and does not 
present a frontal discontinuity. Nose wheel retraction is conventional. Powerplant 
access is difficult and the high engine thrust line introduces a trim drag penalty, but 
these matters are part of the price which must be paid for low observability. 

Infra-red sensors are used extensively on missiles which home onto hot pipes and exhaust 
plumes. These sources can be reduced by the use of turbo-fan engines and cooling or 
shielding of the exhausts. 

4.1.2.2 Bomber foselage layout 
Most dedicated bomber aircraft bave an internal weapon bay and its location dominates each 
bomber's configuration. The prime consideration is the location of the weapon load, which 
must be disposed on or about the centre of gravity. Thus unless an unusual wing 
arrangement, such as a canard, is used the wing structure intersects the fuselage in the region 
of the weapon bay. The wing must therefore bave a ntid or high location. A ntid wing may 
be used in some cases, but the need to make maximum use of fuselage volume for 
equipment or fuel often makes this difficult and in this case a high wing is preferred, as this 
can be built across the top of the fuselage. Figure 4.7 shows the S-3 anti-submarine aircraft 
which illustrates this arrangement. 

The crew must nonnally be in a pressurized compartment and they are therefore grouped 
close together near the nose of the aircraft. Many of the smaller strike bombers carry only 
two crew, who may be arranged in either a side-by-side or tandem cockpit. There is a 
difference of opiuion about the relative merits of these arrangements. Side-by-side should 
give enhanced operatioual efficiency and an easier design if an escape capsnle is used On 
the other hand, a tandem cockpit is usually much easier to fit into the overall fuselage layout, 
especially if the weapon bay is long and relatively narrow. It also enables more equipment to 
be stored within direct reach of the crew. This is desirable both from an operatioual and a 
weight point of view. It is generally preferable to keep as much equipment as possible in the 
fuselage adjacent to the cockpit. 

The layout in the region of the bomb bay must be carefully considered to ensure as far as 
possible that no undue turbulence will occur when the bomb doors are open and that the 
bombs can be released safely. The rear of the bomb bay must be designed to collapse readily 
under water impact loads in the event of ditching, as otherwise the aircraft will nose over. 
External carriage of stores is worthy of consideration since the associated drag may be offset 
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Press uri sed cabin 

2 Pilots and 2 Weapon systems operators 

Bomb hay near centre of gravity 

Fig. 4.7 S-3 Viking anti-submarine aircraft. 

by the greatly reduced drag after release of the stores and the elimination of the complexity 
associated with a bomb bay. 

4.1.3 Ground attack/trainer aircraft 

Aircraft play a major role in any land war. Central to their role are laser-guided weapons, 
which are especially suited to aerial use because aircraft have an overall view of the battle area 
and can easily carry the required laser. The laser emits a narrow light beam, with precise 
characteristics that may be hard for an enemy to interfere with. Once the target has been 
spotted, it can be designated by aiming a laser at it. The laser may be in the aircraft carrying 
the weapons, in an accompanying aircraft (or small remotely piloted vehicle), or even aimed 
by a soldier on the ground. Todays missiles can be made to fly towards the light diffused or 
scattered from the target, and do so with high reliability and great accuracy. What this means 
is that, in conjunction with modern sighting systems, aircraft can so dominate a land battle 
that it becomes virtually an air battle, as shown in the 'Desert Storm' operations. 

Targets for such weapons are tanks and armoured fighting vehicles, which may also be 
attacked at closer range by modern cannon, rockets or cluster bombs. 

There remains, as always, the problem of aircraft vulnerability. Until the 1970s most 
tactical aircraft could usually be brought down even by small arms if strikes were taken in a 
vital area. The pilot has been armoured since the 1930s, and fuel tanks may be protected by 
self-sealing or purged with nitrogen or other inert gas. However, the basic aircraft has been 
so penetrable by bullets and so complex that even simply equipped troops could be 
dangerous to aircraft flying really low, while fast-firing cannon and small surface-to-air 
missiles were potentially lethal at ranges of a mile or more. Much thought therefore went 
into making tactical aircraft 'survivable'. 

Two of the important ground-attack aircraft are the British Aerospace Harrier (Fig. 4.8) 
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Pig. 4.8 British Aerospace Harrier. 

and the American Fairchild A -lOA. The former only needs a flat, level patch of ground as 
an airfield and is thus often able to reach frontline troops within seconds of a call for help. It 
carries all normal weapons and a laser designator, and has the advantage of presenting an 
extremely small, agile, and elusive target to an enemy. The A-lOA is much bigger, and is a 
conventional straight-wing aeroplane with a take-off run of 900 m (3000 ft), or mther more 
at full load. It was designed around a large 30 mm cannon, bigger than any other currently 
in use, and it can also carry about 8 t of weapons of many kinds. Figure 4.9 shows this 
aircraft and emphasizes its survivability features. 

Less capable ground attack aircraft are almost invariably developed from the current 
military training aircraft which are discussed below. Such aircraft need to have weapon 
training capability and are useful dual purpose aircraft for smaller air forces. 

Military jet trainers differ from their predecessors in that if the seats are in tandem the 
instructor is raised at least a foot above the pupil, giving him a better view, especially on the 
laruling approach when the aircraft will fly in a nose-up attitude. Both occupants sit in 
ejection seats, and most tminers may be equipped with at least a simple sight, a fixed gun. 
and racks for light bombs or rockets. 

Nearly all single-seat attack fighter aircraft are also made in two-seat forms for use as 
conversion trainers, which provide supersonic and opemtional training. 

The British Aerospace Hawk trainer has been developed into a capable single-seat light 
fighter, whilst the single-seat Italian/Brazilian AMX ground attack aircraft has been 
modified in the reverse direction to provide two seats. Larger aircraft, such as the BAe 
Jetstream are used for multi-engine pilot training and navigator training. 
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The earliest reconnaissance aircraft were used during World War I for the direction of 
artillery and for photography. The importance of such aircraft has continuously increased 
and they operate in many different areas. 

4.1.4.1 Electronic and photographic missions 
In the 20 years following World War Il, electronic reconnaissance was of enormous 
importance. The scale of operations can be guessed from the number of aircraft, mainly of 
the US Air Force and Navy, that were shot down. Aircraft types included the RB-57 and the 
Lockheed U-2. The second of these, a specially designed ultra-high-altitude aircraft, made 
flights over Soviet territory for 4 years until 1960, when a U-2 was brought down by a 
Russian surface-to-air missile. 

Today's reconnaissance missions are flown by a wide variety of aircraft and satellites. For 
strategic missions at the highest possible altitude and speed the US Air Force Lockhead S-
71A Blackbird was used. The nearest Russian equivalent is the reconnaissance version of 
the MiG-25 Foxbat, although this has a much shorter range. Military satellites are widely 
used for reconnaissance. 
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4.1.4.2 Tactical missions 
Tactical reconnaissance is flown either by tactical attack or fighter aircraft carrying multi­
sensor pods on external weapon pylons, or by special versions with the equipment housed 
internally, but the latter have few weapons. This type of mission may be extremely risky, but 
advances in electronics enable the use of remotely piloted vehicles. These aircraft are very 
small, cheaper than manned aircraft, and do not risk a pilot. 

4.1.4.3 Maritime missions 
One of the major strategic weapon systems is the nuclear-powered submarine armed with 
ballistic missiles. Very sophisticated aircraft such as the BAe. Nimrod are required to 
counter this threat. This is a much converted version of the Comet airliner with a larger crew 
and a vast array of sensors and weapons. Sensors include radar, magnetic anomaly detectors 
(MAD), sonobuoys and equipment that will 'sniff' fumes of diesel-powered submarines. 
This aircraft combines a high-speed dash capability to reach a target quickly and long 
endurance on station. 

Advances in avionics have meant that conversions of much smaller commercial aircraft 
can make very effective maritime reconnaissance aircraft. 

4.1.3.4 Airborne early warning (AEW) missions 
Ground-based radar systems always suffer from the effects of the curvature of the earth. This 
leaves a 'blind spot' which is exploited by very low-flying aircraft. The American version of 
this aircraft is the AWACS derivative of the Boeing 707 which mounts a large rotating 
antenna on top of the fuselage. 

Other aircraft have been used to perform this role, most with the rotating dish antenna. 
One exception was the unsuccessful AEW version of the Nimrod. This utilized fore and aft 
scanners in nose and tail to give 360° coverage (see Chapter 11). 

4.1.5 Military cargo aircraft 

The fuselage cross-section is critical on all dedicated cargo aircraft, but it is particularly 
important in military aircraft when large tanks are to be carried. Figure 4.10 shows a number 
of military cargo aircraft cross-sections. 
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Figw-e 4.11 shows a side-view of the Antonov-124 which embodies most of the desirable 
features of dedicated cargo aircraft: 

(i) Unobstructed cargo hold. 
(ii) Full width doors, with hinged ramps to give approx 11 o drive on angle. 

(iii) Level floor, suitably reinforced. 
(v) Adjustable undercarriage to give 'truck' bed height of rear ramp. 

This aircraft uses a high wing which is usually chosen for freighters because it leaves the 
fuselage floor close to the ground to ease loading. This leads to pod-mounted undercarriage 
legs which can cause aerodynamic problems. 

In early 1972 the USAF requested proposals for an Advanced Medium STOL (short take 
off and landing) Transport (AMST), primarily as a replacement for the C-130. It was also 
planned to gather all the diverse new technology of increasing wing lift at low airspeeds and 
the possibility of integrating wings and propulsion systems to achieve better short-field 
performance. The two finalists were the McDonnell Douglas YC-15, and Boeing YC-14. 
Boeing chose to use a challenging but promising method of powered lift called upper­
surface blowing (USB). The two large turbo-fans exhaust through a flattened nozzle above 
the upper surface of the wing. In the high-lift regime the inboard flaps are deflected to 85° 
with sliding link-plates forming a smooth and continuous upper surface, while vortex 
generators emerge above the wing. The engine effiux passes over the wing and curves down 
over the flaps, giving lift almost equal to the net engine thrust The outboard flaps are large 
double-slotted units, and the outboard leading edge is a variable-camber slat blown by air 
bled from the engines. 

McDonnell Douglas chose externally blown flaps (EBF), in conjunction with well-proven 
transport engines. The four IT8D engines exhausted through multi-lobe mixer nozzles 

Fig. 4.11 Antonov-124 cargo aircraft, 1996. 
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Fig. 4.12 McDonnell Douglas C-17, 1996. 

directly under the wing lower surface so that when the powerful titanium double-slotted 
flaps are lowered the whole engine effiux is diverted downwards. With a much increased 
flow of entrained air, this gives sufficient Lift for STOL and for flight at speeds below 
100 mph (160 kmjh). 

Many of the features of the YC-15 were incorporated on the later, larger C-17 cargo 
aircraft shown in Fig. 4.12. 

4.2 Rotorcraft and V/STOL aircraft 

The main difference between a rotorcraft and a fixed-wing aircraft is the main source of lift. 
The fixed-wing aircraft derives its lift from a fixed aerofoil surface while the rotorcraft 
derives lift from a rotating aerofoil called the rotor. Aircraft are classified as either fixed­
wing or rotating wing; most of the latter are helicopters but auto-gyros and tilt-rotors are 
important members of the rotorcraft family. Auto-gyros use an unpowered rotor for lift but 
use conventional propulsion for forward flight. An auto-gyro cannot hover as it requires 
forward speed to spin the rotor. Tilt-rotors will be discussed later. 

During any kind of horizontal or vertical flight of a helicopter, there are four main forces 
acting on the aircraft: lift, thrust, drag and weight. These forces are identical to those applied 
to fixed-wing aircraft but the lift and thrust act in different ways. These are shown on Fig. 
4.13. 

During hovering flight in a no-wind condition. the tip-path plane is horizontal. The lift 
and thrust forces both act vertically upward. Weight and drag both act vertically downward. 
When lift and thrust equal weight and drag, the helicopter hovers. 

For forward flight, the tip-path plane is tilted forward, thus tilting the total lift-thrust force 
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--
Fig. 4.13 Helicopter motion. 

forward from the vertical. In sideward flight, the tip-path plane is tilted sideward in the 
desired flight direction thus tilting the total lift-thrust vector sideways. 

For rearward flight, the tip-path plane is tilted aft, tilting the lift-thrust vector rearward. 
The thrust component is rearward and drag forward, just the opposite to forward flight. The 
lift component is straight up and weight straight down. 

In non-hovering flight, the rotational speed of the rotor is added to, or reduced by, the 
aircraft's speed. This leads to unbalanced lift and forces, which are compensated for by 
careful rotor hub design. As the main rotor of a helicopter turns in one direction, the 
fuselage tends to rotate in the opposite direction, due to the torque produced from the rotor. 
The force that compensates for this torque and provides for directional control can be 
produced by means of an auxiliary rotor located on the end of the tail boom. This auxiliary 
rotor, generally referred to as a tail rotor, or anti-torque rotor, produces thrust in the direction 
opposite to torque reaction developed by the main rotor. Alternative anti-torque remedies 
include contra-rotating co-axial rotors or twin counter-rotating rotors on wing tips or nose 
and tail as in the Boeing Vertol Chinook. 

A recent research development has been the NOTAR, which produces high-energy 
reaction air at the tail, ducted from the engine. This resists the main rotor torque and 
dispenses with a tail rotor. 

Helicopters are inherently more complex and more expensive both to buy and to operate, 
than fixed-wing aircraft with the same payload. They are also limited in speed and range, 
but their great versatility means that they can do jobs impossible for fixed-wing aircraft. The 
ability to hover and VTOL performance are particularly strong features. 

There has been rapid growth in the construction and operation of helicopters by armies, 
navies, air forces and civil operators in many roles described below. 

4.2.1 Civil helicopter operations 

Experimental mail operations started just after World War II and led to commercial 
helicopter operations. There have been operations linking city centres with major airports, 
and many successful routes such as that from Cornwall to the Scilly Isles in Great Britain. 
Airline operators require the use of relatively large twin-engined aircraft such as the 
Sikorsky S-61, Chinook and Puma. Helicopters are also used for specialized freight 
operations, but bulky loads have to be slung externally. 

A large helicopter growth area in the UK is the carriage of passengers and freight to 
North Sea oil platforms. Modern helicopters are used for executive transport, police work, 
forestry, etc. One major use is in agricultural work. Crop spraying can be performed in 
places inaccessible to other aircraft. The downwash from the rotor has the advantage of 
helping insecticide penetration by exposing the underside of leaves. As in other operations, 
helicopter cost per acre sprayed are considerably higher than for fixed wing aircraft. 
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4.2.2 Military helicopter operations 

Military helicopters were first used in significant numbers during the Korean war. Their 
flexibility and ability to dispense with runways overcome their limitations in range, speed 
and payload-carrying capability, in a number of important operational scenarios. The range 
of roles has increased significantly and reached its peak during the Vietnam war. Most 
modem armies utilize large fleets of helicopters for many purposes. The initial role of 
casualty evacuation was augmented by using helicopters to carry squads of infantry 
soldiers rapidly to remote areas. In this role they are termed assault helicopters. One of the 
most capable is the Aerospatiale Puma, from which Denel Aviation, South Africa, 
developed the Oryx Medium Transport Helicopter. Denel then developed and manufac­
tured the Rooivalk attack helicopter which has some commonality of parts with both the 
Puma and the Oryx (Fig. 4.14). This approach has benefits in development and main­
tenance costs for customers operating both types of helicopter. The Rooivalk is a typical 
modem attack helicopter, which utilizes a slim, heavy-armoured fuselage. The gunner sits 
in the front cockpit to aim the nose-mounted cannon and rockets and missiles attached to 
the stub-wing. The pilot sits in the raised rear cockpit, where he has good vision. The 
helicopter is fitted with twin turbine-engines, which drive the main and tail rotors, by 
means of gearboxes and drive shafts. Such aircraft operate close to the ground and can be 
used in anti-tank or anti-personnel roles. They are susceptible to ground fire and are thus 
designed to be as invulnerable as possible. The engines have heat-shields to deter infra-red 
missiles and the fuel system uses many protective measures. Bigger helicopters are used to 
transport larger number of troops and equipment It is possible to carry externally slung 
loads, such as artillery-pieces. 

Many navies of the World use helicopters in a number of roles. Warships as small as 
frigates have a helicopter landing-pad near their stems and there are a number of helicopter 

Pig. 4.14 Deru::1 Rooivalk attack helicopter, 1996. 
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aircraft-carriers. Conventional aircraft carriers have a mixed complement of fixed-wing 
aircraft and helicopters. The anti-submarine warfare (ASW) role is one of the most vital. A 
small crew operate a wide range of sensors and carry depth-charges, torpedoes, rockets or 
missiles. They can thus be used to detect and destroy submarines or small surface vessels. 
They also perform vital rescue and transport tasks. Westland have developed an airborne 
early warming (AEW) version of the Sea King helicopter to rectify the lack of such 
protection during the Falklands war. The Westland AGUSTA EH-101 Merlin helicopter has 
civil, army and naval variants and has the advantage of using three turbo-shaft engines to 
drive the rotors. 

4.2.3 Other VTOL aircraft 

No discussion of rotorcraft is complete without reference to VTOL and STOL aircraft, i.e. 
aircraft designed for vertical or short take-off and landing respectively. No matter how the 
additional lift is obtained it implies extra power relative to a comparable conventional 
aircraft. Unfortunately this means increased noise and cost in aircraft of economic size. 
Thus, although the helicopter has a proven use for such duties as rescue and short range 
communications, the application of the VTOL aircraft to wider civil operation appears to be 
faced with considerable obstacles. STOL undoubtedly has applications in the small transport 
aircraft. The DHC-7 four turbo-prop-engined fixed wing airliner has had considerable 
success. 

Many prototype V/STOL aircraft have flown, but very few have been totally successful. 
The Harrier fighter, which has already been mentioned, is an obvious exception. A 
promising early design was the Fairey Rotordyne and an aircraft of more recent interest is 
the tilt-rotor V -22 Osprey. 

Tilt-rotor aircraft combine the flexibility advantages of the helicopter and the speed and 
range advantages of fixed-wing aircraft. It remains to be seen if these advantages can 
overcome the inevitable complexity and cost disadvantages of the tilt-rotor aircraft. Jonkers 
[10] suggested the design shown in Fig. 4.15 as an executive aircraft. The low wing 
arrangement has the advantage that the jet exhausts will not damage the ground during 
VTOL and that the horizontally mounted engines do not need to be certificated for vertical 

Fig. 4.15 Cranfield tilt-rotor project. 
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Fig. 4.16 Lightautogyro. 

operation, as in other tilt-rotor concepts. The auto-gyro is another important rotorcraft 
category. The rotor is unpowered, but once it turns it produces lift and becomes a rotary­
wing. Propulsion is provided by a conventional engine. It is simpler in construction than a 
helicopter, but it cannot hover. Figure 4.16 shows a micro-light auto-gyro. 
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Whats under the skin?- Structure 
and propulsion 

5.1 General 

Having looked at the reasons for designing a new aircraft, its requirements, and the reasons 
for its external shape, it is now the time to look at the interior. One might use the analogy of 
a human body to see that for successful operation it requires a skeleton, muscles, digestive 
system, sensors and a control system. These all work together efficiently even when they 
have different functions. The aircraft designer must produce a similar harmony within the 
aircraft interior. Each system is important, but each may have conflicting requirements. A 
good designer must weigh up the conflicts, use relevant analyses and synthesize the aircraft 
into an efficient whole. It is a truism that the outside of the aircraft has to be bigger than the 
space required inside the aircraft. It is often necessary to modify the external shape to 
accommodate the interior, with consequent aerodynamic changes. 

To return to the body analogy, this chapter will describe the aircraft's skeleton, muscles, 
sensors, etc. in terms of structure and propulsion. Fuel, flying controls, avionics, furnishing 
and weapon systems will be described in Chapters 6 and 7. 

5.2 The structure 

An aircraft structure should be designed to meet a number of conflicting requirements which 
include:-

(i) Low weight. 
(ii) Acceptable material and manufactoring costs. 

(iii) Adequate strength to meet the maximum expected loads, with a snitable safety 
factor. 

(iv) Adequate stiffness so that distortions are kept within acceptable limits. 
(v) Good in-service properties such as fatigue and corrosion resistance together with 

tolerance of expected temperatures and other atmospheric conditions. 

5.2.1 Materials 

Aircraft designers have a wide range of structuntl materials to choose from including those 
described in the following subsections. 

55 
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5.2.1.1 Light alloys 
Light alloys are essentially based on aluminium and are used on the majority of aircraft. 
Tbeir advantages are the high strength and stiffness-weight ratios, relatively low cost, 
general ease of handling except in special cases, availability, choice of many fabrication 
processes and, above-all, familiarity. Against this is the dependence upon relatively low 
temperature heat treatment processes to obtain the desired material properties, which 
implies poor strength and stiflhess at elevated temperatures and relatively poor fatigue 
properties. The higher strength alloys are poorer in fatigue and their use is restricted to 
predominantly compression-sensitive areas. Tensile loads produce more fatigue problems. 

The maximum temperature at which light alloys can be used for continuous operation is 
about 130 °C, and this is equivalent to a Mach number of about 2.2 due to kinetic heating, 
when allowance is made for heat dissipation by the structure. For short flight times, as on 
missiles, the maximum flight Mach number can be of the order of3.0. Aircraft which do not 
use light alloys as the prime structural material are rare. 

5.2.1.2 Titanium 
Titanium has established its place in certain aircraft applications. It has some advantages but 
also some disadvantages, not the least of which is cost. Although titanium alloys have 
greater density than light alloy they have a higher strength-weight and stiffness-weight 
ratio, particularly at elevated temperatures. Very close control is required to obtain 
consistent properties and titanium is generally more difficult to handle in the process of 
manufacture. 

Titanium is used when heat resistant properties are required and when the local geometry 
is such that a denser material than light alloys is advantageous. Airframe examples are 
firewalls, main frames and very heavily loaded local structure. Areas close to engine 
exhausts and gun barrels often use titanium alloys. 

Recent developments in super-plastic forming can give cost savings for the completed 
object. This process uses special heat treatment to form very complex shapes. Main savings 
are from the reduced parts-count. 

Titanium thermal expansion rates are similar to those of carbon fibre composites (CFC) 
and as it does not have the CFC/aluminium alloy corrosion problems, it may be successfully 
used in close proximity to CFCs. 

5.2.1.3 Steel 
Steel has always been used in airframes, and indeed the first metal aircraft used steel rather 
than light alloys due to the relatively high cost and poor availability of the latter at that time. 
The severe limitations of the use of light alloys at elevated temperatures, together with the 
problems associated with the use of titanium, forced designers to reconsider the design of 
structures in high grade steels. The main problem was that of obtaining a light structure 
since, although steels have strength-weight and stiffness-weight ratios comparable with 
light alloys, the density is nearly three times as great. This implies minimum gauge design 
in many places and accentuated instability problems. 

Small quantities of steel have always been used in airframes where high strength is required 
in a small space. Machining has presented some problems but these have now been overcome 
and supplemented by the development of suitable chemical etching processes. Highly stressed 
components, such as landing gear and engine pylons, make extensive use of steel. 
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The cases of many earlier solid rocket motors were welded steel units since, although 
titanium is lighter, the cost was prohibitive on an expendable vehicle. Some large liquid 
rocket vehicles also use thin steel construction, but it appears that light alloy is adequate for 
this purpose. 

5.2.1.4 Magnesium alloys 
Magnesium alloys are very attractive for many applications. The main use of which is large 
castings where bulk is essential and the very low density of magnesium results is a weight 
saving. There are certain difficulties, which include the low resistance to corrosion and 
difficulty of making joints without welding due to crack propagation. Perhaps the biggest 
drawback is unfortunate past experiences with corrosion of the material. The cost is not very 
high, however. 

5.2.1.5 Non-metallic materials 
The non-metallic group of materials covers a wide range, the most important of which, from 
the point of view of aircraft designers, are reinforced plastics, rubber, sealants and cockpit 
transparencies. Wood has been shown to be an attractive material for some small, home­
built aircraft. Modern adhesives give better service-life than older glues. Some small aircraft 
have been constructed using reinforced plastics, such as resin-bonded glass fibre, but their 
use has been restricted primarily by the poor stiffness qualities of glass fibre. There is a 
temperature limitation by virtue of the resin used. Application of reinforced plastics in 
mixed structures has been limited by the difficulty of attachment to metal parts. However 
the advent of the carbon fibres has changed the overall picture and large primary compo­
nents are in-service in these materials. The main problems being overcome are service 
behaviour and, often, labour-intensive production. 

Figure 5.1 shows the Beech Starship, a business aircraft, which has a largely composite 

Fig. 5.1 The Beech Starship. 
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construction. Wing skins and fuselage panels are constructed from carbon-fibre honeycomb 
panels which give good stiffness and minimize the number of ribs and frames. 

5.2.2 Load-carrying methods 

A structure is a device for transferring mechanical loads from one point to another using the 
following mechanisms (Fig. 5.2). 

5.2.2.1 Tension 
The simplest way of carrying a load is to use a tension member. Such a member is inherently 
stable and it gives the lightest solution. However a point of importance with regard to 
tension members is that a failure implies severance of the structure, normally with 
catastrophic results unless alternative load paths are provided. 

5.2.2.2 Compression 
An ideal member in pure compression is stable in the same way that a tension member is. 
However since the ideal is never achieved in practice all compression members must be 
designed with consideration of the question of instability. Extra material is therefore 
required relative to that necessary to take the simple direct load in compression. There are 
three basic forms of compression instability. 

(i) Overall, which is a simple strut failure (sometimes called Euler buckling). 
(ii) Local, where a flange or other part of the local cross-section buckles in a short 

distance. 
(iii) Torsion, where the whole section twists, but it is frequently difficult to distinguish 

this from local instability. 

A compression member is often capable of transmitting some load after initial buckling 
has occurred. In some cases this characteristic is used in the design. 

5.2.1.3 Shear 
Although shear is a basic form of loading, the mechanism by which a shear member reacts 
load can be considered as a combination of diagonal tension and compression. 

TENSION COMPRESSION -~'------------~ --1 t--

TORSION SHEAR 
_,llr\ 

3· () I I____.... --· 
Fig. 5.2 Structural load transfer mechanisms. 
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Since the shear member can be made to carry a large portion of the load in tension it is 
quite an efficient unit. The presence of buckles prevents the use of a tension field member 
on aerodynamic surfaces, up to the maximum normally expected load, because the buckles 
distort the shape and adversely affect the aerodynamic flow. 

5.2.1.4 Bending 
In reality a beam is not a single type of load carrying member but a simple structure. The 
loads are carried by a combination of tension, compression and shear. 

Under load a beam will curve and the inside edge is in compression. The presence of the 
shear carrying centre, or web, helps to stabilize the compression surface. The strength of a 
beam varies according to the shape of the cross-section. If this is rectangular, the strength is 
proportional to the square of the depth, but in the case of an 'I' section it is more nearly 
directly proportional to the depth. 

In a very deep beam the edge conditions become secondary and a shear member is left. 
The use of a beam is inevitable when loads must be transferred through a distance normal to 
the line of action of the load, and hence are very common in aircraft structures. 

5.2.1.5 Torsion 
Torsion is really a special form of shear, and the same remarks apply in general. Torsion 
usually occurs in structures when the load path changes direction, such as lateral loads on 
the fin, twisting the rear fuselage. 

Appendix A gives formulae which may be used for simple structural elements, subject to 
the above loading methods. 

5.2.3 The main structural members 

5.2.3.1 Flying swfaces 
The flying surfaces as typified by the wing are essentially beams. As such they are far from 
ideal, since the depth is not great. A reduction in the thickness/chord ratio is critical since 
the bending strength is proportional to this dimension. 

t 
M M 

Fig. 5.3 Major wing structural loads. (M = mass, L = lift, T = thrust, D = drag (landing gear), 
V =vertical force (landing gear).) 
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In addition to acting as a beam to resist spanwise airloads, the wing must also carry 
considerable torsion loads and provide sufficient stiffness to prevent excessive twist. The 
torsion load arises primarily from flaps and control surfaces, and the torsional stiffness is 
necessary to prevent divergence, flutter and control reversal. A reduction of thickness/chord 
ratio directly reduces the enclosed area, and thus the effect on twist is varied as the square of 
the depth. Figure 5.3 shows the spanwise and chordwise loads. 

Reduced aspect ratio reduces both bending moment and twist and this is thus structurally 
advantageous. Increased taper has the effect of moving the airload towards the root, thus 
reducing the bending moment. Sweepback not only effectively increases the length of the 
beam, but also tends to cause the airload to shift outboard, and is thus a disadvantage. In 
addition large local loads can occur at the rear of the wing around the root. Recent advances 
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in manoeuvre load control (MLC) and gust load alleviation (GLA) actively modify the 
airload distribution. 

In GLA. the :flight control system senses an up-coming symmetric gust and sends a signal 
to the ailerons. These rapidly deflect symmetrically to reduce wing-tip camber. This reduces 
wing-tip lift and the spanwise centre of pressure moves inboard. The lift reduction reduces 
wing shear force, and also reduces bending moment. The Airbus Industries A320 used this 
system to reduce the fatigue damage to the wing, thus leading to reduced material and 
weight. 

It can be seen from the above that the wing has two main functions, as a beam and as a 
torsion box. These functions can be separated by having a separate end-load carrying booms 
and shear skins. A more efficient solution is to combine the role of the skins, stabilizing 
them with long struts, or stringers. When the skin is very thick, the stringers may be 
dispensed with. Often two webs are insufficient to carry the vertical shear load and as the 
wing is thin the stringers will tend to touch in the middle. A multicell box, results. Figure 
5.4 shows different constructions, whilst Fig. 5.5 shows how the wing components fit 
together. 

The other main components shown are wing ribs, which have several functions. They 

Outer Wing Torsion Box 

Fig. S.S The wing-box configuration of the F-100 airliner. (Courtesy: Fokker.) 
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support the skin to form the aerofoil shape, and stabilize the stringers to stop them buckling. 
Flaps, ailerons and engines introduce concentrated loads into the wing, which must be 
carried by heavier ribs. Most aircraft use the area between the spars as a fuel tank. Special 
ribs are used to seal the tanks (tank-end ribs) and some intermediate baffle ribs may be used 
to prevent fuel sloshing. 

5.2.3.2 Fuselage 
The loads carried by the fuselage are basically similar to those imposed upon a wing. 
Bending can take place either in a vertical or horizontal plane, due to tailplane and fin loads, 
respectively. Fin loads also impose a torque as do asymmetric tailplane loads. Undercarriage 
loads impose vertical bending shear and torque loads, which may be critical near the nose. 

Unlike a wing, however, the fuselage normally has ample depth for bending and enclosed 
area for torque, and is thus a more nearly 'ideal' type of structure. Fuselage construction is 
usually one of two forms. It can be either a fully effective beam with stringers stabilizing the 
skins (Fig. 5.6) or alternatively a number, of longitudinal, discrete members, with shear 
carrying skins can be used. These members are known as longerons. When the top and 
bottom portions of the structure are badly cut away, they may be used as fairings only and 
one or two 'floors' or 'decks' are introduced to complete the torsion box. Cross-sectional 
frames give section shape, transmit local loads to be shell, and supply edge supports for the 
stringers and longerons (Fig. 5.7). 

Pressure cabins are normally integral with the fuselage structure. Passenger and freight 
floors usually contribute to the resisting of bending loads, as well as transmitting local loads 
to the shell. The main reason for this is the difficulty of isolating them from the main beam. 

Wing bending loads are sometimes transmitted round the fuselage frames, but where 
possible, taking the loads directly across the fuselage leads to a lighter structure. 
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Fig. 5.7 Rear fuselage-longeron and shell construction. 
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5.3 Propulsion - the primary power system 

All aircraft, apart from balloons or gliders, need a propulsion system for sustained flight. A 
vast array of engines is on offer, but consideration of the aircraft's required flight speed 
limits the options available. 

An obvious distinction can be made between the air breathing engines and rockets. At 
least in terrestrial applications the former have a relatively high installed engine weight but 
low fuel consumption, while the opposite is true of the latter. Thus air breathing engines are 
used where long time operation is required and rockets where the operation can be 
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completed in a short time or where the atmosphere is too thin to support combustion. 
Figures 5.8 and 5.9 summarize some of the characteristics ofpowerplants. 

5.3.1 Air breathing engines 

5.3.1.1 Piston engine, driving a propeller 
Apart from small, light aircraft where initial cost is of prime importance, the piston engine 
has few applications in aeronautics. It is unlikely to be used in aircraft flying faster than M 
0.3. The installed weight for a given power is relatively high. 

An important consideration with piston engines is the method of cooling. The vast 
majority of current engines are air-cooled as shown in Fig. 5.10. This is a very simple 
system but it does involve a considerable drag penalty, which is not too critical in light 
aircraft. A more complicated alternative is the liquid-cooled engine which reached its 
development peak in World War II fighters and bombers. This produces a very clean engine 
installation but the radiator that is used to cool the liquid produces drag. 

5.3.1.2 Turbo-prop and prop-fan engines 
The turbo-prop engine is the most suitable powerplant for subsonic speeds up to about M 
0.65. A turbine engine drives a propeller through a reduction gearbox. It has lighter weight 
than a piston engine, despite the reduction gear. It has low fuel consumption, smooth 
running and secondary advantages such as a readily available source of compressed air. The 
usual speed regime is actually M 0.3 to M 0.65 with a tendency to the higher figure on 
longer range aircraft. 

Figure 5.11 shows a turbo-prop engine installation from the Cranfield F-93B project. The 
early 1980s saw a sharp rise in fuel prices and this led to a new variety of turbo-prop engine. 
Variously called prop-fan, unducted fan, or open rotor, such engines have a conventional 
turbine core driving advanced propellers. They use supercritical section blades with swept 
back tips. Most examples have two rows of contra-rotating blades with five or six blades per 
row. They have been designed to cruise at high efficiency at M 0.8 and have a claimed fuel 
consumption reduction of some 30% relative to current turbo fans. Blade-tip noise, vibration 
and possible blade shedding usually leads to the choice of aft fuselage engine mounting as 
on the A-85 project with Rolls Royce RB-509 project engines (Fig. 5.12). 

Fig. 5.10 Light aircraft air-cooled engine. 
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Fig. 5.11 Turbo-prop engine. 

Fig. 5.12 Cranfield A-85 with prop-fan engines. 

5.3.1.3 Turbo-jet engine 

Fir~ Edinguinhant 
Distributioo Syste~ 
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Above about M 0.65, blade compressibility effects cause a reduction in the efficiency of 
conventional propeller engines and reaction propulsion is used. The turbo-jet engine is most 
satisfactory for use in the M 0.75 to M 3.0 speed range at altitudes up to about 18 km, 
although in fact for aerodynamic reasons few aircraft operate between M 0.9 and M 1.4. 

Fuel consumption and noise are high on the turbo-jet relative to the turbo-fan and thus 
few commercial aircraft currently use them. 

5.3.1.4 Turbo-fan or bypass engines 
Figure 5.13 shows a high bypass ratio engine which bypasses some of the compressed air 
round the hot section of the engine. These engines use a large fan to provide much of the 
thrust and in some cases this implies a three-shaft engine. Bypass has the advantage of 
reducing both fuel consumption and noise and taken to the extreme may use a geared, 
variable pitch fan which effectively makes the engine a ducted turbo-prop. Of course these 
more sophisticated engines are heavier than simple turbo-jets with a single rotating assembly 
and no bypass. 
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Fig. 5.13 Bypass (turbo-fan) engine (highlighting changes from an earlier model). 

Fig. 5.14 Cranfield SL-86. 

5.3.1.5 Reheat turbo-jet engine 
The addition of a second combustion stage to the turbo-jet engine, by injection of fuel into 
the exhaust, extends the useful speed regime up to M 3. Reheat can be used in two ways, 
either as a means of increasing thrust quite considerably for short periods of flight, e.g. the 
transonic phase, or for continued operation in theM 2.0 toM 3.0 regime. 

Fuel consumption is dramatically increased, but a smaller core engine may be used for the 
whole flight than if a larger engine were designed to cater for a short term high thrust 
requirement. Re-heat is also called after-burning. 

Burning extra fuel in the cold airstream of a bypass engine appears to be a profitable way 
of increasing thrust, especially when the vehicle requires a large range of thrust for different 
flight regimes. 
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5.3.1.6 Ramjet 
The ramjet is a simple, light-weight engine which basically dispenses with all moving parts. 
Since its operation relies upon the compression effect of forward speed and expansion 
through a nozzle the engine is not really suitable for flight below about M 2.0. The upper 
limit is around M 7.0. When used on aircraft, a second powerplant for low speed flight is 
necessary, and hence little application has been made in this connection. However, the 
ramjet is ideal for certain missiles, particularly those flying over relatively long range at 
altitudes below about 22 km. 

New space-launcher concepts have led to the project design of turbo ramjets. The core of the 
engine is a turbo-jet which propels the aircraft from static conditions toM 2 or 3. At this speed 
the annular ramjet chamber is used and the turbine closed down. The lower stage of the two 
stage SL-86 project would use turbo ramjets fuelled by liquid hydrogen up to separation ofboth 
stages at M 4, 25 km altitude (Fig. 5.14). The upper stage would fly into low Earth orbit, 
powered by a liquid rocket. Details of the turbo-ramjet engine are shown in Appendix A. 

5.3.2 Rockets 

Rockets are more efficient than air breathing engines at speeds above about M 3.0. Although 
propellant consumption is inevitably high, due to the need to carry oxidant as well as fuel, in 
this lies one of their great advantages of independence of altitude. Chemical rockets are 
normally classified into two types. 

5.3.2.1 Solid fuel rockets 
The solid rocket is an explosive whose burning is carefully controlled by design. Burning 
usually takes place radially rather than longitudiually as this results in a more efficient 
motor. Hence thrust is a function of length, and burning time of diameter. The charge is 
'star' shaped internally to give a uniform burning periphery and hence uniform thrust. 
Installation is simple, handling easy and reliability high. The unit is also cheap, at least in 
smaller sizes. Thrust cannot be controlled easily although it is possible to control thrust 
direction, by exhaust vanes or nozzle gimballing. 

There are three fields of application of the solid rocket:-

(i) As motors for small cheap missiles of relatively short range. 
(ii) Large ballistic missiles where the ease of handling and reliability offsets its poorer 

performance relative to that of the liquid rocket. 
(iii) Assisted take off of manned aircraft, and boosted missiles, such as the 'Sea Dart'. The 

rockets boost the missile to a speed sufficient for the operation of the sustainerramjet. 

5.3.2.2 Liquid fuel rockets 
In large sizes the liquid fuel rocket has a lighter installed weight than its solid counterpart, 
and also a lower propellant consumption. Thrust and thrust direction are controllable, but 
cost is higher and reliability less than for a solid unit. This is due to the complexity of the 
fuel system. 

At present the liquid rocket is used to power space vehicles, large ballistic vehicles and 
manned aircraft which fly at high altitudes or require high thrust/weight ratio at medium 
altitudes. 
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5.3.3 Location ofpowerplants 

5.3.3.1 Installation clearances 
The power plant must be located to ensure that there is adequate ground clearance during 
taxi-ing, take off and landing. In many cases there are also restrictions imposed to ensure 
that there is adequate airframe clearance. 

This requirement normally fixes the position of propeller engines, either in the nose of the 
aircraft or in wing nacelles. A few single engine layouts use a pusher propeller with either a 
long drive shaft or twin booms. Variation in the vertical and spanwise location of wing 
nacelles may be possible to some extent and on short take-off and landing (STOL) designs 
an attempt is often made to spread the beneficial slipstream effects over as much of the wing 
span as is possible. It should be noted that this effectively increases the speed over the wing, 
and hence the drag, in the cruise condition. Figure 5.15 shows a number of single- and twin­
engined propeller installations. 

Pod-mounted jet or turbo-fan engines which are located below the wing of an aircraft may 
be restricted in position by the need to provide adequate ground clearances. The critical case 
is landing with, say 5° of bank and it is greatly aggravated when the wing is swept back. A 
further important point with regard to low-mounted air-breathing engines is the need to 
eliminate, as far as is feasible, the possibility of stones and other debris being drawn into the 
air intake. In particular the intakes should not be located immediately behind wheels, as 
even when mudguards are provided there is a serious danger of debris ingestion. These 
difficulties are aggravated with increase of bypass ratio and reduction of aircraft size. 

Early jet transports had engines buried in the wing and most current military aircraft have 
engines mounted in the fuselage (Fig. 5.16). These installations have reduced drag, but can 
lead to structural complexity and are inflexible should a larger size engine be required later. 

CRAHF IELO Al TRACTOR 

~ 
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CRANFIELD F-76 LOW NACELLE 

BAe ANDOVER - HIGH NACELLE 

Fig. 5.15 Single and twin propeller installations. 
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Fig. 5.16 Cranfield TF-89 with fuselage-buried engines. 
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Fig. 5.17 Supersonic intake efficiency. 
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The overall propulsive efficiency is determined by the individual efficiencies of the air 
intake and exhaust nozzle, or propeller design. In the latter case it is feasible to expect the 
propeller efficiency to be of the order of 90% under cruising conditions, but somewhat less 
at lower speeds. When good take-off performance is required it may be necessary to 
compromise. 

Intake efficiency is critically dependent upon Mach number. Up to a Mach number of 
around 1.6 a simple pitot intake is adequate and it should be as short as is feasible. At higher 
Mach numbers more complex arrangements are necessary to deal with the shock waves 
present, and variable geometry is desirable to maintain high efficiency over the whole flight 
speed range as is shown in Fig. 5.17. 

In these circumstances the intake duct must inevitably be long. The location of the intake 
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has an important effect upon its efficiency. Nose intakes of minimum necessary length are 
best (Fig. 5.18). Intakes mounted alongside a structure give rise to boundary layer and shock 
problems although the latter may be favourable in certain circumstances. 

Intakes located below a wing or fuselage usually have a higher efficiency than those 
mounted above. Circular intakes are easier to manufacture within a given tolerance than 
square ones, but the incorporation of variable geometry is more difficult unless they are axi­
symmetric or semi axi-symmetric. 

The exhaust system should be as short as is possible, to minimize noise, vibration and 
heat problems on the aircraft structure. Fixed geometry nozzles are satisfactory for use up to 
low supersonic Mach numbers. Convergent, or preferably, convergent-divergent, nozzles 
become increasingly important at higher Mach numbers due to the need to increase exhaust 
velocity. 

5.3.3.3 Other factors 
Engine location has a marked effect on stability and control, with wing-mounted engines 
giving a more flexible longitudinal centre of gravity range. Wing-mounted engines, however, 
often drive the sizing requirements of the fin and rudders due to single engine failure on 
multi-engined aircraft. Figure 5.19 shows a powerplant installation comparison between two 
150-passenger aircraft. Table 5.1 shows some of the strengths and weaknesses of both 
configurations. 

Fig. 5.18 Supersonic nose intake, MiG-21 (note auxiliary intakes below cockpit). 

Fig. 5.19 Propulsion system comparisons, wing- and fuselage-mounted engines. 
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Table 5.1 Comparison between wing and fuselage-mounted jet engine pods 

Criterion Wing-mounted Fuselage-mounted 

Ground clearance Possible problem (particularly Good 
smaller) 

Internal noise Fair Good 
Acoustic fatigue Possible flap and wing problem Probable fuselage problem 
Crash safety Good Possible problem 
Propulsive efficieocy Good OK if well positioned 
Longitudinal stability Good - delays tip stall Loading problems short tail arm 

and tip stall 
Asymmetric thrust Poor Good 
Weight Good - wing bending and Poor - heavy tail, heavy 

torsion relief fuselage frames, 2-4% 
heavier 

empty 
Maintenance Usually good Often high off ground 
Wing aerodynamic efficieocy Possible flap and leading Very good 

edge cutouts 
Fuel feed to eogines Good Fuel lines pass through cabin 
Anti-ice Easy to use hot air on wings Ducts pass through cabin 

Aircraft engines can have a marked effect on the world environment. There are obvious 
effects from engine noise, and pollution from the exhaust emissions. Less obvious are 
possible ozone-layer depletion due to emissions of gases near the tropopause. Airworthiness 
requirements are imposing ever more stringent limits to control these effects. 
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Whats under the skin?- Airframe 
systems 

6.1 Secondary power systems 

We have looked at an aircraft's primary power system, its propulsion, and will now examine 
its secondary power systems (SPS). Secondary power is usually provided by an aircraft's 
main engines when they are operating but can be supplied by other sources such as an 
auxiliary power unit (APU) in the aircraft or an external source on the ground. 

Almost all present aircraft SPS are ofthree types, shown in Fig. 6.1. 
Power is extracted from turbo-fan powerplants in two forms. Bleed air is tapped from one 

or more points along the engine compressor to provide pneumatic power. Drive shafts, from 
the engine's high pressure shaft, drive an accessory gear box on which are mounted 
generators and hydraulic pumps as well as the engine's own accessories. A typical large 
turbo-fan is shown in Fig. 5.13. 

Turbo-jet powerplants can also supply bleed air and shaft power for systems, but turbo­
prop powerplants in general have difficulty in supplying sufficient bleed air for airframe 
requirements. In such a case extraction of shaft power to drive separate compressors may be 
considered. 

SPSs are often linked with each other, but it is convenient to separate them into the types 
described below. 

ELECTRIC 
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& ICE PROTECTION 

GENERATOR ----
ACCESSORY GEARBOX 

Fig. 6.1 Secondary power systems. 
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6.1.1 Air-conditioning and pressurization 

On many civil transports the largest amounts of secondary power are extracted in the fonn 
of bleed air and the largest continual user of this power is the aircraft's air-conditioning and 
pressurization system. 

It is usual to maintain an aircraft cabin at a pressure equivalent to that at 8000 ft or less 
and this requires a constant supply of pressurized air. In addition to this, oxygen used by the 
occupants must be replaced and the temperature and contaminant levels controlled, requiring 
a significant through-put of air, although some of it is re-cycled through the cabin, after 
filtering. 

It is the control of temperature which usually determines the rate at which air must be 
supplied and, with the type of air-conditioning system installed on most aircraft, this also 
requires the air be supplied at pressures significantly above those in the cabin. 

Figure 6.2 shows the major elements of an air-conditioning system. There are extremely 
remote events where the pressurization system fails. In this case on-board emergency 
oxygen systems are used to preserve life. The combination of air-conditioning, pressuriza­
tion and oxygen systems are usually termed the environmental control system (ECS). 

In addition to cooling the crew and passenger compartments on high-speed aircraft it may 
be necessary to remove heat from the undercarriage bays, electrical equipment and flying 
control areas. 

Military aircraft use ECS systems working on the same principles as those for civil 
aircraft, but with the following changes:-

(i) The pressurized cabin has a much smaller volume and works at a lower pressure 
differential. 

(ii) Oxygen systems are used in normal operations at higher altitudes. 
(iii) Military avionics are more complex and produce comparatively more heat and thus 

require more cooling. 

The British Aerospace Hawk Trainer system is shown in Fig. 6.3. 

6.1.2 lee protection systems 

There have been a number of accidents resulting from the accretion of ice on the lifting 
surfaces of aircraft. Dangerous icing conditions are rarely encountered by modem aircraft 
but it is normally necessary to provide protection. Engine intake icing is more common due 
to the special flow conditions present and most aircraft at least have a provision for de-icing 
in this region of the airframe. Protection against icing can be obtained in various ways. De­
icing allows ice to form to a certain extent and then periodically removes it. Aoti-icing is a 
system which is activated when icing conditions are likely and prevents ice formation. 

Bleed air is not ouly at high pressure but also high temperature and thus on turbo-fan 
powered aircraft it usually provides the main fonn of ice protection for the airframe and 
engines. 

On large transports, ouly the outer portion of the wing leading edges or slats and the 
engine cowl lips require protection but the air flow requirement can be similar to that for air­
conditioning. Sntaller aircraft, such as the BAe 146, also require protection of the tail 
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surface leading edges, and when operating ice protection can take three times the flow for 
air-<:onditioning, for the short time that ice protection is required. 

Thrbo-prop powered aircraft have insufficient bleed for thermal anti-icing, so alternative 
forms of protection are required. Some leading edges are protected using a pneumatic 

Pig. 6.4 Rubber 'boot' de-icing. 

Elect rical system -~---------. 

Hydraulically driven: 
/ back·UP from hydraulic 

/ SVSiem 

Pig. 6.5 The BAe 146 electrical power systems. 
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powered system, but this uses only small amounts of air to periodically inflate flexible 
'boots' thus de-icing the area. These 'boots' do use much less power than thermal anti-icing 
but have disadvantages, in that they are not totally effective in all conditions and are prone 
to erosion due to their relatively soft nature (Fig. 6.4). 

Another possibility is to spray a fluid over the affected surface to reduce the melting point 
of the mixture formed to below the ambient temperature. Localized anti-icing may be 
provided by the use of embedded electrical heating elements. 

A more recent development has been electro-induction de-icing. When ice is detected, the 
system uses electro-magnetic means to vibrate the the wing leading-edge to shake ice off. 

6.1.3 Electric power systems 

On medium and large aircraft, electric power is distributed in two forms. Engine-driven 
generators provide three-phase 400 Hz 115 V line to neutral AC power but some of this 
power will be converted to 28 V DC. This latter form may be the only one used on smaller 
aircraft. 

Most aircraft, however, have both direct and alternating current supplies with the former 
used primarily for such items as electrically driven instruments and lights. AC sources 
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power 
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Fig. 6.6 The Hawk electrical power system. 
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provide power for high energy devices such as electrical anti-icing. The usual sources of 
power supply are engine driven alternators which supply AC which can also be converted to 
DC by means of transformer/rectifier units. Batteries are also used to supply DC directly and 
can be used to start engines on small aircraft. Larger aircraft use small turbines as APUs for 
engine starting and air conditioning whilst the aircraft is on the ground. Some twin-engined 
aircraft used for long over-water :flights use :flight-rated APUs as a further electrical power 
back-up. 

Power supplies must be duplicated or triplicated so that power can be suplied even in the 
event of failures of individual components. Figure 6.5 shows a schematic of an airliner 
system whilst Fig. 6.6 describes the BAe Hawk's system. 

6.1.4 Hytll'fllllic systems 

The major use of hydraulics on aircraft is to provide for the actuation of devices such as 
Dying controls. Functions actuated can vary greatly between aircraft, and on the same 
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Pig. 6.7 The BAe 146 hydraulic power system. 
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aircraft, but almost all medium and large civil transports have a system operating at a 
pressure of3000 psi. 

The other maio need for hydraulic power is the uodercarriage. It is used for retraction 
jacks and for braking. Large doors are often actuated bydraulically. High reliability is an 
important consideration and this leads to the duplication or triplication of hydraulic systems, 
as in electrical systems. This is particularly important in flying control actuation as shown in 
Fig. 6.7 for the BAe 146 and Fig. 6.8 for the Hawk. 

On a large transport aircraft with three hydraulic channels, the mass of hydraulic 
pipework and fluid contaioed within it is considerable. Increasing the pressure allows 
reduced flows of fluid and thus pipe size. Actuator sizes can also be reduced but limits are 
imposed by the higher pressures to be contaioed by pipe walls. Reductions of 25% in 
hydraulic system mass have been claimed for 8000 psi systems relative to present standards. 
However, care must be taken to examine the assumptions on which these claims are based. 

Modern civil and military aircraft with 'active' controls (see paragraph below) require 
very rapid flying control actuation. This is usually supplied by hydraulic actuators which 
require specially designed hydraulic systems which will provide for the very high fluid flow 
rates required. 

6.2 The fuel system 

On large aircraft with several engines and numerous fuel tanks, the fuel system can be 
exceedingly complicated. A large number of design requirements must be met as a fuel 
system failure may result in a crash. Probably more serious accidents occur to aircraft in the 
early development stages due to faulty fuel systems than through any other cause. In SPite of 
the complexity of the requirements it is always desirable to make the system as simple as 
possible. 

Safety risks come from fuel starvation which leads to engine failure or fire due to 
uncontrolled fuel iguition. Fuel system design must prevent either of these failures and must 
produce a system with high reliability and maiotainability. 

It is often a requirement that fuel cao be jettisoned or taken on in flight. Numerous valves, 
pumps and interconoections are necessary, each one increasing the possibility of uorelia­
bility. A failure of these components must not affect the performance of the aircraft so that 
duplication and hence more complexity is necessary. It is usual to make full scale models of 
the fuel system and test them uoder as representative conditions as cao be obtaioed on the 
grouod. 

Most civil aircraft store fuel in their wings as its weight acts in the opposite direction to 
wing lift, thus reducing wing bending moment and weight. This technique also bas the 
advantage of isolating fuel away from the passenger compartment. Figure 6.9 shows a fuel 
system which is typical of subsouic airliners. Supersonic aircraft experience aerodynamic 
changes which affect the longitudiual trim of the aircraft. One way to combat this is to 
deflect control surfaces, but this causes extra aerodynamic drag. Figure 6.10 shows the 
ingenious method used by Concorde in which fuel is pumped from tanks I and 2 to I 0 to 
alter the aircraft's centre of gravity. 

Fuel systems of military aircraft lead to different problems, the main one being 
vulnerability to enemy fire. Aualysis of Vietuam and Middle East wars showed that 62% of 
single-engined aircraft losses were attributable to fuel systems and tanks. 
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Fuel system schematic 

Undef'!Ving 

Fig. 6.9 Fuel System of the BAe 146. 

Fig. 6.10 Conrorde's fuel system. 
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Fig. 6.11 The fuel system of the Fairchild A-lOA. 

A number of measures are used to protect fuel systems. A simple measure is to use 
kerosene fuel rather than the more inflamable JP4. 

The use of fuselage tanks will afford some protection by the fuselage structure. Another 
technique is to use self-sealing tanks and couplings. Valves and pumps can be placed within 
the protected tank and protected by armour. The air volume above the fuel may be pressurized 
with an inert gas such as nitrogen to prevent explosions. Another problem is leakage of fuel 
through holes. Self-sealing, above, helps, as does reticulated foam and sucked vent systems. 
The latter employs engine bleed air to drive jet pumps which apply suction to the tank to 
prevent leakage. All of these techniques have their value but their cost, weight complexity, 
etc, must be assessed. The system used on the A-lOA is shown in Fig. 6.11. 

6.3 Furnishings 

The furnishings are often determined by operator requirements but the designer must make 
provision for them. Apart from seats, the items covered include removable bulkheads, wall 
trim, carpets, light luggage racks, lockers, galleys and toilets. 

This aspect of aircraft design may seem trivial in comparison with other systems, but in 
civil aircraft design furnishings have a marked effect on: weight; passenger appeal; 
passenger safety; air conditioning; and electrical power and lighting. 

Civil designs must be flexible enough to provide a wide variety of layouts ranging from 
high-density tourist seats through mixed class, executive layout to mixed passenger/freight 
arrangements. Figure 6.12 shows a typical civil aircraft layout. One important factor is the 
provision of parallel seat rails in the floor. These permit rapid relocations of seats, 
bulkheads, etc. 

Furnishings on military aircraft are decidedly more spartan than those for civil aircraft. In 
combat aircraft they are limited to ejector seats and a little trim. 
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16 sleeperettes + 42 Business + 181 Economy = 239 seats 

Fig. 6.12 A340 seat layout. 
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Fig. 6.13 A Martin-Baker ejector seat. 
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When an aircraft is designed to fly over wide expanses of water, provision must be made for 
such safety items as life jackets and dinghies. It is also necessary to incorporate emergency 
exit chutes on large aircraft to allow total evacuation within 90 seconds. 

An important consideration in fuselage design is the provision of sufficient doors and 
emergency exits and adequate access to them. 

The principal item of military aircraft safety equipment is the ejector seat. Figure 6.13 
shows a modern lightweight ejector seat developed for light trainer and ground attack aircraft. 
There is a powered harness retraction mechanism which automatically pulls the pilot back into 
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his seat for a safe ejection. The leg restraint lines also pull the legs into a safe position. The 
rocket motor is powerful enough to eject the pilot safely at zero forward speed and altitude. 

The pilot usually sits under a transparent canopy which must not block the seat's ejection 
path. 

On initiating the ejection sequence, the Miniature Detonating Cord (MDC) which is 
located around the edge and across the top of both canopies shatters the transparency to 
allow safe ejection. If this system fails the canopy may be broken by a strong piece of 
structure on the top of the ejector seat. 

6.5 Landing gear installations 

These form the vital interface between the ground and aircraft for the taxi, take-off and 
landing phases of operation. All in many aeronautical applications, a different terminology 
has been used on the opposite sides of the Atlantic ocean. The term undercarriage has been 
used in the UK, but landing gear is now used more universally. 

6.5.1 Wheel arrangements 

Many types have been used in the past, but the three important arrangements are:-

6. 5.1.1 Nosewheellayout 
The nosewheel, or tricycle layout, is the one which is normally used (Fig. 6.14). The 
advantages and disadvantages of this arrangement are largely opposite to those of the 
traditional tailwheel type. The major advantages are: 

(i) While the aircraft is on the ground, the fuselage, and hence the cabin floor, is 
always roughly horizontal. 

(ii) The view of the pilot when taxi-ing is relatively good. 
(iii) The nosewheel acts as a prop to prevent overturning during braking. 
(iv) The initial take off attitude has low drag. 
(v) The nose down pitch resulting from a two-point landing helps to shed lift and 

prevent bouncing although lift dumping may still be required. 

6.5.1.2 Tailwhee/layout 
The tailwheel arrangement is the traditional one, but it is not frequently used on current 
designs. The main advantages are: 

(i) A third support (the tailwheel) is small and light. 
(ii) During braking, the aircraft tends tu pitch nose down, increasing the mainwheel 

reaction and reducing the possibility of skidding. 
(iii) There is no requirement for a tail bumper (local fuselage reinforcement) as in the 

tricycle configuration, because of the tailwheel. 
(iv) It is often easier tu mount the main undercarriage legs onto suitable structure. 

6. 5.1.3 Bicycle layout 
The third layout is the so-called bicycle arrangement. This has several disadvantages, but 
one or two particular advantages which have resulted in its adoption in certain designs. 
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NOSEWHEEL (TRICYCLE) LAYOUT 

TAIL WHEEL LAYOUT 

Fig. 6.14 Alternative landing-gear configurations. 

The important advantages of the true bicycle layout are: 

(i) The main load-carrying wheels are located roughly equidistant fore and aft of the 
CG, thereby leaving a substantial length of the aircraft about the CG clear of 
obstructions. This is particularly useful for bomber aircraft or vertical take-off 
aircraft where payload or engines need to be near the CG and would compete for 
space with the retracted position of the main gear of a tricycle gear. 

(ii) The wheels are located on the centreline of the aircraft and can be stowed in the 
fuselage thereby ensuring a good wing structure. 
Against this must be placed the disadvantages: 

(a) Outriggers are necessary. These must be able to castor and, unless care is taken 
in the layout, they can become large and heavy. 

(b) The aircraft landing attitude must be carefully controlled. This is essential in 
roll and yaw to avoid overloading the outriggers, and in pitch to prevent 
excessive nose down pitching which is prone to occur because of the great 
distance of the rear mainwheel aft of the centre of gravity. 

(c) Considerable elevator power is necessary to raise the nose during take off. 
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6.5.2 Wheels and lyres 

Tbe number of lyres oo each unit, the lyre pressure and the number of mainwheelleg units 
are all very dependent upon the permissible runway loading but can be influenced by 
stowage volume and location. 

Runway loading is defined in terms of equivalent single wheel loading (ESWL) on a given 
main wheel unit. Approximate allowable single wheel loads equivalent to multi-tyre units 
are: 

Number of lyres per unit 
ESWLratio 

I 
I 

2 
1.5 

4 8 
2.25 2.5 

These ratios assume that there is no interaction between adjacent leg units. 
Torenbeek [II] gives a simple method for calculating ESWL for units with varying 

degrees of interaction between wheels. It also allows determination of suitable runway 
characteristics. 

Appendix A8 gives tabular data for a wide range of standard wheels and lyres. 

6.5.3 Landing gear layout 

In order to commence design of the layout of a landing gear it is necessary to be in 
possession of certain information: 

(i) JYpe oflayout, including number ofleg units (tricycle, tailwheel, etc.). 
(ii) Tyre layout on each unit and lyre pressure. 

(iii) Approximate, lyre size and axle travel. 
(iv) Aircraft (wing) angles at landing and take off. 
(v) Extreme variations in the vertical and horizontal locations of the centre of gravity. 

Tbe most satisfactory procedure is to consider first the wheel disposition in elevation for the 
landing and take off cooditions, and then the arrangement in plan. A nosewheel under­
carriage is considered as being the most common form. 

6.5.3.1 Layout in elevation- landing case 
This stage of the process is illustrated in Fig. 6.15. Knowledge of the wing incidence on the 
approach enables the ground line to be drawn relative to the aircraft datum. There should 
normally be about 0.15 m (6 in) ground clearance uuless a bumper is specifically incorpo­
rated. At touchdown the gear is extended. The positioo of the mainwheel, or centre of a 
multiwheel assembly, is determined by ensoring that the contact point is at least 4° behind 
the perpendicular drawn from the ground line to the most adverse landing centre of gravity 
position. Excessive aft locatioo of the wheel may imply an unacceptably large elevator 
power for lifting the nose at take off, or large nose down pitch in landing. Tbe former is 
likely to be very critical on a tailless aircraft. Unduly far forward location of the wheel 
implies poor ground static stability. In any case it is necessary to verify the wheel position 
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Fig. 6.15 Layout geometry limits. 
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subsequently in the take off attitude. On a tailwheellayout the wheel contact point should be 
raked forward at about 17° relative to the perpendicular through the centre of gravity. 

6.5.3.2 Layout in elevation -static case (take off) 
Before the static ground line can be drawn relative to the aircraft it is necessary to determine 
the static closure of the tyre and shock absorber. That is, the distance that the tyre and leg 
compress, under static loads. The former is given by the known tyre characteristics and the 
latter by the static spring characteristics, from comparable aircraft. The position of the 
mainwheels can be checked at this stage to ensure adequate ground static stability. Location 
of the nosewheel is initially determined by reference to the static load which it will react. 
This should be about 10% of the all-up weight. Past experience has shown that less than 
about 8% implies poor steering adhesion and consequently difficult ground manoeuvring, 
whilst more than 14% results in a heavy unit and the possibility of a ground instability 
during taxying, which is undesirable. Some variation from the initial location may be 
necessary to ensure adequate nosewheel mounting structure and stowage space. It may also 
be necessary to modify the mainwheel position. 

6.5.3.3 Layout in plan 
The geometry of the undercarriage in plan is not as critical as that in elevation. It is often 
determined by secondary requirements such as stowage or structural attachment. 

In order to avoid ground instability and nosing over during braking the plan apex angle of 
the configuration should not be greater than 80°, and the angle between the ground and the 
line joining the centre of gravity to the side of the triangle in a plane parallel to the main 
wheel track should not exceed 55°. These angles are shown in Fig. 6.15. 

As a final check it is necessary to ensure that there is adequate ground clearance in all 
likely landing or ground attitudes. Landing with, say, 5° of bank is especially critical on 
aircraft with swept wings where ailerons, flaps, or underslung powerplants aggravate the 
situation. In all cases there should be clearances of the order of0.15 m (6 in) for fixed parts 
or about twice this for moving parts. 
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More detailed layout information may be found in the authoritative book by Conway [12] 
or the more modern book by Currey [ 13]. 

6.5.4 Undercarriage retraction 

All but the simplest aircraft use retractable undercarriages to reduce the drag of the aircraft 
in cruise conditions. 

This often leads to some of the most difficult layout problems in aircraft design. Figure 
6.16 shows the complex geometry required for retraction of the gear of a low-wing aircraft, 
avoiding intrusion into the structural wing-box. 

Fig. 6.16 The retraction sequence of the Cranfield E-92 project. 
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Whats under the skin?- Avionics, 
flight control and weapon systems 

7.1 Avionic systems 

Avionics is one of the most rapidly developing fields of aircraft design. Its importance and 
range has increased over recent years and as much as 40% of the cost of a new aircraft can 
be attributed to avionics. There is a bewildering range of avionic systems, each of which 
usually requires the use of many acronyms. 

Fignre 7 .I shows an avionics fit for a small executive aircraft. This aircraft is intended for 
flight with a crew of one or two pilots. If this aircraft had been in operation during the early 
post-war years, three additional crew-members would have been required, namely navigator, 
wireless operator and flight engineer. Modern efficient, reliable avionics have dramatically 
simplified these operations and have eliminated to need for these crew members. 

The growth in the capabilities of military avionics has been even more dramatic and make 
it possible for pilots of single-seat aircraft to navigate, communicate, detect and attack 
targets at heights of I 00 ft and speeds approaching the speed of sound. Figure 7.2 shows a 
schematic of such an avionic system whilst Fig. 7.3 shows the installation of components on 
the instrument panel. 

Having looked at typical aircraft installations the next stage is to examine the functions of 
various types of avionic systems in the following major groups: communications, navigation 
systems, radar systems and others. 

7.1.1 Communications 

Airborne communications systems vary considerably in size, weight, range, power require­
ments, quality of operation, and cost, depending upon the desired operation. 

The most common communications system in use today is the very high frequency (VHF) 
system. In addition to VHF equipment, large aircraft are usually equipped with HF 
communications systems and some are fitted with ultra high frequency (UHF) systems. 

VHF airborne communication sets operate in the frequency range from I 00 to !50 MHz. 
VHF receivers are manufactured that cover ouly the communications frequencies, or both 
communications and navigation frequencies. In general, the VHF radio waves follow 
approximately straight lines. Theoretically, the range of contact is the distance to the horizon 
and this distance is determined by the heights of the transmitting and receiving antennas. 
However, communication is sometimes possible many hundreds of miles beyond the 

89 
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Fig. 7.1 Civil aircraft avionic systems architecture. Most of the acronyms are explained in this chapter, 
except for: TCAS = terminal collision avoidance system, EFIS = electronic flight information system, 
ADI = attitude director indicator, HSI =horizontal situation indicator, CDU = control/display unit, 
XPDR = transponder, MLS =microwave landing system. 

assumed horizon range. Typical ranges are 200 miles at 20 000 ft. UHF systems are similar 
to VHF but operate in the 200-400 MHz band. 

A high frequency (HF) communication system is used for long-range communication. HF 
systems operate essentially the same way as VHF systems, but operate in the frequency 
range from 2 to 30 MHz. Communications over long distances are possible with HF radio 
because of ionospheric reflection. HF transmitters have higher power outputs than VHF 
transmitters. 

The design of antennas used with HF communication systems vary with the size and 
shape of the aircraft. Aircraft which cruise below 300 mph generally use a long wire antenna 
between the fuselage and probes installed on the fin. 

Air traffic controllers need to know the positions of all aircraft within their control areas. 
Ground-based radar systems detect all aircraft but some system is required to identify them. 
Civil aircraft carry equipments called ATC transponders which receive pulses from the 
ground radar sets. The transponder then transmits a sequence of pulses which identifies the 
aircraft and gives its height to the controller. 
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Basic system architecture 

Fig. 7.2 Hawk 200 Avionic System Architecture. Most of the acronyms are explained in this chapter, 
except for: HOTAS =hands on throttle and stick, INU = inertial navigation unit, HUD/WAC =head up 
display/weapon aiming computer. 

Fig. 7.3 Hawk 200 instrument panel. 

This system is a development of the military identification friend or foe (IFF) system. The 
IFF responds to signals from either ground-based or airborne radars. This has an obvious 
military value. 

7.1.2 Navigation systems 

The knowledge of aircraft position has always been important in flying and initially involved 
visual 'fixes' made in good visibility, with the aid of a compass. This method is still used by 
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some light aircraft pilots, but increasingly sophisticated navigation systems have been 
developed. 

7.1.2.1 Automatic direction finding (ADF) 
The ADF principles may be illustrated by listening to a transistor radio. The aerial is 
directional and the signal becomes weaker or stronger as the radio is rotated about a vertical 
axis. On aircraft, loop aerials are rotated in the direction of a ground-based non-directional 
beacons (NDBs). An aircraft is usually fitted with two systems, each of which automatically 
detects the position of two NDBs. The signals from each system are shown to pilots on two 
radio magnetic indicators (RMI). The RMis give the magnetic bearing of the NDBs which 
will give information to locate the aircraft on a map. Maximum range is 10-150 nmilewith 
a typical accuracy of ±4°. 

7.1.2.2 VHF omnidirectional range (VOR) system 
The VOR is an electronic navigation system. As the name implies, the omnidirectional or 
all-directional range station provides the pilot with courses from any point within its service 
range. It produces 360 usable radials or courses, any one of which is a radio path connected 
to the station. The radials can be considered as lines that extend from the transmitter antenna 
like spokes of a wheel. Operation is in the VHF portion of the radio spectrum (frequency 
range, 108.0-117.95 MHz) with the result that the radio interference from atmospheric and 
precipitation static are negligible. The navigational information is visually displayed on an 
instrument in the cockpit. The range is up to 130 nmile at 12 000 ft with an accuracy of 
±10. 

7.1.2.3 Distance measuring equipment (DME) 
This is an interrogation and response system, where the aircraft equipment sends a VHF 
signal to a ground station which then responds to the aircraft. The DME receiver computes 
the time delay and calculates the distance from the beacon. This system is often combined 
with VOR which supplies the direction from the beacon, and DME gives the distance. The 
range is similar to that of the VOR, with an accuracy of ±0.5 nmile. 

The above system is used in civil operations but its military equivalent is TACAN 
(Tactical Air Navigation). This combines features of both VOR and DME, and gives range 
and bearing from a beacon. 

7.1.2.4 Doppler navigation 
This is a medium to long-range self-contained system. A typical system accuracy might be 
I% in distance and heading, which would be serious at long ranges uuless corrected by other 
systems. 

The Doppler radar emits narrow beams of energy at one frequency, and these waves of 
energy strike the Earth's surface and are reflected. Energy waves returuing from the Earth 
are spaced differently than the waves striking the earth. The Earth-returned energy is 
intercepted by the receiver and compared with the outgoing transmitter energy. The 
difference, due to Doppler effect, is used to develop ground speed and wind drift angle 
information. 
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7.1.2.5 Long range navigation (LORAN) and Omega 
WRAN has been a major navigation system which utilizes the hyperbolic principle. Several 
hyperbolas are produced by means of 100 kHz pulses transmitted from the master ground 
stations. Position is fixed by using several ground stations to produce intersecting hyperbolic 
systems whose intersections describe unique points as shown in Fig. 7 .4. 

At close range to the station the 'groundwave' is predominant (the directly transmitted 
signal) and has a range of 600 nmile. At longer ranges the 'Skywave' (the signal reflected 
from the ionosphere) is used and ranges of 2 500 nmile can be achieved. A more modern 
system is Omega, which uses eight ground stations world-wide and uses VLF transmitters. 

7.1.2.6 Global positioning by satellite (GPS) 
This is a relatively recent system which is being increasingly used by civil and military 
aircraft. It takes position fixes from signals from a global array of geo-stationary satellites. It 
is phenomenally accurate, light-weight and relatively cheap. Accuracies to tens of metres 
may be achieved. It is displacing some of the older navigation systems. It is being 
considered for use in instrument landing systems. 

7.1.2. 7 Inertial navigation 
A typical inertial navigation system (INS) measures inertial forces, or the effects of 
accelerations, with accelerometers mounted on a stabilized platform. Basic stabilization is 
achieved gyroscopically, but corrections have to be made for the effects of the Earth's 
rotation, and Coriolis and centrifugal forces. 

Accelerations are resolved into north-south and east-west components (and sometimes 

Fig. 7.4 LORAN navigation hyperbolae lines. 
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also vertically) and then integrated successively to provide, at any time during the flight, 
instantaneous speed and accumulated distance from take-off. Given the geographical co­
ordinates of its starting point, an INS can provide a position readout at any time during 
flight. Accuracy deteriorates with time but in a good system, the error accumulates at less 
than I nmile/h. Speed and distance can be processed to provide true airspeed, wind velocity, 
track, heading, cross-track error, and distance to go. INS can be coupled to the autopilot (see 
below) to provide automatic track-keeping. 

For fail-safe operation up the three independent INS sets may be fitted, with the crew 
comparing the output of individual sets to obtain an accurate position. 

7.1.2.8 Area navigation 
In an area navigation (RNav) system, bearing and distance, position or velocity information 
from such aids as VOR is processed in a computer. This produces steering information 
between waypoints, which are programmed into an autopilot system, prior to take-off (way­
points are geographical positions where heading changes are made). 

A large range of equipment is available. Simple units - usually produced for general­
aviation applications -use two or more receiver frequencies simultaneously (any combina­
tion of VORs or DMEs) and a computer. The most sophisticated RNavs embody larger 
computers, usually with a large back-up memory capable of storing details of the operator's 
route structure. Autopilot coupling and flight-director outputs are common in such systems, 
and there may be electronic dsta displays and a moving-map image. 

7.1.3 Radar gystems 

Radar is a device used to see certain objects in darkness, fog, or storms, as well as in clear 
weather. In addition to the appearance of these objects on the radar scope, their range and 
relative position are also indicated. 

Radar is an electronic system using a pulse transmission of radio energy to receive a 
reflected signal from a target. The received signal is known as an echo; the time between the 
transmitted pulse and received echo is computed electronically and is displayed on the radar 
scope in terms of range in nautical miles. 

A radar system consists of a transceiver and synchronizer, an antenna installed in the nose 
of the aircraft, a control unit installed in the cockpit and an indicator or scope. A wave-guide 
connects the transmitter/receiver to the antenna. 

7.1.3.1 Weather radar 
In the operation of a typical weather radar system, the transmitter feeds short pulses of 
radio-frequency energy through a waveguide to the dish antenna in the nose of the aircraft. 
Part of the transmitted energy is reflected from objects in the path of the beam and is 
received by the antenna. Most weather radars have alternative modes to provide simple 
ground-mapping information. 

7.1.3.2 Attack radar 
Attsck radars operate in a similar manner to the weather radar described above. The main 
difference is that attack systems use more power and are used to detect small fast-moving 
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targets rather than weather formations. Most systems are also used to guide semi-active 
radar homing missiles and must be designed to be resistant to enemy jamming. 

7.1.3.3 Terrain-following radars 
Military ground-based radars give good information about attacking aitcraft. The curvature 
of the Eatth and hills, however, leave a 'blind-spot' at very low altitude. Attack aircraft 
therefore exploit this loophole and attack at extremely low level at high speed. This 
obviously increases the danger of inadvertently flying into the ground. Therefore an 
independent high-power system is used which detects ground obstacles and feeds control 
signals into the aircraft's flight control system. It requires only a narrow beam width. 

7.1.3.4 Airborne early-warning radars 
This is a system designed to overcome the low-level blind-spot of ground-based radars. In 
this system powerful radar sets are flown in long-endurance aircraft. The altitude of the 
aitcraft is such that the range of the radar is much greater than with ground-based systems 
and even low-flying aitcraft can be detected at greater distances. 

7.1.4 Other avionic systems 

Many other avionic systems are used by both civil and military aitcraft. The major ones will 
not be fully described here, but merely listed for completeness:-

7.1.4.1 Autopilot 
This is a system of automatic controls which retorn an aircraft to a pre-set flight pattern 
when it is displaced from it. The autopilot interfaces directly into a powered flight control 
system, to control the flying surface actuators. Autopilots for aircraft with manual flight 
controls have their own actuators which supply inputs into the control circuits. 

7.1.4.2 Instrument landing systems 
The instrument landing system (ILS), one of the facilities of well-equipped airfields, 
operates in the VHF portion of the electromagnetic spectrum. It can be visualized as a 
funnel made of radio signals on which the aircraft can be brought safely to the runway. 

The entire system consists of a runway localizer, a glide slope signal, and marker beacons 
for position location. The localizer equipment produces a radio course aligned with the 
centre of an airport runway. The glidescope indicates the correct vertical approach path for 
the aircraft which is usually a 3° slope for civil aircraft. An extension to this system is 
autoland in which the aitcraft is automatically landed without any pilot input. More recent 
developments have led to the more accurate microwave landing system (MLS). 

7.1.4.3 Laser rangers and target markers 
Laser beams are used for weapon aiming in which a target is marked by a laser. A suitable 
missile or bomb then flies along the beam to the target. 

7.1.4.4 Forward looking infra-red (FLIR) 
This is a system which detects heat produced by a target. This might be the engines or 
relatively hot part of the aircraft structure. An infra-red seeking missile can be directed onto 
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the target. These systems are not, strictly speaking, avionic systems, but signals from them 
are fed into weapon-aiming systems, which are avionic systems. 

7.1.4.5 Low-light television (LLTV) 
This is an optical system in which targets can be seen in clear air at night. This is done by using 
image intensifiers attached to a TV camera to produce a day-bright picture of the ground. 

7.1.4. 6 Electronic counter-measure (ECM) 
These are systems which either generate fake signals to confuse enemy radar systems or 
produce a high-powered blanket signal to jam enemy reception. 

7.2 Flight control systems 

The control system consists of four basic elements, namely the pilot or autopilot, the 
linkage, actuators and the control device itself. The autopilot in an aircraft or missile 
computes the motion of the vehicle with the aid of accelerometers and gyros, and stabilizes 
it on a given flight path until it is overridden by a gnidance command It is essentially a 
device for measuring deviations from a desired flight path which possesses the means for 
providing a correction. In a missile it is often convenient to combine it with the gnidance 
electronics package. The control actuators convert the signal from the autopilot into a 
motive force which is used to actuate the control device. 

The control system must provide sufficient force for the vehicle to manoeuvre in 
accordance with reasonable gnidance commands, but it must be able to do this in a 
sufficiently short time to enable these demands to be kept to a reasonable level. The value of 
g which a vehicle is reqnired to achieve will depend upon its type and the form of gnidance 
employed For example, a large aircraft may have a flight g capability of2.5, and interceptor 
aircraft may be able to develop 9g, and an anti-aircraft missile 15g. This manoeuvrability is 
a function of wing lift and above a certain altitude it decreases with increasing height. The 
rate at which the control system can cause the vehicle to achieve the reqnired g is a function 
of its aerodynamics, structoral design and control device. 

7.2.1 Conventional trailing-edge flying control sut:faces 

Fignre 7.5 gives an illustration of the position of flying controls on an aircraft. They are 
categorized into three groups. 

7.2.1.1 Primary group 
The primary group includes the ailerons, elevators, and rudder. These surfaces are used for 
moving the aircraft about its three axes. 

The ailerons and elevators are generally operated from the cockpit by a control stick on a 
single-engine aircraft and by a wheel and yoke assembly on a multi-engine aircraft. The 
rudder is operated by foot pedals on all types of aircraft. 

7.2.1.2 Secondary group 
Included in the secondary group are the trim and spring tabs. Trim tabs are small aerofoils 
recessed into the trailing edges of the primary control surfaces. The purpose of trim tabs is 
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Fig. 7.5 Flight control surfaces. 

to enable the pilot to trim-out any unbalanced condition which may exist during flight, 
without exerting any pressure on the primary control surface. It is operated by an 
independent control, which is a useful back-up system, in the event of primary system 
failure. 

Spring tabs are similar in appearance to trim tabs, but serve an entirely different purpose. 
Spring tabs are used to reduce pilot effort in moving the primary control surfaces. Tabs are 
not used on larger, high performance aircraft with powered controls. 

7.2.1.3 Auxiliary group 
Included in the auxiliary group of flight control surfaces are the wing flaps, spoilers, speed 
brakes, and slats. 

Wing flaps are used to give the aircraft extra lift and are hinged to either the trailing edge 
or leading edge of the wing. Wing flaps on most older aircraft were hinged to the trailing 
edge of the wing inboard of the ailerons. Some later aircraft have flaps hinged to both the 
trailing edge and the leading edge of the wings and may be deployed on tracks to increase 
the chord. Their purpose is to reduce the landing speed, thereby shortening the length of the 
landing run, and to permit landing in small or obstructed areas. In addition, the wing flaps 
are used during takeoff to shorten the takeoff run, or in combat to improve manoeuvrability. 

Spoilers are air brakes are for the purpose of decreasing wing lift; however, their specific 
design, function, and use vary on different aircraft. On some aircraft the spoilers are long 
narrow surfaces hinged at their leading edge to the upper surface of the wings. In the 
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retracted position, the spoiler is flush with the wing skin. In the raised position, wing lift is 
greatly reduced by destroying the smooth flow of air over the wing surface. 

Spoilers are sometimes used differentially, to assist or replace ailerons as roll control 
devices. 

7.2.2 All-moving tailplanes or foreplflJJes 

Some aircraft use a movable horizontal surface called an all-moving tail. This serves the 
same purpose as the tailplane and elevator combined. When the cockpit control is moved, 
the complete surface is moved to raise or lower the leading edge, thus changing the angle of 
attack and the amount of lift on the tail surface. 

As this is a larger control surface than the elevator, it has a more powerful effect. 
The foreplane of an aircraft with what is called a canard configuration uses a pitch-control 

device ahead of the wing, rather than behind it. This has the advantage that in most cases 
the trinnning lift is upwards thus assisting the wing in producing lift. Conventional tailplanes 
often produce downwards-acting lift to trim-out pitching moments. Canard arrangements, 
however, generally exhibit more stability and control problems than do conventional layouts. 

It is possible to activate all-moving tailplanes differentially to act as roll control devices. 
These are then termed 'tailerons'. 

7.2.3 Reaction dnices 

There are various ways of producing control forces by reaction means. For example moving 
fins may be in a rocket exhaust or the nozzle may be moved in some way, so that changes in 
thrust direction are obtained. Liquid rockets often have tiltable combustion chambers, with 
small variable thrust uuits as a vernier control. Solid rockets may have rotating, canted, 
nozzles which are used in groups of three or more. Tilting a nozzle, as distinct from a 
combustion chamber is also a possibility, but does introduce mechanical complications. 
Reaction controls are essential on very high flying vehicles where the air density is too low 
to enable sufficient aerodynamic force to be developed. Reaction controls are also used in 
vertical take-off and landing aircraft such as the Harrier. In this case the aircraft has 
insufficient forward speed to make conventional controls effective. 

7.2.4 Linkage between pilot flJJd control surfaces 

The flying control linkage once consisted of a simple arrangement of levers and wires (Fig. 
7.6). The situation in a modem high speed aircraft is very different. Power controls are 
necessary, and the control system is often reduced to a signalling device with artificial 
feedback on control forces to give the pilot some idea of the loads being imposed on the 
aircraft. The situation is complicated by the need for autopilots, artificial stabilization, 
automatic landing, etc. The tendency is for the control system to become fully automatic 
with the pilot simply being present to monitor the system and provide an element of 
initiative in the case of a fault. In this respect the control is comparable with that of a guided 
missile. Since a control failure cannot be tolerated, it is necessary to resort to a multiplexed 
system. There appear to be many advantages in using fully electrical signalling all the way 
to the actual control actuator, as in the F -16 fighter. 
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Fig. 7.6 Control system links from flight deck to the elevators. 

Advances in computational power have led to the development of 'active' controls which 
are currently used in the following applications:-

7.2.4.1 Relaxed static stability 
Normal aircraft have a tail device more than large enough to provide natural longitudinal 
static and dynamic stability. This is in some conflict with crisp manoeuvrability. The more 
stable an aircraft, the less manoeuvrable it is. Relaxed static stability (RSS) is used to reduce 
the tailplane size below that required for natural stability. This has the effect of increasing 
manoeuvrability, and reducing the mass and drag of the tailplane or foreplane. Stability, 
however, is significantly reduced and may indeed be negative. The flight control system, 
therefore, has to sense any impending destabilizing event (say a gust) and then rapidly send 
a correcting signal to the elevator, tailplane or foreplane. It is usual to have three or four 
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independent electrical signalling systems. Fibre-optical signalling is being developed as an 
alternative. 

7.2.4.2 Manoeuvre load control (MLC) 
The spanwise airload is modified by use of the ailerons and, possibly, flaps to reduce wing 
bending moment and shear, as shown in paragraph 5.2.3, above. Manoeuvres are relatively 
slow-acting phenomena, so rapid response is not required, unless the system is combined 
with gust load alleviation, below. 

7.2.4.3 Gust load alleviation (GLA) 
Tbis is the rapid reconfiguration of the wing to alleviate the effects of gusts. Tbis is also 
described in paragraph 5.2.3. 

7.3 Weapon systems 

7.3.1 Guns 

Aircraft cannon are effective in attack against all types of vehicles, field guns, aircraft on the 
ground, moving troops and ship superstructures. They are, however, lintited in range to 
about 800-1000 m air-to-air and 2000 m air-to-ground. 

Smaller calibre machine guns have even less range and their use is lintited to armed light 
aircraft and helicopters. There are two categories of aircraft cannon:-

7.3.1.1 Gas-operated revolver 
These guns use a single harrel combined with a four or five chamber rotary revolver, very 
much like the cowboy's six-shooter. The operation of the gun is powered by the gas 
discharged during the firing of the first round. 

When the first round is fired, by means of an electrical signal, the exhaust gas revolves the 
breech and removes the used case and link. The guns which use this principle include the 
ADEN, DEFA, OERLIKON and Soviet guns. Figure 7.7 shows the former and their 
performance is shown in Table 7 .I. Their rates of fire are considerably less than for the 
rotary guns, but they tend to be lighter and less bulky. 

7.3.1.2 Rotary 'Gatling' type 
These guns range in calibre from the 7.62 mm mini-gun through the popular 20 mm Vulcan 
cannon to the powerful30 mm GAU-8 (Fig. 7.8) fitted to the Fairchild A-10 aircraft shown 
in Fig. 4.9. Tbis type of gun has a varying number of identical barrels ranging between three 
and seven. External power is required to rotate the barrel cluster, and rotate a cam to feed 
and fire the ammunition. External power may be electrical, hydraulic or pneumatic. The 
ammunition is, again, either electrically or percussion operated. The former method may be 
sensitive to electro-magnetic interference. 

7.3.2 Bombs 

These are the primary weapons for stationary targets, for the destruction of runways, oil 
dumps and other installations. Dimensional information is given in Appendix A. 
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Table 7.1 Gun performance 

Gun type ADEN/ Oerlikon Vulcan 
DEFA 304RK M61 

Calibre (mm) 30 30 20 
Gun length (m) 1.66 2.69 1.88 
Muzzle velocity (m/s) 815 1075 1036 
Rate of fire (rounds/s) 21 23 100 
Shell weight (kg) 0.236 0.325 0.1 
Round weight (kg) 0.363 0.664 0.254 
Shell weight/s 4.96 7.48 10.0 
Installation weights - gun + 5-s mass of ammunition fired (kg) 
Gun 80 125 115 
Feed Mechanism 
Transfer Unit 
Drive System 
Ammunition 
Total weight (kg) 
(Gun+ 5 s) 
Recoil force (N) 20000 17200 

1ZO 

Fig. 7.7 Revolver cannon installation. 
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Fig. 7.8 GAU-8 cannon. 

7.3.2.1 Conventional free-fall bombs 
The classic free-fall bomb has been used from aircraft since World War I and is now usually 
in the 1000 lb category. The dimensions of this weapon are length 90" (2.26 m) and diameter 
16.5" (0.42 m). Whilst being a reasonable aerodynamic shape, they also produce a consider­
able amount of drag. A range of low-drag conventional bombs has been developed. They are 
more slender than conventional types, but are necessarily longer. 

The fusing arrangements within the case are designed to ensure that the bomb is inert 
during loading and carriage. A mechanical safety-pin prevents the fuse from functioning 
during the transit flight. After the bomb is released from the aircraft, the pin is withdrawn by 
a lanyard and a timing mechanism is set in operation to arm the bomb. 

Most free-fall bombs use a high explosive charge but it is possible to use a nuclear or 
chemical warhead. 

7.3.2.2 Retarded bombs 
In low-level free-fall bombing there are two problems: first there is the danger that the 
aircraft may itself be damaged by the bomb explosion. Secondly, the trajectory of the bomb 
is very flat and the bomb tends to bounce or 'skip' after impact. These two difficulties have 
been overcome by fitting the bomb with a retarder tail. This is a drag-increasing device 
opening somewhat like an umbrella which slows the bomb down and steepens its trajectory 
so that it impacts the ground some distance behind the aircraft. This does not completely 
eliminate skipping, and therefore instantaneous fusing is used to explode the bomb on initial 
impact. To protect the aircraft, bomb deceleration is measured and a sensor prevents the fuse 
from being activated, if the retarder fails to open. Retarded bombs are normally ejected from 
altitudes of between 200 and 500ft. 

7.3.2.3 Cluster bombs 
The cluster bomb is a versatile weapon which can cope with a variety of targets. It comprises 
a large number of small bomblets enclosed in a bomb-shaped casing. Each bomblet has its 
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own sensor and fusing device. After the bomb is released, a charge explodes the casing and 
a further charge ejects the bomb lets in a controlled pattern so that jostling between them is 
avoided. The cluster bomb is effective against both hard and soft targets. 

7.3.2.4 Laser-guided bombs 
Laser target marking and laser spot seeking bombs have been in use for about 20 years. In 
this system, special 'smart' bombs are fitted with a sensor in their nose, which seeks the 
laser spot trained onto the target by a ground or airborne target designator and homes the 
bomb onto the spot. The bomb is given a limited degree of manoeuvrability in both azimuth 
and elevation by control surfaces replacing the fixed fins. 

7.3.3 Rockets 

Rockets provide greater hitting power than guns and when used in a dive attack, are highly 
lethal and economic relative to guided missiles. However, the aircraft diving from altitude is 
vulnerable to attack from ground defences. In a low-level attack, rockets are less effective 
because of the difficulties of gravity drop and of precise aiming. 

A typical modem six-round pod is shown in Fig. 7.9. This uses large unguided 135 mm 
rockets with a typical range of 3 km. Smaller 68 mm rockets are available in pods containing 
18 or 19 rounds. 

These unguided rockets have a shorter range and must be used in situations where there is 
little opposition, or heavy aircraft losses will follow. They are more useful against a large 
spread-out target. A typical aircraft installation would include four pods. 

7.3.4 Guided missiles 

7.3.4.1 Missile guidance- swface-to-surface and air-to-surface 
Although a missile is unlike a manned aircraft in that it is designed for only one flight, the 
most important and fundamental difference is in its guidance system. Even in a modem, 
sophisticated aircraft with many automatic flying aids there is always a pilot to monitor the 

ROCKET POD 
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Fig. 7.9 Underwing rocket pod. (Dimensions in mm.) 
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behaviour of the machine. A successful missile must be capable of destroying its target 
without this human monitoring, at least as far as the actual flying vehicle is concerned 

There are numerous types of guidance, each of which is snited to a particular application. 
When attacking a static target the missile requires only to know its position relative to the 
target, or to some known origin which is normally derived from a flight programme fed in 
before launch. 

One of the simplest types of guidance systems is that of using a predetermined magnetic 
heading. An autopilot in the missile receives information from a magnetic sensing element 
and keeps the missile on the desired course. 

Other guidance systems used are similar to those of manned aircraft, i.e. radio navigation 
and inertial navigation. The latter may be up-dated by star tracking. 

Terrain Comparison (TERCOM) is a recent development in which sensitive altimeters 
measure the profile of the ground beneath it and check it against pre-programmed 
information. This system is combined with inertial systems to give extreme accuracy and is 
used on cruise missiles. The system, however, requires good intelligence abnut potential 
targets and is therefore inflexible. 

7.3.4.2 
(i) 

(ii) 

(iii) 

Missile guidance - suiface-to-air and air-to-air 
Command systems 
In a simple command system, the missile is controlled by an operator who is 
located in a position suitable for sighting the target. This position need not 
necessarily be at the launching site. The operator observes both the target and 
missile and guides the missile accordingly. Flares are often placed onto the missile 
to assist the visual tracking. The control button is often incorporated in a monocular 
or binocnlar sight. 

There are three usual types of link between the operator and the missile, wire, 
radio and television. 
Command link system 
A command link system is a more elabnrate development of the simple command 
system and aims at removing its limitations. The target is tracked by ground-based 
radar and its velocity and position are computed. A similar installation tracks the 
missile and computes its motion. The resnlts for the target and missile are then 
compared automatically and a radio transmitter sends control signals to the missile 
to enable it to engage the target. The principle is illustrated in Fig. 7.10. 
Beam-riding 
A beam is pointed towards the target and the missile is controlled to fly along this, 
either a surface or airborne installation being used to direct the beam. 

It is normal to use a radio beam but, with the development of lasers, which are 
capable of producing intense, narrow, light beams, these give a good alternative 
(see below). 

There is a range limitation on accuracy as the beam width increases in direct 
proportion to the distance from the source. It is often not possible to launch the 
missile directly into the main guiding beam and when this is so a wide-angle 
'gathering' beam is used initially, as shown in Fig. 7.11. The missile guidance 
components are relatively simple and any number of missiles can be directed along 
one beam. Another advantage is that surface installations can be readily moved. 
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Fig. 7.11 Beam-riding guidance. 

(iv) Homing guidance 

105 

In a homing guidance system the missile itself has a device for looking at the 
target. With this, the accuracy of the system will tend to increase as the target is 
approached. 

The size of the reflector in the homing head may be decided either by the range 
or by the discrimination necessary against multiple targets, which may determine 
beam width at a given range. There are three variations of a homing guidance 
system, shown in Fig. 7.12. 

Active homing is the most complex (and expensive!). The missile is equipped to 
transmit radar signals in the direction of the target. The reflected signals obtained 
enable the target to be followed by the homing head, which computes the required 
control signal. This missile is independent of external guidance. 

The semi-active radar target is illuminated by a transmitter located away from 
the missile. The missile receives the reflected signals as in the case of active 
homing. Guidance in the missile is less complex as it carries only the receiving 
apparatus. A number of targets being attacked by a number of missiles can be 
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Fig. 7.12 Homing guidance systems. 

illuminated by one transmitter, and this transmitter can be mobile. Range can be 
relatively large, since the transmitter radar can be relatively large. 

Semi-active laser guidance uses the same principle, but the target is illuminated 
by a laser, rather than radar. The system may be used for missiles or 'smart' bombs 
(above). 

The most common forms of passive homing systems employ the use of infra-red 
heat-seeking cells. Alternatively they may home on the acoustic properties of the 
target, in a similar fashion to torpedoes. The absence of the need for a transmitter is 
the main advantage and the result is a flexible system, which like the active homing 
system has training advantages. Enemy counter measures are usually limited to 
providing an alternative source of energy emission. Infra-red systems are suitable 
for day and night operation but the presence of clouds at lower altitudes may prove 
to be a difficulty in some cases. Homing is usually on the exhaust from aircraft 
engines, but recent developments of more sensitive units may enable other sources 
of lower temperature to be used. 

Both active and passive guidance systems are termed 'fire-and-forget' systems. 
The missile operators need to obtain either radar or infra-red lock-on prior to 
launch. The missiles are then guided onto the target automatically, leaving the 
operator to tum his attention to alternative targets. 
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Fig. 7.13 Maverick missile. 

Fig. 7.14 Sidewinder missile. 

7.3.4.3 Typical air-to-ground and air-to-air missiles 
The Maverick is a relatively large anti-tank weapon which is aimed by television, semi­
active laser or semi-active infra-red. The television-guided version requires a second crew 
member to guide it, but the other versions are of the 'fire-and-forget' type suitable for 
launching from single seat aircraft. This does however imply a comprehensive avionics fit. It 
would be possible to fire four semi-active versions on a single attacking manoeuvre. This 
weapon has a range of greater than 7 km (Fig. 7.13). 

The Sidewinder is a widely used short range weapon with a range in excess of 5 km. 
Figure 7.14 shows the missile, complete with its launcher. These missiles are often placed 
on aircraft wing tips where their end-plate effect reduces induced drag, but the wing has to 
be sufficiently stiff to carry them. The missile is suspended from three points. 
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Why do aircraft cost so much? 

8.1 General 

This Chapter discusses the costs of buying and operating civil and military aircraft. The 
former costs are termed acquisition costs for both classes of aircraft, whilst the latter are 
termed operating costs for civil aircraft, and life-cycle costs for ruilitary aircraft (LCC). The 
acquisition costs are included as important elements of both operating and life-cycle costs. 
The costs associated with aircraft reliability and maintenance are siguificant contributors to 
operating and LCCs, and design to reduce these costs is outlined at the end of this chapter. 

8.2 Acquisition costs (the costs of buying, or acquiring tbe aircraft) 

8.2.1 The reasom for high aircraft acquisition costs 

The main reasons are: 

(i) High performance requirements - Civil and military aircraft operations are com­
petitive, hence each new type is required to show improvements relative to existing 
aircraft. It is therefore necessary to undertake extensive research programmes and 
also to incorporate customer/operator refinements, which imply complexity. 

(ii) Safety considerations - Civil and ruilitary aircraft have, rightly, very stringent 
safety requirements which must be proved before the aircraft enters service. 
Extensive proving and testing is required and there is a need for added complexity 
so that failure of individual components or systems can be tolerated An aircraft 
has to continue functioning safely even after a failure has occurred. This applies to 
both hardware and software. 

(iii) Quality control - The complexity and safety demands make it essential to have 
elaborate systems which record not only the complete history of each individual 
aircraft but of each piece of material or part used in it. Inspection has to be 
complete, not sampled, and continuous throughout the life of the aircraft. 

(iv) Tooling requirements - Complexity requires extensive and expensive tooling for 
production purposes and the launch cost of a new type of aircraft is considerably 
inlluenced by this. Numerically controlled machine tools have considerable flex­
ibility, and are very expensive. They can more than pay for themselves, however, 
on reasonable production runs, and their use is increasing. Automatic rivetting and 
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bonding facilities also reduce labour content (see below). Another source of 
expense is that of assembly jigs. 

(v) Labour-intensive production - In spite of the elaborate tooling the complexity of 
an aircraft means that labour costs are by far the greatest part of the direct 
production costs (Fig 8.1). Two approaches to reducing such costs are increasing 
automation or use oflower-cost labour. 

(vi) High overheads- Overheads on both production and operation are high because of 
the necessary research, development, recording, tooling, inspection and other 
considerations mentioned above. 

(vii) Large financial investment, interest cost - Interest payments on the huge financial 
investment needed to launch a new design add to the cost substantially. This is 
aggravated by expenditure of capital before any sales income is received and the 
long gestation periods. Fig. 8.2 shows typical combat aircraft development times. 

(viii) Short production runs - In spite of all the investment needed, the production runs 
are short by most industrial standards. A civil aircraft will usually be costed so that 
the project costs break-even at production runs between 200 and 300 aircraft. This 
is frequently extended by the need to develop and modify the aircraft later and very 
few military or civil aircraft reach a production of over 1000. Thus all the initial 
investment has to be taken by a small number of products. 

The advent of integrated computer aided design and manufacture systems (CAD/CAM) 
has gone some way to reducing the above problems, particularly in reducing development 
times and improving initial build quality. 

Fig. 8.1 A300 acquisition cost proportions. 
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8.2.2 Acquisition cost prediction methods 

The two main approaches to cost prediction are termed 'top-down' and 'bottom-up'. The 
former is used during the conceptual or preliminary design stages, whilst the latter is utilized 
during the detailed design and development phases. There is little published information 
about the bottom-up approach as it uses detailed analysis of every aircraft component, its 
material costs, production costs and overheads. These calculations are then synthesised to 
produce component, sub-assembly, assembly and whole-aircraft costs. These methods are 
often project-specific or contain information that is company-confidential. Jang [14] used 
this approach to perform a 'bottom-up' synthesis of the costs of a turbo-prop training 
aircraft. 

There are several 'top-down' approaches, but all use statistical data from as wide a range 
as possible of existing aircraft. Some, such as Pugh, [15], use data for complete aircraft, as 
shown in Fig. 8.3. Other approaches break the aircraft costs into the major elements of 
airframe, propulsion and avionics and develop prediction relationships for these. Much of 
the published work has its origins in work by the Rand Corporation. One example is that for 
the prediction of airframe costs [16]. 

Statistical data are gathered and analysed to predict costs for the various elements shown 
below: 

(i) Development Costs 
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Recurring manufacturing labour 
Non-recurring manufacturing materials 
Recurring manufacturing materials 
Prototype aircraft 
Test specimens 
Flight Test 
Quality control 
Bought-out items (from suppliers) 
Financing costs. 

These are incurred before the manufacture of production aircraft and must be 
recovered as a levy on each of the production aircraft sold, or financed by some 
other method. 

(ii) Production costs 
The elements of these costs are similar to those for development, but do not extend 
to prototypes or test specimens as these are not required for production. The flight 
testing is much reduced, and is restricted to production and acceptance flight tests 
for each individual aircraft. 

8.2.3 Typical acquisition costs 

Figure 8.4 shows civil aircraft costs, based on published data, including [17], and the figures 
labelled A-90 for the project described in Chapter 10. 

Figure 8.5 shows calculated and quoted prices of combat aircraft, based on work 
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Fig. 8.5 Military aircraft acquisition costs, 1991. 
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performed by a Cranfield student, Spencer Woodford, which is to be published in his PhD 
Thesis. 

8.3 Civil aircraft operating costs 

8.3.1 Indirect opertlting costs 

Transport aircraft costs are sub-divided into what are termed indirect and direct costs. The 
indirect operating costs (IOC) are those associated with running an airline, rather than those 
directly concerned with operating aircraft. Indirect costs are the sole responsibility of an 
operator and account for nearly half the total costs of a scheduled operation, but are a 
somewhat lower portion of chartered operation costs. Such costs cover such things as central 
administration, sales and publicity, airport costs and passenger service. These costs, and the 
proportions of costs in different categories are different for each airline reflecting the 
operating methods of the individual companies. Indirect costs are not normally influenced 
by the aircraft, but there are exceptions, for example, the cost of providing accommodation 
for passengers delayed by an aircraft failure would be taken as indirect. 

8.3.2 Direct operating costs 

Direct operating costs (DOC) do vary with aircraft type and trip length. Table 3 .2, in Chapter 
3, shows the direct operating costs for a wide range of aircraft types. Figure 8.6 shows a pie­
chart with recent data of DOC elements for the Boeing 747-400 [18]. This shows the 
dominance of the aircraft ownership costs. It must be stated, however, that the data is based 
on an average flight of 2000 n miles, which is much less than the design condition. More 
representative ranges would increase the proportion of fuel costs. 

Ownership costs cover the cost of depreciating the aircraft acquisition costs over a 
reasonable aircraft life. Airframe and engine spares may also be included in this figure. The 
Boeing 747-400 was a very new aircraft at the time Fig. 8.6 was produced. This factor 

DOC elements 

Engine maintenance ---~ 

Insurance 

Fig. 8.6 Boeing 747--400 DOC elements, 1993. 
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Table 8.1 Improvements predicted for AD 2015 

DOC element Element improvement DOC improvement(%) 

Fuel burn - engine 
Aerodynamics - Inc. laminar flow 
Weights - more composite materials 
Acquisition and maintenance 
(Increased reliability and maintenance and 

cheaper manufacture) 

25 
10 
5 

25 

Total DOC reduction = 26% 

9% 

17% 

increases the proportion of ownership costs relative to those of a mixed-age fleet. The 
acquisition costs, and hence annual amortization costs, of the older aircraft may have been 
set some 20 years before, when the aircraft were bought. The older aircraft depreciation 
costs are therefore much less than newer aircraft, but it is likely that their maintenance costs 
would be higher. 

Some ways in which it was hoped that advances in aircraft design could improve DOC for 
new aircraft in the same performance category as the 747-400 are provided [18]. 

The projected savings are shown in Table 8.1. These are very challenging targets and it 
remains to be seen if they are achieved by the target date of 2015. 

The improvement of reliability and maintainability will be discussed below, after con­
sideration of military aircraft life-cycle costs. 

Many manufacturers, airlines, and government organizations have developed their own 
direct-operation cost formulae to compare different aircraft types. The method that is widely 
used in Europe is that of the Association of European Airlines [19]. 

8.4 Military aircraft life-cycle costs 

The life-cycle costs of a military aircraft are aualogous to the sum of both indirect and direct 
operating costs of civil trausports. There is a surprising number of self-explanatory cost 
elements as shown in Fig. 8. 7. 

Table 8.2 [15] shows a summary of the various elements of Royal Air Force Expenditure 
during the mid-1980s. 

It can be seen, again, the dominant effects of maintenance and reliability on the total costs 
of operating aircraft. The above costs cover the entire air force activities, not ouly those 
associated with flying aircraft. Table 8.3 gives a breakdown of the total life-cycle costs for a 
military aircraft [15]. 
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Table 8.2 Royal Air Force expenditure in the mid-1980s 

Item Percentage of total 

Development of new aircraft equipment 12% 
Production 

Acquisition of new aircraft 11% 
Spares and repairs 26% 

Manpower and overheads 40% 
Fuel, etc 11% 
Total 100% 

Table 8.3 Life-cycle cost proportions 

Life-cycle phase Launch Acquisition Initial Direct Indirect Total 
(development) support operations operations 

Airframe(%) 13 10 3 4 0 30 
Equipment (%) 4 8 5 9 0 26 
Engine(%) 7 5 4 8 0 24 
Support(%) 0 0 3 9 8 20 

Total(%) 24 23 15 30 8 100 

( Life Cycle Costs ) 
1 Acquisition Costs 1 1 Ownership Costs I 

I I I I Research.Development I I Post~Design I Running Costs: 
Testing &Evaluation Serv1ces OJ!~rating 

-Consumables 
Procurement Air crew 
Production Investment Fuel/Oil 
Production Training 
Initial Support 

Overheads Ground Equipment Maintenance Costs 
Simulators 

Consumables 

Spares 
Disposal Costs I Direct Labour 

Overheads 

Fig. 8. 7 Military aircraft life-cycle cost elements. 
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8.5 The costs of reliability and maintainability 

8.5.1 Civil aircraft unreliability costs 

The most dramatic form of unreliability is an aircraft crash with loss of life. It is impossible 
to quantify the value of a human life although some attempts have been made to put cash 
values on lives. Aircraft crash losses are easier to quantify in terms of replacement and loss 
of revenue. Insurers have to cover human and material costs and typically charge premiums 
of 1% of aircraft initial cost per annum. 

The next item of unreliability cost is that of delays and cancellations. Figure 8.8 shows 
the proportions of causes of delay. Figure 8.9 shows a typical breakdown of the systems 

33°/o 

GCNERNNENT 
AUTHORITIES. 

Fig. 8.8 Delay causes due to all reasons, 1980. 

POWER PLANT 

SYSTEMS 
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Fig. 8.9 Technical delay causes, 1980. 
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causing technical delays. It can be seen that the aircraft structure has a relatively small 
effect on delay cost, but becomes very significant in older aircraft, when fatigue and 
corrosion can be particularly expensive. 

The third major cost of unreliability is fault diagnosis, removal and repair or replacement 
of faulty components (which contribute to maintenance costs). 

8.5.2 Military aircraft unreliability costs 

Aircraft crashes are, again, costly in terms of life and material costs. 
Equipment problems in RAF aircraft have been monitored by means of defect rates. These 

are defined as the number of confirmed reports of defects per 1000 flying hours. 
Figure 8.10 shows the possible maintenance cost savings that were predicted for 385 

Tornado aircraft relative to the F -4 Phantom, over a 10 year period, if the reliability could 
be improved. The achieved Phantom figure was about 1150 defects/1000 flying hours at that 
time. This is obviously a very difficult target to achieve with a more complex aircraft, but 
several methods may be used to improve reliability. Some of these are described later. 

Figure 8.11 shows 1987 figures for failure rates against aircraft empty weight. The latter 
is a measure of the complexity of the aircraft. If one multiplied the failures per flying hour 
by 1000, one would have a figure close to the number of confirmed defects per 1000 h. That 
shows that by 1987 the Tornado was achieving a figure of 800 defects/1 000 hours, compared 
with the target of 500. The curve shows a good correlation between weight and reliability. 

Figure 8.12 shows trends in specific reliability over a 25-year period. It is superficially 
depressing, because no apparent progress has been made. What has happened is that the 
aircraft performance, such as avionic capability or manoeuvrability, has improved dramati­
cally, but at the cost of stagnation in terms of reliability. The emphasis has changed in more 
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recent years. Specific reliability is defined as the number of failures per flying hour per unit 
of aircraft mass. 

Extracts from the recent Advanced Tactical Fighter (ATF) requirements included: 
The ATF is being designed 'to be both lethal and survivable while penetrating high-threat 

air space. This will be achieved through a proper balance of increased speed and range, 
enhanced defensive avionics, reduced observables, and an emphasis on reliability and 
maintainability'. Through this 'proper balance', the goal becomes, quite simply, to 'double 
the sortie rate of the F -15 with the ATF', and 'do so with half the maintenance personnel 
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required and twice the mean time between failures (MTBF)'. 'Reduced observables' means 
that the aircraft should have a low probability of being detected by radar, optical, acoustic or 
heat-seeking detectors. 

8.5.3 Reliability programmes to reduce reliability costs 

The cost of rectifying a fault is cheapest at the earliest possible stage in an aircraft's life­
cycle. It is therefore important to spend money to get the reliability right in the first place. 

There are several ways of attempting to do this:-

(i) The setting of reasonable reliability targets (see Section 8.5.4 below). 
(ii) Detailed reliability prediction analysis [fault trees and failure mode and effects 

analysis (FMEA)]. 
(iii) Design reviews to control reliability. 
(iv) Extensive representative testing. 
(v) Good reliability growth programme incorporating (ii) and (iv) with quick recogui­

tion and rectification of faults during development testing. 
(vi) Good detail design, with good feedback of information from previous aircraft. 

(vii) Use of well-proven components, possibly de-rated, so that the equipment is 
operated at a lower stress level than its theoretical maximum. 

(viii) Attention to maintainability (see Section 8.5.5). 

To do all these jobs well requires considerable manpower, equipment and the use of 
reliability engineers, which are costly. Some trade off is therefore required between the costs 
of unreliability and the costs of a comprehensive reliability programme. 

8.5.4 Reliability targets 

8. 6. 4.1 Military aircraft 
As stated above, the setting of a reasonable target is of the utmost importance to the aircraft 
design, because too high targets can be ctippling in terms of development costs, but too low 
targets limit aircraft availability. The two main types of targets are: 

(i) Mission Reliability - This is the probability that the aircraft will be able to perform 
a given ntission without any failures or defects that will have an operational effect. 
A modem combat aircraft has been recently designed to have an operational 
reliability of0.95. The usnal method of recording operational defects is to mouitor 
the whole aircraft fleet over a number of months and produce an operational defect 
rate. This is defined as: 

(No. of operational defects for the fleet in the period/Fleet flying hours) X 1000 

Operational defects cover such things as accidents, ntission cancelled, ntission 
partial failure, flight safety hazard, etc. Thus the target mission reliability is 50 
operational defects per 1000 h. The recent requirement for the Jet Provost Trainer 
replacement quoted a target of 0.98 for mission reliability, or 20 operational defects 
per 1000 h. 
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Aircraft confirmed defect rate - Air Forces have comprehensive reliability data 
recording systems. Records are maintained of all defects reported on aircraft, 
however, not all defects are confirmed as genuine defects because some of the 
reports may have been due to poor fault diagnosis. 

Civil aircraft targets and reliability monitoring 
Safety targets - Aircraft must be designed to be extremely safe, but, absolute 
safety cannot be achieved. The Airworthiness Authorities have examined the 
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Fig. 8.13 Boeing 767 Schedule reliability. 
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E H B R A E R EMB-120 BRASILIA - COMPONENT UNSCHEDULED REHOUALS 

24 - ELECTRICAL POWER 

NOMENCLATURE 
Month Last 3 M Last 12 M AccUMulated PART HUMBER 

Qty Qty MTBUR Qty MTBUR Qty MTBUR 
BATTERY 16?~56 1 1 53,609 13 12,?09 106 3,522 
STARTER GENERATOR 23080-013 13 4? 3,38? 143 3,364 362 2,946 
DC GENERATOR 30081-001 9 22 4,8?4 38 8 , 696 94 ?,943 
EMERGENCY BATTERY 501-1228-04 3 9 5. 95? 26 6,355 51 ?, 320 
GENERATOR CONTROL UNIT 51539-014 A 18 54 1. 986 1?3 1,910 253 2,951 
GENERATOR CONTROL UHIT 51549-001 A 1 ? 15,31? 14 23,603 39 19,144 
VOLT-AMMETER 522541 3 6 1?. 8?0 28 11,801 55 13' 5?5 
TEMPERATURE MONITOR 522545 2 4 13,402 18 9,1?9 52 ?,1?9 
STATIC I HVERTER PC-251-iC 26 69 3,108 100 6,609 130 11,486 
RCCB SM600BA?5A1 3 110,14? 5 149. 324 
RCCB SM600BA60H1 2 2 53,609 6 55,0?3 9 82,958 

Fig. 8.15 Electrical power system unscheduled removals . 

overall aircraft accident rates and have set a target of 1 fatal accident in 107 flying 
hours. This target is then subdivided into the various systems of the aircraft, for 
example auto-landing failures must not exceed 1 in 109 . 

(ii) Delay rates - If the aircraft fails to depart on time for technical reasons it is 
counted as a technical delay (on large aircraft it is not recorded unless the delay is 
more than 15 minutes). Delays are attributed to the system which has caused the 
problem and delay rates are calculated and displayed as shown in Fig. 8.13. This is 
a useful management tool which can be used to monitor reliability. 

(iii) Technical log entries - There is a legal requirement for flight-crew members to 
report all safety or reliability problems discovered during a flight. These may be 
converted into technical log entry rates and displayed in a similar manner to delays 
as shown in Fig. 8.14. They are sometimes called pireps (pilot reports). 

(iv) Maintenance reliability-unscheduled removal rates - This is a component-orient­
ated measure of reliability. If a component is suspected of being defective it is 
removed from the aircraft and replaced by a new item. Many hundreds of compo­
nents are monitored, and tables such as Fig. 8.15 are published at monthly intervals. 
This highlights troublesome components, and can also be used for spares stock­
control purposes. Information from this source further provides information for 
safety and delay rate analyses. 

8.5.5 Factors affecting maintenance costs 

The magnitude of maintenance costs has already been mentioned, and is closely linked to 
the umeliability of the aircraft. An aircraft with low operational costs will need to have high 
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Fig. 8.16 The main factors affecting maintenance. 

reliability. Even the most reliable components, however, will fail and will need to be 
replaced. Good design for maintenance will minimize such costs. Figure 8.16 shows an 
overall plan for maintainability (ease of maintenance). Not all of these features are within 
the control of the designer, but he or she must be aware of them. 

8.5.5.1 Tools 
The designer must be aware of what tools are available in either the hangar or flight 
operations areas and how they are used, or misused. Minimizing the number of tools used 
must be a priority. 

8.5.5.2 Personnel 
A designer must know the quality of maintenance personnel. Are they semi-skilled con­
scripts or highly professional mechanics? What environment are they working in? Naval 
designers have a saying, 'Is it Jack-proof?'. 

8. 5. 5. 3 Work and storage facilities 
The work and storage facilities that are available dictate the type of structural construction 
methods, and the size and complexity of equipment modules, number of spares required, 
etc. 

8. 5. 5.4 Supply 
The quality of the supply train, again, is a factor in spares holding and turn around times. If 
supply lines between equipment stores and operating aircraft are poor, it might be better to 
attempt field repairs. 

8.5.5.5 Maintainable equipment 
Such equipment should be designed for easy fault diagnosis, removal and rectification. This 
is a vast subject so only a few examples will be shown. Figure 8.17 shows a modular aircraft 
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engine. This design means that engines can be dissembled in situ and modules rather than 
engines can be changed and refurbished. As engines are such a high-cost maintenance item 
this is important. Other features are access points for horoscopes, magnetic plugs etc. 

Avionic equipment is often mounted in standard Austin Trumbell Radio (ATR) boxes 
which are easily removable and interchangeable. 

Figure 8.18 shows some examples of good maintainability features. 

8.5.5.6 Installation and accessibility 
An experienced maintenance engineer has made the following comments about access: 

Accessibility is always a primary problem in design for effective maintenance, and 
the cleverest trick of the good designer is to get a "quart into pint pot" and be able 
to get it out again. When you consider accessibility in a design, it must not be 
forgotten that the vehicle may perform its tactical function operating out of ill­
equipped and unprepared forward bases during the exigencies of wartime. The 
majority of maintenance functions should, where practicable, be accessible from 
the ground, or at the worst, using a relatively low work stand, or in an emergency, 
up-turned packing cases. Access holes must be large and easily opened, and should 
permit the maximum number of men working simultaneously which are normally 
required for the performance of maintenance tasks on the affected systems. 

Figure 8.19 shows the great lengths taken by the designers of the British Aerospace Hawk 
to ensure good access for maintenance. 

8.5.5. 7 Test equipment 
There are many types of built-in test equipment (BITE), but all of them are designed into 
the component to indicate its condition. The simplest type is the 'dolls-eye' indicator which 
shows failures on control panels. 
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As with all test equipment. BITE ought. ideally, to be an order of magnitude more reliable 
than the system of which it is part, in order to minimize the incidence of false alarms, false 
diagnoses, incorrect alignments or even failure to register a fault condition. All these events 
will either prolong down time or reduce the reliability of the system. and therefore built-in 
test equipment of poor reliability can grossly reduce the system effectiveness. 
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The introduction of digital avionic systems and microprocessors has greatly improved the 
reliability and capabilities of BITE systems. 

Many complex electronic systems are built-up of easily-removable modules. If there are 
many of these modules or if quick turn-round is required, the expense of Automatic Test 
Equipment (ATE) may be justified. The ATE is a complex piece of equipment which is 
connected up to the suspect module or system. It them performs an automatic test sequence 
and rejects defective equipment which may then be overhauled. 

8.5.5.8 Maintenance manuals 
The maintenance review board (MRB) process was an important innovation, introduced 
during the design of the Boeing 747. Subsequent US wide-body aircraft and European 
aircraft such as the Concorde and A300B have also used this system, or modifications to it. 

The maintenance planning for a new aircraft is done by a Maintenance Steering 
Committee. Representatives from the following organizations sit on the committee: the 
airframe manufacturer; operators who will buy the aircraft; the powerplant manufacturer; 
and the airworthiness authority. Working groups act as sub-committees to the steering group 
and work in specialist areas. Component manufacturers are included in these groups, which 
might specialize in such areas as avionics, mechanical systems, etc. 

These groups work through the logical decision-making processes [20] to determine 
scheduled and unscheduled maintenance procedures. This system considers the safety, 
reliability and cost aspects of scheduled maintenance by the use of decision trees. The 
process also throws light on to the unscheduled maintenance procedures. 
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The MRB produces a report which forms the basis of an approved maintenance schedule 
for the aircraft. This leads to the writing of maintenance manuals which cootrol the way in 
which aircraft are maintained. 

8.5.6 Maintenance targets 

A quantitative target is always useful to encourage a designer to improve maintainability. 
This requires extensive knowledge of the performance of previous products so that sensible 
targets are set. Civil aircraft operators often demand direct maintenance cost gnarantees for 
both the aircraft and its engines. 

Military aircraft targets are quoted as the number of maintenance manhours per flying 
hour. The BAe Hawk is a good example of an aircraft designed for good maintenance, and 
its performance is as follows: 

Overall maintenance = 3.8 manhour/flying hour. This fignre includes all maintenance, 
including flight line and is about half that of the Gnat and Hunter aircraft which preceded it. 

Flight line maintenance achieved fignres are:-

Pre-flight 1 man in 13 mins 
Tum-round I man in 9 mins 
Post-flight = 3 men in 11 mins} . aralll 
Re-arming 4 men in 10 mins m P e 

It is very difficult to quantify these fignres during the initial design stages, but compari­
sons can be made with empirical fignres obtained from current aircraft. Maintainability 
engineers can advise designers of good practices, and mock-ups can be used in the relatively 
early stages of design. Maintenance trials can be performed with mock-ups where it is still 
possible to change the design to improve matters. Maintenance checks are then made at 
subsequent stages of development, but the further the development process, the more 
difficult it becomes to make changes. Computer aided design (CAD) can be a useful tool to 
check accessibility for maintenance purposes. CAD full-scale models have been made 
which can represent the shapes and strengths of the complete range of maintenance 
personnel. These early checks can be made in what are termed 'electronic mock-ups'. 

The use of quantified maintenance targets, and the other means described above, have the 
potential to significantly reduce maintenance costs. 
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What help can I get? - Bibliography 
and computer-aided design 

The previous chapters have shown the complexity of aircraft, and their constituent parts. 
Their design is a daunting, but potentially satisfying task. Designers need all the help which 
they can get to achieve successful results. 

The usual starting point is a sound aeronautical education. Design is learnt by a 
combination of theoretical education and design experience at University and/or in Industry. 
It must be stressed that design is much more than analysis. It is a creative process involving 
the synthesis of knowledge from many disciplines, monitored by qualitative and quantitative 
checks. These should assess the value of the necessary design compromises and lead to 
optimum designs. Advice from, and work alongside, experienced designers is an invaluable 
part of the education process. People learn how to design by actually doing it! Less 
experienced design organizations can be helped by specialist consultants. Such help is, 
however, not always available, but much design knowledge and experience has been 
encapsulated in the publications and programs described later in this chapter. 

Many individuals and organizations publish reports, papers and memoranda, many of 
which contain relevant data. Modem libraries use on-line computerized data bases which 
sort and codify these date sources on the basis of key-words. A description of such reports is 
beyond the scope of this book. The most exciting new development has heen the advent of 
the internet. There is a bewildering array of data, with much of interest to aircraft designers. 
Patience and good net-surfing skill are required. 

Any bibliography is a matter of personal choice. The books, magazines and programs 
listed below have heen found by the author to he extremely useful and are reasonably easily 
available. Excluded data sources are not necessarily less valuable than those listed, but are 
not available to the author. 

The aircraft industry has seen a massive growth in the power and user-friendliness of 
computer aids. The latter part of this chapter gives an overview of a range of computerized 
design aids. 

9.1 Aircraft design bibliography 

9.1.1 Conceptual design 

Raymer, D. P., Aircraft Design: A Conceptual Approach. 2nd edn. American Institute of Aeronautics and 
Astronautics, 1993. This book has an emphasis on combat aircraft and has associated PC-based design software. 
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Roskam 1., Airplane Design Series. Parts I- VIIT. Roskam Aviation and Engineering Corporation, 1989. This is a 
large series with associated software for workstations. 

Stinton, D., The Design of the Aeroplane. Granada, London, 1983. This book is particularly good for the design of 
light aircraft. 

Thurston, D. B., Design for Flying. McGraw-Hill, New York, 1978. This book has a useful section on seaplanes. 
Toren.beek, E., Synthesis of Subsonic Aircraft Design. (Martinus Nijhof), Delft University Press, 1982. This is a 

widely-used text, particularly appropriate for civil transport aircraft. 
Whitford, R., Design for Air Combat. Jane's Publishing Co, Ltd., London, 1987. 

9.1.2 Aerodynamics books 

Abbott, I. and von Doenho:ff, A Theory of Wing Sections. Dover Publishing Co. New York, 1959. 
Barnard, R. H. and Philpott, D. R., Aircraft Flight. Loogmans, Loodon, 1989. 
Babister, A. W., Aircraft Dynamic Stability and R£sponse. Pergamon Press, Oxford, 1980. 
Bramwell, A. W. S., Helicopter Dynamics. Arnold, London. 1976. 
Bisplinghoff, R. L. and Ashley, H., Principles of Aeroelasticity. Dover Publishing Co., New York, 1975. 
Hoerner, S. F., Fluid Dynamic Drag. Hoerner Fluid Dynamics, PO Box 342 Bricktown N J 08723, USA. 
Hoerner, S. F. and Bors~ H. V., Fluid Dynamic Lift. Hoeroer Fluid Dyoamics, PO Box 342, Bricktown, NJ 08723, 

USA, 1975. 
Houghton, E. L. and Carpeoter, P. W., Aerodynamics for Engineering Students, 4th edn. Edward Arnold, Loodoo, 

1993. 
K.uchemann, D., The Aerodynamic Design of Aircraft. Pergamon Press, Oxford 1978. 
Mair, W. A. and Birdsall D. L., Aircraft Performance. Cambridge Aerospace Series, Cambridge University Press, 

UK. 
Seddoo, J. and Goldsmith, E. L., Intahe Aerodynamics. A1AA, Waldorf, MD, USA, 1986. 
Vinh. N. X, Performance of High Performance Aircraft. Cambridge Aerospace Series, Cambridge University Press, 

UK. 

9.1.3 Structures books 

Bruhn. E. F., Analysis and Design of Flight Vehicle Structures. Cincinnati, Ohio, Tristate Offset Co., (this may be 
difficult to obtain). 

Cutler, J., Understanding Aircraft Stroctures. Granada, London, 1981. 
Chun-Young Niu, M., Airframe Structurnl Design. Conmilit, USA, 1990. 
Megson, T. H. G., Aircraft Structures for Engineering Students. Edward Arnold, London, 1990. 
Timoshenko, S. P. and Gere, J. M., Mechanics of Materials. Van Nostrand Reinhold, New York, 1969. 
Tsai, S. W. and Hahn, H. T., Introduction to Composite Materials. Westport, Conn., Technical Pub. Co., 1980. 

(when available). 

9.1.4 Systems and general books 

Anon, AIAA Aerospace Design Engineers Guide, 3rd edo. A1AA, Waldorf, MD, USA, 1993. 
Ball, R. E., The Fundamentals of Aircraft Combat Survivability: Analysis and Design. AIAA, Wald~ MD, USA 

1985. 
Cwrey, N. S., Aircraft Landing Gear Design: Principles and Practices. AIAA, Waldorf, MD, 1988. 
Jane's 'All the Worlds Aircraft' edited by Jobo W. R. Taylor. Published anoually by Jane's Publishing, Loodon and 

New York. This is an invaluable, but expensive, book. It gives extensive details of all aircraft in cmrent 
production. It is possible to buy it on a ROM disk. 

Mattingley, I D., Heiser, W. H., Daley, D. H., Aircraft Engine Design. AIAA, Waldorf, MD, USA, 1987. 
Moir,l. and Seabridge, A, Aircraft Systems. Longman Scientific and Technical, UK. 1992. 
Neese, W. A., Aircraft Hydroulic Systems. Pitman Publishing Ltd, Loodon, UK, 1984. 
Pallett, E. H. J., Aircraft Electrical Systems. (3rd edn). Longman Scientific and Technical, UK, 1987. 
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Rolf, J. M. and Staples, K. J., Flight Simulation. Cambridge Aerospace Series, Cambridge University Press, 
Cambridge, UK. 

Smith. M. J. T., Aircraft Noise. Cambridge Aerospace Series. Cambridge University Press, Cambridge, UK. 

9.1.5 Magazines andjoumals 

Aerospace, The Royal Aeronautical Society, London, UK, monthly. 
Aerospace America, AIAA, USA, monthly. 
Aviation ~ek and Space Technology, USA, weekly. 
Flight International, UK, weekly. 
Juurnal of Airerqfl, AIAA, USA, mon1hly. 
Interavia, Geneva, Switzerland, monthly. 
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Data sheets contain vast amounts of empirical and theoretical data, amassed over decades. The 
British ESDU series evolved from the Royal Aeronautical Society data sheets and cover a wide 
range of topics. The main aeronautical series are listed later. The USAF DATCOM series are 
particularly conceroed with aerodynantics, and stability and control. ESDU use British aerodynamic 
notation, whilst DATCOM uses American terminology. 

9.2.1 ESDU data sheets 

These listed below are particularly useful to aircraft designers, but there are other series. 
These may be obtained from: Engineering Sciences Data Unit, 27 Corsharn Street, 

London, Nl 6UA, UK. 

9.2.1.1 Aerodynamics 
General 

Volume Ia 

Volume lb 
Volume lc 

Volume2a 

Volume2b 

Volume2c 
Volume2d 

Volume2e 

Organization 
Properties of gases 
Isentropic flow and shock waves 
Properties of the atmosphere 
Wind speeds and atmospheric turbulence 
Aerofoils and wings 
General 
Aerofoils at subcritical speeds - pressure distribution, lift, pitching 
moment, aerodynamic centre 
Aerofoils at subcritical speeds - drag 
Aerofoils at supersonic speeds - pressure distribution, lift, pitching 
moment, drag 
Critical Mach number and pressure coefficient 
Flat plates - boundary layers, skin friction and surface roughness 
Wings - lift, pitching moment, aerodynamic centre, spanwise loading 
Wings - lift, pitching moment, aerodynamic centre, spanwise loading 
(continued) 
Wings- drag 
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Volume3a 
Volume3b 
Volume 3c 

Volume4 

Volume Sa 
Volume Sb 
Volume Sc 

Volume6 

Volume7 

Volume 8 

Volume9a 

Volume9b 
Volume9c 

Volume 10 

Volume !Ia 
Volume lib 

Volume 12 

Volume 13 

Bodies 
Bodies - general 
Bodies - drag 
Bodies - pressure distribution, normal force, pitching moment, centre of 
pressure 
Wing-body combinations 
Wing-body combinations - lift, normal force, pitching moment, aero­
dynamic centre, upwash. 
Wing-body combinations - drag 
Controls and flaps 
Controls - lift, pitching moment, rolling moment, drag 
Controls - hinge moment 
Flaps - lift, pitching moment 
Flaps- drag 
Drag of excrescences, undercarriage, canopy 
Excrescence drag 
Undercarriage drag 
Canopy drag 
Internal flow systems 
Ducts 
Nacelles, intakes, nozzles 
Powerplant/airfrarne interactions 
Propeller powered aircraft 
Jet powered aircraft 
Stability of aircraft 
General 
Longitudinal stability - ground effect, downwash, tandem lifting surfaces, 
tailplanes, pitch rate derivatives 
Lateral stability - derivatives due to sideslip 
Lateral stability - derivatives due to rate of roll 
Lateral stability - derivatives due to rate of yaw 
Unsteady aerodynamics 
Unsteady aerodynamics 
Bluff bodies and structures 
Mean forces 
Fluctuating forces and response 
Aerodynamic heating and heat transfer 
Aerodynamic heating and heat transfer 
Wind-tunnel corrections 
Wind-tunnel corrections 

9.2.1.2 Composites 
Volume I Laminated composites 
Volume 2 Buckling of balanced laminated composites 
Volume 3 Buckling of unbalanced laminated composites 

Sandwich panels with composite face plates 
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Volume4 
VolumeS 
Volume6 
Volume? 

Bonded joints 
Failure criteria 
Damping and response to acoustic loading 
Natural modes of vibration 

9.2.1.3 Performance 
Volume 1 Explanatoty and general guidance 

Volume2 

Volume3 

Volume4 

VolumeS 
Volume6 

Volume? 

VolumeS 

Equations of motion 
Atmospheric data 
Thrust determination 
Estimation (engines and intakes) 
Estimation (propellers) 
Tyre-runway forces 
Tyre spray 
Airfield performance (general) 
Estimation (take-off) 
Estimation (landing) 
Estimation (range and endurance) 
Reduction 
Estimation 
Air data (flight-test measurement) 
Airspeed data 
Analysis (jet aeroplanes) 
Analysis (turbine helicopters) 

9.2.1.4 Stress and strength 
Volume Ia Organizational documents 

Volume lb 
Volume2a 
Volume2b 

Volume3 
Volume4 

VolumeS 
Volume6 
Volume? 
VolumeS 
Volume9 
Volume 10 
Volume 11 
Volume 12 

General data 
Fatigue (general) 
Struts and beams 
Shafts 
Pipes 
Stress concentration 
Plates under pressure 
Pressure vessels 
Bolted joints and screw threads 
Fatigue strength of materials 
Crack propagation 
Welds 
Contact stresses 
Disc and strip springs 
Helical springs 
Fracture mechanics (general) 
Stress intensity factors 
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9.2.1.5 Structures 
Volume I 

Volume2 

Volume3 
Volume4 

VolumeS 
Volume6 
Volume? 
Volume 8 

Volume9 

Volume 10 

Volume 11 
Volume 12 
Volume 13 
Volume 14 
Volume 15 
Volume 16 
Volume 17 

Volume 18 

Organizational documents 
General data 
Section constants 
Buckling of rectangular plates and panels in compression 
Buckling of rectangular plates under combined loadings 
Buckling of non-rectangular plates 
Buckling of sandwich panels 
Diffusion problems 
Circular frames 
Hat structures 
Plates under pressure 
Design for minimum weight 
Stress concentrations 
Local buckling 
Bolted joints 
Cylinders and pipes 
Sandwich panels under normal loading 
Buckling of flat rectangular plates and panels in shear 
Buckling of curved plates and panels in shear 
Struts 
Bonded joints 
Buckling of balanced laminated composites 
Laminated composites 
Laminated composites - failure criteria 
Component idealisation for finite element analysis 
Buckling of unbalanced laminated composites 
Sandwich panels with composite face plates 
Beams 

9.2.1.6 Transonic aerodynamics 
Volume I Explanatory and general guidance 

Aero foils: estimation of pressure distribution 
Aerofoils: computational methods 

Volume 2 Aerofoils: drag rise, designs, separation 
Aerofoils: excrescence drag magnification 

Volume 3 Wings: spanwise loading 
Wings: drag rise, wave drag 

Volume 4 Axisymmetric bodies: drag rise 
Axisymmetric forebodies: wave drag, pressure distribution 

9.2.2 USAF stability and control DATCOM 

This was originally published in October 1960 at Wright Patterson Air Force Base, USA. It 
has been subsequently revised. The sections are:-
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Section 1 
Section2 
Section 3 
Section4 

Section 5 

Section 6 

Section 7 

Section 8 

Section 9 

4.1 
4.1.1 
4.1.2 
4.1.3 
4.1.4 
4.1.5 
4.2 
4.3 
4.4 
4.5 
4.6 
4.7 
4.8 

5.1 
5.2 
5.3 
5.4 
5.5 
5.6 

6.1 
6.2 
6.3 

7.1 
7.2 
7.3 
7.4 

8.1 
8.2 

Guide to Datcom and methods swnmary 
General information 
Resezved fot future use 
Characteristics of angle of attack 

Wings at incidence 
Lift cutve shape 
Section - Pitching moments 
Wing lift (3 dimensional) 
Wing pitching moment 
Wing drag 
Bodies at incidence (including body lift) 
Wing body combinations 
Wing-wing combinations 
Wing-body-tail combinations 
Power effects on incidence 
Ground effects on incidence 
Low aspect ratio wing-bodies 
Sideslip 
Wings 
Wing-bodies 
Tail-bodies 
Flow fields 
Low aspect ratio wing bodies 
Wing-body-tail 
High lift & contml devices 
Symmetric flaps & contmls 
Asymmetrically deflected contmls 
Special contmls (including hypersonic & tabs) 
Dynamic Derivatives 
Dynamic wing derivatives 
Body Dynamic derivatives 
Wing-body-tail dynamic derivatives 
Wing-body-tail dynamic derivatives 
Mass & inettia 
Aircraft mass & inettia 
Missile mass & inettia 
Chatacteristics of V/STOL Aircraft 

9.3 Computer design tools 
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The aetonautical industry was one of the pioneers in the use of computers and has 
maintained a position of pre-eminence in the field. They are currently used across the whole 
spectmm of conceptual design, analysis, detail design, testing, manufactote and operations. 
Their importance is such that all aetonautical engineezs should be aware of theit use. This 
section wiU describe some of the computer tools that are being developed at Cranfield for 
aircraft design. They are typical of such tools that have been developed at othet Universities, 
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in Industry and Research Establishments, and give an indication of computer aids available 
to designers. 

Cranfield's philosophy is to use computers as a natural part of its activities. Students are 
given 'hands-on' experience in as many computer applications as possible, so that they will 
be well equipped to make significant contributions in their subsequent activities. As the 
range of work is very wide, it is intended to limit the description of activities to work in 
aircraft conceptual design, analysis, aircraft visualization and detail design. (Fig. 9.1 ). 

9.3.1 Conceptual design programs 

9.3.1.1 Multi-variate optimization programs 
A design synthesis program has been developed for CANARD combat aircraft. The system 
synthesizes the shape of the aircraft in terms of pilot position, armament, wing size etc. It 
calculates lift, drag, mass and performance. It may be used in the design process, or to 
quickly assess existing designs. The PhD thesis of Serghides [21] describes the start of this 
work. The thesis's synthesis has now been linked to an optimizer and graphical program and 
Fig. 9.2 shows an example of the program output. 

Modifications have been introduced to cater for configurations which include novel 
propulsion systems required for supersonic STOVL layouts (short take-off, vertical landing) 
and 'stealth' aircraft. 

A similar program has been developed for the conceptual design of unmanned aircraft 
(UMA). It will synthesize and optimize the configuration of a wide range of subsonic UMA. 

conceptual 
design 

design 
analysis 

Fig. 9.1 Design aid categories. 

multi variate optimisation 
ADROIT-expert system 
R&M targets 

loads analysis 
structural analysis 
aerodynamic analysis 
R&M modelling 

airaah 
visualisation 

whole-aircraft CAD 
-- components CAD 

detail 
tie sign 

parts CAD 
FEA 
R&M analysis 
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CONPUTER GENERATED !NAGE QF THE SYNTHESIZED CONF!GURA.rJON 

(UPPER PLAN VIEW) 

DESIGN SYNTHESIS 

FOR 

CANARD-DELTA CONBA T AIRCRAFT 

BY, V.C.SERGHIDES 

1985/87 

COLLEGE OF AERONAUTICS 

CRANFIELD INSTITUTE OF TECHNOLOGY 

Fig. 9.2 Graphics plot of canard design. 
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Configurations include podded and integral jet engines and a number of tractor and pusher 
propeller layouts. 

Work has also been performed on the use of synthesis and optimization of the conceptual 
design of supersonic transport aircraft, laminar-flow aircraft and commuter aircraft. 

9.3.1.2 An example of an 'expert system- the ADROIT aircraft design system 
The initial work, which started in 1984, was for an early investigation into what were termed 
'expert systems' in which human design knowledge and logic are encapsulated in computer 
programs. This is a very simple example of what has become a major area of computer 
science. 

Since the aircraft design task was very large, it was decided to take a representative piece 
of the design, that of the wing, in order 'to learn' the methodology used in designing 
complex artifacts such as aircraft. The ADROIT (aircraft design by regulation of indepen­
dent tasks) program is a prototype program that designs an aircraft wing for a subsonic 
airliner. It selects a two-dimensional aerofoil section from a choice of possibilities and 
evaluates a range of suitable sweep angles according to the aircraft specification. Within 
ADROIT, a controller monitors the execution of the different design steps and allows the 
user to re-evaluate aerodynamic, structural and layout characteristics to give a solution 
which satisfies these criteria. More recent work has produced a similar system to that of the 
wing for the design of the fuselage interior and exterior for wide-body, narrow-body and 
regional transport aircraft. 
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The most challenging task was the development of the configuration module. This is the 
heart of the design process and the program advises the user as to the best aircraft layout to 
meet a given specification. Such matters as engine, type, number and position, wing and tail 
position and undercarriage layout are assessed. The consequences of decisions are then 
examined and advice given to the user. There is a powerful explanation facility which shows 
the logic used in design-making. The configuration module is largely qualitative, but links 
have been made to some of the analysis programs described below. 

9.3.2 Project design tmalysis profPYIIIIS 

The first aerospace applications of computers were in the analysis field - for 'number­
crunching'. This is still an a important area and Cranfield has developed a large number of 
programs which are used in aircraft design, some of which are shown below. 

Figure 9.3 shows the architecture of a partially completed suite of programs which are 
being developed for use in conceptual design analyses. This is inevitably a long-term 
process, but each program is useful in its own right and is immediately available. The aim is 
to teach good programming practices and insist on well-commented programs, augmented 
by user and programmer's guides. The theoretical basis of programs must be stated and, if 
possible, manual worked examples given. Validation is also performed against known 'real' 
aircraft properties such as performance and weight. 

Particular attention has been given to the development of aircraft reliability, maintain­
ability and mission readiness programs. These were designed for use during the early design 

Pig. 9.3 Design analysis programs. 
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phases for the prediction of aircraft system performance and the setting of reliability and 
maintainability targets. This work was summarized by the author [22] and further work has 
led to computer tools which enable the user optimize the use of bleed air to improve avionic 
system reliability [23]. 

9.3.3 AircrtJft visuiJliztltion 

Many types of computer-aided design (CAD) systems are available but the College of 
Aeronautics has standardized on the CATIA 3-D system. This is typical of a wide range of 
classic CAD systems which are described in more detail in Section 9.4. Its operation is 
demonstrated to all students who are then given hands-on experience. All design students in 
the Aerospace Vehicle Design course are given the option of using the system for design 
development, and drawing production for their theses. Most students use the system 
extensively in part creation, geometry, interfaces, ergonomics, calculations and detail 
drawing. Examples will be given later. One particularly useful application was a check of 
engine removal for a military aircraft project. The fuselage was constructed as an 'electronic 
mock-up', with the advantage that any scale could be used. 

Figure 9.4 shows an example of a fuselage interior produced by students, but more 
examples will be given in Section 9 .4, below. 

Fig. 9.4 CAD model of a fighter aircraft interior. 
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9.3.4 Programs developed for use in preliminary/detail design 

Many programs have been developed to help with analysis at the detail design stage. They 
are primarily concerned with structural and mechanical design, as that is the primary activity 
at the detail design stage. Topics include undercarriage modelling, flap configuration, fatigne 
analysis, fuselage and wing structural analysis, control surface structure, and aerodynamic 
panel analysis. 

Further programs cover maintainability prediction, composite analysis and aircraft load­
ing analysis. A number of proprietary programs are also used. The CAD packages have been 
mentioned, but extensive use is also made of finite element structural analysis. CAD is also 
used at the detail stage to produce 'electronic' drawings. The analysis facilities of CAD are 
used for such activities as the determination of fuel tank volumes. 

Students are taught how to use these programs and are then encouraged to use them on 
design projects. It is felt that it is important that students are taught the limitations of the 
programs that they use. This is to gnard against the tendency for people to use 'off-the­
shelf' programs, with little knowledge of what analysis is being performed within them. 

Recent work has included the development of an integrated CAD/CAM (computer-aided 
manufacture) method for the design and construction of a wing component. The program 
ftrst performs the conceptual design of an airliner wing on the CAD system, followed by 
parametric design of ribs. The system then was used to define CAM activity which then led 
to the production of the component on a numerically-controlled machine. This process is 
widely used by the aircraft industry as a part of the process termed concurrent engineering. 

9.4 The integration of computer tools as part of concurrent engineering 

Recent years have seen an explosion in the use of computer-aided design (CAD) across 
many industries. This process has been led by the aerospace industry, indeed many of the 
currently available systems were developed by aerospace companies. Several CAD systems 
are used in each aerospace factory for different purposes. CAD is much more than electronic 
draughting. 

Fuselage, wing and confignration design is aided by conventional CAD systems by 
improving visualization of the design. It must be stressed that these systems are aids to the 
designer. Computers have also been used by decades for such analyses as mass and drag, 
performance, stability and control and cost estimation, these are performed by dedicated 
programs not CAD systems. 

During the preliminary and detail design stages, enough is known about the aircraft to 
define its shape more exactly. Accurate analyses are possible using computational fluid 
mechanics for solving aerodynamic problems. When the shape has been refined by such a 
process (and wind-tunnel testing), more detailed design is started. Here CAD models define 
surfaces and interfaces. Components such as spars and frames are initially designed. There 
may be interfaces with finite element programs for structural analysis. It is after this stage 
that detailed designs and drawings are produced. Most CAD systems include, or interface 
with, numerically controlled (NC) machine systems such that no conventioual drawings are 
required. Fignre 9.5 shows how computer tools may interface with each other. Many 
companies still use drawings, but increasing numbers are produced by CAD systems. Thirty 
five per cent of the Boeing 767 structure was designed by computer, and about 40% for the 
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Fig. 9.5 Concurrent engineering tools. 

757. This accounted for some 7000 drawing sheets per aircraft. A more recent report stated 
that the same company had achieved 100% 'digital product definition' for the Boeing 777 
project. Other large aerospace companies are progressing in a similar fashion. 

The whole process of integration has led to the term 'concurrent engineering'. The design 
activities are integrated by the use of multi-disciplinary 'design-build teams'. Groups of 
engineers work on a design and introduce skills in design integration, structural design, 
aerodynamics, systems and manufacturing. In some companies, representatives of the 
aircraft operators are included. This ensures that the design will be able to be built efficiently 
in the factory, and maintained and flown successfully when it reaches service. Such an 
integrated process improves build quality and reduces the design/manufacturing timescale, 
relative to more conventional methods. 

9.5 Classic computer-aided design systems 

This section will concentrate on two-dimensional draughting, three-dimensional wire frame 
models and solid modelling. Many examples will be given of the use of such systems. 

9.5.1 Two-dimensional draughting 

There are many CAD systems which will perform this function, but they all have common 
features. 

9.5.1.1 Geometric entities 
CAD systems make use of simple entities such as points, lines and arcs. More sophisticated 
systems allow the construction of conic sections, polygons and splines. The latter are 
particularly useful for aero foils and complex shapes. 
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Fig. 9.6 Two-dimensional CAD image of a machined part. 
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9.5.1.2 Transformations 
The time-saving transformations function allow collections of entities to be moved, copied 
and duplication several times with any of the following transformations 

Translation - linear motion, displacement. 
Scaling - up or down. 
Rotation - about a line or point. 
Mirroring - through a plane or line. 
Reposition - into another co-ordinate system. 

These are all completely general three-dimensional transformations. Reposition is a 
powerful and useful transformation that involves both translation and re-orientation. The 
transformation functions also allow the automatic creation of rectangular and circular arrays 
of entities. 

Figure 9.6 shows a part constructed by the author and shows the use of rotation and 
m1rronng. 

9.5.1.3 Modification 
CAD systems provide many functions such as delete or edit, that allow the user to modify 
the current display or design . 

. SECTION A SE:Cf!ON e 

Fig. 9.8 Wing flaps for an airliner project. 
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Fig. 9.9 TF- 89 'wire-ftame' model, oote internal engines and misailc:a. 

Pig. 9.10 T -84 turbo-prop ttaining aircraft. 
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9. 5.1.4 Draughting aids 
CAD system dimensioning capabilities conform with industry standards. The dimension 
function automatically generates dimensions, labels and associated lines related to the 
various entities of the part. Dimension types that can be generated include linear, angular, 
radial and diametrical, concentric circle, ordinate, and form and positional tolerance. The 
lettering/symbols functions are used to generate textural notes, labels, identification sym­
bols, centre lines and cross-hatching. Standard section lining symbols are available to 
indicate common classes of material. 

Figure 9.7 shows a typical drawing produced by a student as part of a space launcher 
group project and Fig. 9.8 shows a flap mechanism. 

Fig. 9.11 E-92 project flight deck. 
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9. 5.2 Three-dimensional modelling 

Most serious CAD users graduate to three-dimensional (3-D) models of components. These 
allow better visualization of parts and assemblies and are particularly useful for checking 
interferences and interfaces. The simplest 3-D models are of the wire frame type and 
include: 

Ruled surfaces. 
Surfaces of revolution. 
Tabulated cylinders. 
Fillet of blending surfaces. 
Free-form 'sculptured' surfaces. 

Figure 9.9 shows a 'wire-frame' model of a fighter project. Figure 9.10 shows a large 
model which shows a turbo-prop training aircraft. It was particularly useful in defining the 
complex wing/boom interface. 

Wire-frame models are very efficient in terms of use of computer power. A modest 
machine can support the simultaneous use of four or five workstations, however, complex 
shapes can become confusing. The use of colour terminals can help, but confusion is still 
possible. Some systems have a feature called 'hidden-line removal' which helps, but the best 
solution is to use a solid-modeller program. This is inherently expensive in computer usage, 

Fig. 9.12 Articulated model showing instrument panel and windscreen. 
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Fig. 9.13 E-92 cabin interior. 

but gives excellent visualization. Most systems have shading and alternate light sources and 
can show potential clashes between adjacent components. 

Figure 9.11 shows a model of an executive aircraft forward fuselage. Different compo­
nents have been constructed on different electronic layers in the system. It is thus easy to 
remove layers to get inside the aircraft. This process may be likened to over-laying a number 
of transparent sheets of paper each with one CAD component, placed in the correct 
geographical position, relative to a set of datwns. 

Figure 9.12 shows one of Cranfield's articulated human figure models, that may be scaled 
to any size. The joints are capable of movement. 

It is possible to enhance the model to build-in joint movement restrictions and strength 
capabilities. This has obvious application for modelling pilot forces and maintenance 
actions. Figure 9.13 shows the use of model to show large and small scale passengers in a 
cabin. 

Several of the 3-D models have mechanism packages which show movement and some of 
them are animated. These are particularly useful for the design of items with complex 
kinematics, such as landing-gears. There is much wolk being performed to combine 
artificial intelligence with CAD systems in order to integrate design and manufacture. 
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The shape of things to come - Should 
the project continue? 

10.1 Introduction 

This book bas attempted to give an introduction to most aspects of aircraft design, witb 
emphasis on giving tbe reasons for tbe shapes of aircraft, and descriptions of their constitu­
ent parts. The preface clearly stated !bat it was not intended to produce a book about aircraft 
conceptual design, as many good texts are currently available. Some of these are ref=d to 
in tbe previous chapter, and !bey should be used, witb help, to produce aircraft conceptual 
designs. Conceptual designs, however, are not usually end-products, but merely important 
steps in tbe whole design-manufacture-operation cycle. 

Conceptual designs must be objectively assessed to see if !bey warrant tbe significantly 
increased expenditure !bat would be required to perform preliminary and detailed design. 
A vital precursor to this decision-making process is a clear definition of tbe characteristics 
of tbe conceptual design, and this is discussed in Section 10.2. Section 10.3 shows tbe 
options !bat are available following a conceptual design process, and Section 10.4 
describes simple decision-making techniques. The final section of this chapter gives an 
example of a conceptual-design definition, and describes tbe decisions !bat were made 
about its future. 

10.2 Conceptual design definition 

It is important to summarize clearly tbe results of tbe conceptual design process by 
providing tbe following types of information: 

(i) Confignration description - This will be defined by means of conventional 
engineering drawings, tabular data, computer models, physical models or a 
combination of these methods, together witb a brief description of tbe ratiouale of 
tbe design. 

(ii) Mass estimates - These will include gross and empty masses, together witb 
component mass estimates to be used as targets for subsequent work. 

(iii) Performance estimates - Drag and lift predictions will be produced, together witb 
powerplant data to give payload-range curves, field-performance, and direct opera!-

149 
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ing cost targets for commercial aircraft. Military aircraft will also require predic­
tions to be made of sortie performance, and point performance criteria such as 
attained tum rate, sustained turn rate and specific excess power. 

(iv) Reliability and maintainability targets - The direct operating cost targets, men­
tioned above, imply estimates of acquisition costs as well as reliability and 
maintainability (R and M) characteristics. These may be used to set R and M 
targets for subsequent design stages. (Appendix C). 

10.3 Comparison and choice 

The next stage in the decision-making process is to compare the defined conceptual design 
with its specification, and with competing aircraft. This may often be a subjective process, 
but numerical values should be used as much as possible, to aid objectivity. This will be 
discussed below in Section 10.4. 

The end of the decision-making process should follow from comparisons with the 
specification and the performance of competing aircraft, and will result in one of three 
possibilities, listed below and shown in Fig. 10.1: 

(i) The design meets requirements and is sufficiently in advance of competitors to 
warrant further work and investment. The design should then proceed to the 
preliminary design phase and then to the detail design stage. (This process will be 
described in the author's companion book- Aircraft Project Design). 

(ii) The aircraft does not meet the design requirement, or does not exceed competing 
aircrafts' performance, and has little chance of doing so after modification. It 
should be abandoned. 

(iii) The design narrowly misses specification targets and should be modified and re­
evaluated. 

ctJnceplull 
design 

---~~=~,Jprocess tf 
design 
dt:linition 

Fig. 10.1 Conceptual design decision-making process. 

prelim. 
design 
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Table 10.1 Close air support assessment summary 

Attribute Weighting A B c 
Twin engine Single engine Low cost 

Mark Weighted Mark Weighted Mark Weighted 
outof!O mark outof!O mark outof!O mark 

Overall cost 12 7.92 95 7.42 89 7.33 88 
Low1evel 12 5.42 65 7.83 94 6.75 81 

performance 
Detection 12 5.75 69 4.92 59 6.25 75 

probability 
Battle damage 12 7.25 87 5.33 64 6.0 72 

tolerance 
Payload/range 12 7.08 85 7.5 90 5.17 62 
Maintainability, 12 6.58 79 7.25 87 7.17 86 
reliability/repair 
Field performance 7.5 7.07 53 8.8 66 8.93 67 
Low project risk 15 8.0 120 7.0 105 6.2 93 

Total 653 654 624 

10.4 Simple decision-making techniques 

This is one of the most difficult tasks of any eogineer and is ofteo not amenable to numerical 
analysis. Several design characteristics wiU have beeo detennined dttring the conceptual 
design process. These include initial studies of mass, performance and costs. These, alone, 
are insufficieot to make a rational decision on the relative values of competing designs. 
Imponderables include aesthetics, technical risk, manufactoring capacity, etc. A designer 
needs some means of quantifying qualitative decisions. One suitable method is to list a 
series of design attributes and to give them weightings according to their relative impor­
tance. Individual designs may theo be assessed and a mark given for each design, against 
each attribute. The attribute weightings and scores are theo multiplied together to give a 
weighted score. The total attribute scores are added to give an overaU rating, and thus the 
best design may be chosen. 

Table 10.1 shows such an analysis to rank alternative designs of close air-support aircraft. 
It can be seeo that two of the aircraft had very close results. Under such circumstances each 
design should be studied in more details and the ranking process repeated on the basis of 
more accurate information. 

Table 10.2 shows a decision-making chart for executive aircraft, takeo from an advertise­
moot [24] the data for which were themselves extracted from the Business and Commercial 
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Table 10.2 Decision-making chart for business aircraft 

Seating (typical) Cabin size ( cu ft) 

Rating Rating 
I. Hawker 800 8 10.0 I. Hawker 800 604 10.0 
2. Citation VII 7 8.8 2. Lemjet 60 453 7.5 
3. Leaqet 60 7 8.8 3. Citation VII 438 7.3 
4. Astra SP 6 7.5 4. Astra SP 368 6.1 

Payload with max. fuel (lbs) Range (NBAA IFRR *) 
Rating Rating 

I. Hawker 800 1740 10.0 I. Astra SP 2668 10.0 
2. Citation VII 1268 7.3 2. Hawker 800 2480 9.3 
3. Leaqet 60 1203 6.9 3. Lemjet 60 2365 8.9 
4. Astra SP 1060 6.1 4. Citation VII 1776 6.7 

Speed(max) Operating cost (hourly) 
Rating Rating 

I. Citation VII 470 10.0 I. Lemjet 60 928 10.0 
2. Astra SP 463 9.9 2. Astra SP 947 9.8 
3. Leaqet 60 453 9.6 3. Hawker 800 1008 9.2 
4. Hawker 800 442 9.4 4. Citation VII 1050 8.8 

Acquisition cost ($M) Utility index/overall ranking 
Rating Rating 

I. Astra SP 7.54 10.0 I. Hawker 800 65.5 
2. Leaqet 60 8.30 9.1 2. Lemjet 60 60.8 
3. Citation VII 8.95 8.4 3. Astra SP 59.4 
4. Hawker 800 9.95 7.6 4. Citation VII 57.3 

*National Business Aircraft Association, Instrument Flight Rating Resources 

Aviation 1993 Planning and Purchasing Handbook, Conklin and de Decker Associates, Inc. 
The advertisement extracts information on seven important business-jet parameters. In this 
example, the best aircraft in each attribute category was given the maximum rating of 10.0. 
The competing aircraft values were then scaled on a percentage basis, to give a relative 
rating. 

For example, the Citation Vll speed rating of 10.0 was factored by its speed of 470 mph 
and the Learjet 60's speed of 453 mph to give a rating of 10 X (453)/470 = 9.64 for the 
latter. 

Inverse values apply when the acquisition and operating costs are rated. The overall 
ranking was the addition of all seven parameters and was termed the Utility index. 
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10.5 Example of a conceptual aircraft design definition description - the 
Cranfield A-90 

10.5.1 Requirements for the aircraft 

The most important part of any design process is to get the requirements right! The first 
stage was to examine the main transport aircraft in use, ot projected, together with suitable 
powerplants. 

Several market surveys show that, despite short periods of recession, average annual 
growth rates for numbers of passengers will be 5.2% over the next 20 years. Tbis growth is 
cettain to strain airpott capacity, which can only be alleviated by: 

(i) Increasing aircraft load factors. 
(ii) Increasing aircraft utilization. 

(iii) Building airports andlot extra runways. 
(iv) Improving air traffic control. 
(v) Having larger aircraft. 

The design of a larger aircraft was the subject of the A-90 study. The market study [25] 
showed the need for a 500 passenger, shott-haul airliner to fit between the capacities of 
current aircraft. The major features of the specification were: 

(i) 500 mixed class passengers. 
(ii) Carriage of undetfloot standard LD3 containers and optional main deck cargo door. 

(iii) Passenger and bag range of 2000 nmiles with FAR reserves with maximum cruise 
speed greater than 340 knots. 

(iv) All-up mass takeoff from 8300 ft, and landing on 5650 ft, airfields at ISA, sea level 
conditions. 

(v) Runway loading less than that of the Airbus lndustrie A330. 

10.5.2 Conftgura!Wn description 

The full conceptual design process fot the A-90 is described by the author [25] and the 
parametric study is reproduced as Appendix B of this book. Figure 10.2 shows the three­
view general arrangement drawing of the aircraft, whilst Table 10.3 gives the leading 
dimensions of the aircraft. 

10.5.2.1 Wing 
The modest quarter chord sweep of 30° combined with supercritical wing sections gave a 
maximum cruise ofM 0.86. The wing aspect ratio is just less than 9 and the outer wing and 
centre-wing torsion box gave sufficient fuel volume for an optional range of 3500 nmiles, 
when combined with the trimming fin fuel tank. The wing utilizes variable camber leading­
and trailing-edge flaps to improve cruise efficiency and to provide gust manoeuvre allevia­
tion. They will provide scope fot future development of increased-mass aircraft, as the 
camber may be used to generate a wide range oflift-coefficients using the same wing size. 
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Fig. 10.2 A-90 general arrangement. 

10.5.2.2 Fuselage 
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The cross-sections of current aircraft were examined and it was decided to use a 'double­
bubble' fuselage, with a lower-lobe of similar width to that of the Boeing 747, with an upper 
lobe of similar width to the Airbus A320. It was felt that this would give a reasonable 
fuselage length/diameter ratio (which was later confirmed as being correct). Figure 10.2 
includes a side-view of the final fuselage configuration. All-economy seating has a capacity 
of 620 passengers. The main deck can accommodate two rows of 8 ft X 8 ft X 20 ft contain­
ers in a cargo version. 
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Table 10.3 A-90 Leading dimensions and masses 

Wingspan 
Wing span - folded 
Gross area 
Quarter chord sweep 
Aspect ratio 
Supercritical aerofoil tfc = 14%; root, 10.2% 
Aohedral 
Overall fuselage leogth 
Maximum width 
Height to tailplane 
Passenger cspacity (mixed) 
Passenger cspacity (all tourist) 
Powerplant 
All-up mass 
Normal fuel mass 

10.5.2.3 Powerplant layout choice 

57 m (187ft) 
40 (131ft) 
361.94 m2 (3896 ft2) 
3o.o• 
8.98 
MAC,8%TIP 
3.0° 
59.3 m (194.5 ft) 
6.56 m (21.5 ft) 
18m (59ft) 
500 
620 
RR Trent 800 series 
211075 kg (466 923lb) 
44 500 kg (98018lb) 

!55 

The first configuration choices were made during the parametric study (shown in Appendix 
B of this book). They were that twin turbo-fan engines would be used. This was considered 
to be the most cost-effective solution for a high-subsonic speed airliner. 

The choice of wing-mounted podded engines was made for the following main reasons: 

Engine position relatively close to the aircraft's fore-and-aft centre of gravity which 
allows payload and fuel loading flexibility. 

Wing weight saving due to inertia bending relief from the engines, due to their 
mass partially counteracting the upward lift produced by the wings. 

Simple fuel feed from wing fuel tanks to the engines. 
Relatively easy access for engine maintenance. 
Avoidance of weight penalties and potential acoustic fatigue problems associated 

with fuselage-mounted engines. 

The disadvantages of wing-mounted engines, relative to fuselage-mounted engines, were 
inferior noise, interference with wing high-lift systems, and problems of yaw control 
following engine failure. It was felt, however, that the advantages of wing-engines out­
weighed their disadvantages. The chosen engines were taken from the Rolls-Royce Trent 
fantily. 

10.5.2.4 Wing position 
The original choice was between high and low wing, because of the problem of providing 
wing bending carry-through structure in the fuselage. A mid/high wing position was chosen 
and Fig. 10.3 shows a computer-aided design model of the aircraft. The wing structure 
passes through the fuselage at the intersection of the upper and lower fuselage lobes. There 
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EMERGENCY EXITS 

3.9' 

Fig. 10.3 Fuselage cross-section of A-90 aircraft. 

is a clearance of more than 8 ft between the wing lower surface and main-deck floor for 
uninterrupted loading of 8ft containers. The upper deck is partially divided by the upper­
surface of the wing, but there is sufficient space for emergency transit between each half of 
the deck and access to the over-wing exits. 

This arrangement thus combines the low interference drag between fuselage and wing of 
a mid-wing and the structural efficiency of a high-wing. 

Other advantages of this layout were: 

Good ground clearance for the under-wing pods of the 10ft diameter engines. 
(This was the primary reason for this choice.) 

The fuselage is closer to the ground because of less severe engine clearance 
problems. This eases cargo loading, passenger loading, and emergency passenger 
evacuation. The low fuselage facilitates the conversion of the aircraft to a 
military transport role, with loading ramps. 

Easier access for fuselage maintenance, lavatory servicing and galley replen­
ishment. 

Main deck passenger vision is improved, except directly next to engines. 

The disadvantages of this layout, relative to the more usual low-wing layout were: 

The ditching properties are not as good. Ditching, or landing in water would be an 
extremely rare event, and the upper-deck exits should alleviate or eliminate this 
problem. 

The high-wing arrangement leads to fuselage mounted main landing gears. These 
are installed in fuselage blisters, with added weight and drag. Such a big aircraft, 
even with a low wing, however, would still require one or two fuselage-mounted 
main-legs and also require larger landing-gear fairings. 

10.5.2.5 Tail configuration 
The mid/high wing location made a fuselage-mounted tailplane unattractive due to down­
wash. A high T-tail was chosen and mounted in such a position as to minimize deep-stall 



10.5 A conceptual aircraft design, the Cranfield A-90 157 

problems. This arrangement led to the advantage of increasing the tailplane moment-arm, 
thus reducing tailplane size. The tailplane also acts as an end-plate, and increases the fin's 
aerodynamic effectiveness. The disadvantages of this choice are those of increased fin and 
rear fuselage loads due to asymmetric tailplane lift, and maintenance access to a fin some 
18m (60ft) above the ground! 

The latter problem was reduced by specifying an internal maintenance ladder forward of 
the fin front spar, where the width was some 0.8 m (2ft 6 ins) at the intersection with the 
tailplane. 

10.5.2.6 Landing gear 
The nose unit has a conventional twin-wheel forward rettacting configuration. These are 
four fuselage pod-mounted main units, each with a four-wheel bogie. 

10.5.2. 7 Systems 
Conventional avionic systems are used, but the 'active' variable camber flaps reqnire a fast­
acting flight control system. Fibre-optic signalling was chosen. The large passenger capacity 
reqnired most of the engine bleed air to feed the environmental control system. Electro­
impulse de-icing was used and most secondary power was produced electrically. 

10.5.3 Performance estimates 

Drag estimates were made using simple component build-up methods and ESDU data sheets 
aided the estimation of lift, and stability and control derivatives. 

10.5.3.1 Lift characteristics 
Maximum lift coefficient: 
Basic wing 
+ variable-camber devices (take oft) 
+ variable-camber (landing) 

10.5.3.2 Drag characteristics 
Drag polar:-
Cruise condition at M 0.86 at 12 000 m altitude 
Co= 0.02 + 0.047CL2 

Take-off at sea level, underearriage and flaps extended 
Co= 0.0488 + 0.047CL2 + 0.0536. CL2 

Landing at sea level, undercarriage and flaps extended 
Co= 0.0948 + 0.047CL2 + 0.0536. CL2 

Where ACL is increment in CL due to flap deflection. 

10.5.3.3 Pitching moment characteristics (low speed) 
Pitching moment coefficient at zero lift 
Wing alone, CMo 
Increment due to body CM8 

Pitching moment increment due to flaps:­
Take off setting, Ac""" 

1.20 
1.8 
2.5 

-0.06 
-0.015 

-0.09 
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Landing setting, Ac..,_ -0.17 
Location of overall wing-body aero centre: 
Percentage of wing standard mean chord (SMC), whole 20.3% 
aircraft 
Includes: 
Forward shift due to basic fuselage 
Forward shift due to nacelles 

10.5.4 Mass estimates 

5.6% 
7.0% 

A semi-empirical mass estimatiug method was used to predict the overall mass of the 
aircraft. It was sub-divided to system-level to give the targets shown in Table 10.4. These 
figures may be compared with the more exact estimated masses also shown in the table. The 
latter were obtained after the completion of preliminary and some detail design. 

10.5.5 Payload-range characteristics 

The drag estimates, engine data and other information were used to derive the payload­
range diagram, as shown in Fig. 10.4. 

The A-90 is the original aircraft, described above. The A-90A and B are variants, 
redesigned with different technology standards [20]. 

1 0.5.6 Cost estimates 

The cost prediction methods of Roskam [27] were used to estimate the acquisition and 
direct-operatiug costs of the aircraft. There was considerable doubt about the development 
cost effecta of the advanced technology used on the A-90. This was investigated by Lim 
[28]. The acquisition costs for the original A-90 were US$90 million based on a production 
run of 500 aircraft. The A-90A was similar to the original aircraft but used conventional 
flaps and a re-sized wing. The A -90B was the same as the A -90A, but used more 
conventional materials and technology. The predicted acquisition costs per aircraft were 
US$84 million for 500 A-90A aircraft and US$73 million for 500 A-90Bs. Figure 10.5 
shows relative direct operatiug costs of the three models and those of real aircraft, using 
consistent methods. 

1 0.5. 7 Reliability and maintainability targets 

The dispatch reliability method described in Appendix C was used to set targets for dispatch 
reliability. These are shown in Table 10.5 below. A prediction method for civil aircraft 
maintainability was not available at the time of the A-90 study. 

Dispatch reliability is defined as uuity-delay rate, where: 

1 
_No. of delays > 15 min+ cancellations 

De ay rate - I 00 departures 

These delays are those caused by technical problems, but non-technical delays are 
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Table 10.4 A-90 component mass estimates and targets 

Estimated Target 
Component mass (kg) mass (kg) 

Wing group-structure (inc. actuators) 20790 17920 
Fuselage structure 28315 31554 
Fin and rudder (inc. actuators) 1934 1200 
Tailplane and elevators (inc. actuators) 1180 I 020 
Undercarriage 8420 7855 
Pylons 2160 2100 

Structure 62799 61649 

Engines, powerplant structure and accessories 14008 15509 
Fuel system 1324 1215 
Flying cootrol system 1395 1551 
Hydraulics 32 1411 
Electrical system 1680 3 350 
Auxiliary power unit (APU) 260 230 
Instruments and avionics 1100 1120 
De-ice 397 830 
Fire protection 80 620 
Furnishings 7100 7100 
Environmental control system 1423 2078 
Paint 180 180 

Systems and equipment 14971 19685 

Manufacturers equipped mass 91778 96843 
MEM tolerance 7002 1937 
Crew and provisions 3690 3690 
Seats, emergency equipment pax service 11800 11800 
Nominal operating empty mass (OEM) 114270 114270 
2% mid-life mass growth allowance 2285 2285 
Pallets and containers 2520 2520 

Operating empty mass 119075 119 075 

500 passengers and baggage 47500 47500 
Fuel at above psyload 44500 44500 

Maximum all up mass 211075 211 075 

excluded, i.e. those due to air-traffic control or those caused by technical problems, but non­
technical delays are excluded, i.e. those due to air-traffic control or late passengers. Civil 
aircraft systems are allocated what are termed ATA chapter codes, where ATA stands for Air 
Transport Association of Arnetica. The method of Appendix C was used to predict targets 
for delays caused by defective equipment from each aircraft system. For example, the 
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Table 10.5 Delay rate targets for individual systems 

Delay rate 
ATA Chapter No. Description 100 departures 

21 Air conditioning 0.12 
22 Auto. flight 0.03 
23 Communications 0.03 
24 Electrical power 0.10 
25 Furnishings 0.06 
26 Fire protection 0.05 
27 Flying controls 0.32 
28 Fuel system 0.10 
29 Hydraulic power 0.18 
30 Ice protection 0.01 
31 Iustruments 0.02 
32 Landing gear 0.41 
33 Lights O.o? 
34 Navigation 0.15 
35 Oxygen 0.01 
38 Water/waste 0.02 
49 APU 0.09 
52-57 Stroctures 0.24 
71-80 Powerplant systems 0.86 

Total 2.87 

landing-gear system (Chapter 32), should not cause more than 0.41 technical delays per 100 
departures. The overall aircraft dispatch reliability target was predicted to be 

2.87 
I - 100 Departures = 0·9713 

therefore the dispatch reliability target for the whole aircraft is 97.13% 

10.6 Progress of the A-90 project beyond the conceptual design stage 

The conceptual design was performed by the author, and showed considerable promise, 
relative to existing aircraft, but it bad several areas of moderate technical risk. It was decided 
to proceed with preliminary and early detailed-design study by means of the Cranfield 
1990-91 MSc course in aerospace vehicle design. Twenty-three students and five members 
of staff performed an 8-month group design project and obtained considerable confirmation 
of the design [26]. 
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Fig. 10.6 A-94 project with escape slides deployed. 

The author presented the design at several conferences and caused some controversy by 
the choice of the wing position. 

The A-90 fonned the basis of the conceptual design of the A-94 project. The fuselage 
section and nose fuselage were retained, but a new wing was designed for the new long­
distance range requirements for the stretched aircraft. Extra, parallel, fuselage sections were 
designed to accommodate an increase in passenger capacity up to 600 mixed-class or some 
750 in high-density. This project also formed the basis of a Cranfield group design project in 
1994-95, studied by 28 students and six members of staff. The results are described [27] 
and a CAD model is shown in Fig. 10.6. The results were promising but highlighted many 
areas requiring further investigation, particularly in terms of emergency evacuation, airport 
compatibility, landing gears and manufacturing requirements. 

It would be nice to take the A-94 to production, but the development cost of US $10-14 
billion is beyond the budget of most universities! Perhaps some of the ideas might be 
incorporated by some aircraft manufacturers. 
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What can go wrong? - Some lessons 
from past aircraft projects, and a 
glimpse into the future 

11.1 Introduction 

The design, manufacture and operation of aircraft are very complex and potentially risky 
activities. There is a natural tendency towards trusting tried and tested configurations, and 
adopting an evolutionary approach. There are many cases, however of revolutionary design 
changes, such as the advent of the jet engine, or the delta wing. Revolution involves more 
risk, but can be very rewarding. The history of aircraft design has had many examples of 
excitingly innovative, not to say weird designs. A minority of these are successful, some 
marginally successful, but many have been failures, some of them disastrously expensive 
failures! This chapter will describe a number of different projects and attempt to classify the 
reasons that led to their difficulties. 

On a more positive note, the chapter will conclude with describing of a number of 
innovative designs which might have a great influence on the future of aeronautics -
positively or negatively! 

11.2 Aircraft that suffered from requirements that were too restrictive, too 
ambitious or were changed during development 

Ward [30] contains many examples of such projects from the depressing record of British 
aircraft developments since 1945, and several examples will be repeated here, both civil and 
military. Other sources were used for later aircraft. 

11.2.1 The Hawker Siddeley Tritknt 

This aircraft (Fig. 11.1) had many years of successful service in the UK and in China, and 
was a pioneer in the field of automatic landing, but sales were disappointing. British 
European Airways (BEA) were initially offered a short-haul jet transport, (the DH121) 
which would have carried 110 passengers over stage lengths of up to 1800 n miles. The 
manufacturers' projections in 1958 predicted sales of 550 aircraft. According to Ward [30] 
BEA had been examining market trends which showed a marked slip in 1958/9 and thus 
considered that the DHI21 was too big. They required that the aircraft only have 97 seats 
over an 800 n mile range. The Trident was designed round this specification, as was the Spey 
torbo-fan engine. The aircraft satisfied the requirement, but it and the engine had limited 
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Fig. 11.1 The Hawker Siddeley Trident. 

Fig. 11.2 The BAC TSR-2 bomber. 

development potential. The Boeing 727 design team developed a competing tri-jet to almost 
the same requirement as for the original DH121. Both aircraft were developed into several 
models, but the Trident sold 117 aircraft as against the Boeing 727's 1831! 

11.2.2 The BAC TSR-2 bomber 

It is difficult to separate the technical, financial and political factors which had significant 
impacts on military aircraft design in Britain in the 1950s and 1960s. In 1957, the 
Conservative Defence Minister, Mr Duncan Sandys decreed that the vast majority of 
military aviation tasks would be performed by guided missiles. A very large number of 
promising projects were cancelled immediately. The Industry was badly affected, but 
managed to recover to produce several design projects by the early 1960s, one of which was 
the TSR-2 bomber (Fig. 11.2). This project was cancelled on the grounds of costs by the 
Labour Defence Minister, Mr Denis Healey. This was in the same period as the cancellation 
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of the AW 681 Short/Vertical Take-off military transport and the P1154 supersonic 
derivative of the Harrier V/STOL aircraft. 

The cancellation of the TSR-2 was a complex process which is described in Ward [30] 
and also in more detail in Barnett-Jones [31]. Both authors acknowledge that the TSR-2 
was the most challenging aerospace project to date. The OR 343 requirement called for:-

(i) Speeds ofMl.l at 60 m altitude and M 2+ at medium altitudes. 
(ii) A radius of action of 1000 nmiles including 100 nmiles supersonic at altitude and 

200 nmiles out and return at M 0.9 at sea level. 
(iii) Ferry range greater than 2800 nmiles. 
(iv) Take-off ground roll of not more than 550 m from rough strips. 
(v) Fully automatic, accurate, navigation system, radar, infra-red and photographic 

systems. 

Further complications came from the then new systems approach to weapon-system 
design and joint-design by previously competing companies. There was much involvement 
by government committees and the aircraft became ever more complex and expensive. 
Prototypes were built and successfully flown, but costs escalated and inter-service rivalry 
clouded the issue as both the Royal Air Force and Royal Navy had conflicting claims on a 
very limited defence budget. 

The TSR-2 was cancelled and all production aircraft were destroyed in the factory or on 
artillery ranges. A few prototypes were preserved and placed in museums, and at the College 
of Aeronautics at Cranfield (Fig. 11.3). That aircraft was subsequently transferred to the 
Imperial War Museum at Duxford, Cambridge, England. 

The role of the TSR-2 role was to have been taken over by the American F-111 
programme, but this also was cancelled and the RAF had to wait a long time for the multi-

Fig. 11.3 The TSR-2 at Cranfield. 



166 What can go wrong- A look backwards and forwards 

national Tornado aircraft. That aircraft, however, benefitted much from the expertise and 
technology developed on the TSR-2 programme, as did the Concorde supersonic airliner. 

11.2.3 The airborne early warning Nimrod 

The principles of airborne early warning (AEW) have been mentioned in Chapter 7. The US 
air force and NATO have met the AEW need by mounting a large rotating radar scanner on 
the top of a converted Boeing 707 airliner (AWACS). This has strengths and weaknesses, in 
that it is relatively simple, but the airframe masks certain areas of the radar-system's field­
of-view. 

GEC/Marconi and British Aerospace chose a different approach in the design of the 
AEW Nimrod (Fig. 11.4). 

The aircraft would have used a pair of nose and tail-mounted radar antennaes, each having 
a 180° field of view without obstruction. The author performed some early layout work for 
this project, based on a conversion of the Nimrod Maritime reconnaissance aircraft which 
was, itself, a development of the Comet airliner. This arrangement gave a splendid field of 
view, but the sophisticated avionic systems led to the need for a more powerful generating 
system. Larger generators and avionic systems led to the need for a much more capable 
environmental control system, to cope with the increased heat. This process led to the classic 
weight-growth snow-ball effect. It was reported that the problem was compounded by 
customer requirement - changes and unsuitable radar-system performance. All of those 
factors led to cost growth and cancellation and the ordering of the competing design, the 
Boeing AWACS, in the late 1980s. 

11.2.4 The Rockwell XB-70, Boeing B2707 and NASP 

The challenging demands, weight growth and cost escalations were not confined to British 
aircraft. It is a world-wide phenomenon, and can be a consequence of unrealistic require­
ments and high expectations of future technology. The Rockwell XB-70 was a huge 

Fig. 11.4 The BAe AEW Nimrod. 
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167 

o.25c 

(]] 
0 

strategic bomber, designed to fly at M 3. The kinetic heating effects are considerable at this 
speed, so conventional aluminium alloys cannot be used and alternatives had to be devel­
oped. This increased risk and cost. The XB-70 entered the cost-weight spiral and never 
went further than the prototype stage (Fig. 11.5). 

Mach 3 was also the chosen cruise regime for the American competitors for the 
supersonic transport market. Many aircraft were designed as projects during the late 1960s 
and early 1970s. They were to fly fast and farther, with more passengers than the Anglo­
French Concorde (see later) 

Many hundreds of millions of dollars were spent on these projects, culminating in the 
Boeing B2707. This was a formidibly challenging project which followed the weight­
complexity-cost growth route, and never reached the prototype stage. 

This path was repeated in the USA in the 1980s on a project variously named 'The Orient 
Express' or the 'National Aerospace Plane (NASP)'. 

These were various projects aimed to fly some 300 passengers on trans-Pacific routes at 
Mach numbers greater than five. These were extremely challenging aims and although some 
technology demonstration has been done, there is little yet to show for all the effort 
expended. 

11.3 Projects that were overtaken by events 

Large aircraft projects are complex and often have a long gestation period. In a number of 
cases world events have changed the circumstances that were important at the time of the 
projects' inception. 
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11.1.1 BAe/Aerospatitde Concorde 

The Concorde (Fig. 11.6) has been an outstanding technical success and the small number 
of aircraft in service have accumulated significantly more supersonic flying hours than all 
the rest of the aircraft in the world. It operates safely and reliably, primarily on the North 
Atlantic routes, but it has not been the commercial success that was initially hoped for. 

As the first supersonic transport, it had to push back many frontiers in aerodynamics, 
propulsion, systems, structures and operations. A careful collaboration programme Lasted 
for many years in the 1950s and 1960s. There were effectively three different types of 
aircraft in terms of prototypes, development aircraft and production models. Environmental 
science and the environmental Lobby were in their infancy during the early design phases, 
but they developed rapidly. It had been assumed that the aircraft could operate super­
sonically throughout the world, but environmental pressure to limit the effects of sonic boom 
Led to the restriction of supersonic flight to over-water sectors. This negatively affected 
operational efficiency and excluded the aircraft from a number of overland routes, thus 
reducing its potential market. Concorde's initial take-off and landing noise were considered 
to be too loud and much effort went into reducing engine noise, but Concorde's current noise 
attributes would be unacceptable for future supersonic transports. Fuel prices increased 
rapidly during Concorde's development, further reducing its economic viability, relative to 
early expectations. All of these factors led to the operation of only 14 in-service aircraft split 
between British Airways and Air France. They are, however, flagship aircraft flying at 
premium fares and give great prestige to their passengers and operators. 

Super-Concordes are in the early design stages on both sides of the Atlantic and current 
schemes are for aircraft flying at speeds similar to Concorde's M 2, but with trans-Pacific 
rather than Trans-Atlantic ranges. They will carry some 300 passengers, rather than 
Concorde's 108, to reduce seat-mile costs. Variable-cycle engines will be required so that 
they can be efficient in cruise, whilst meeting stringent take-off and landing noise 
requirements. Figure 11.7 shows a typical project of the late 1990s. 

Pig. 11.6 'Ibe BAe/ Aerospatiale Conoorde. 
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Fig. 11.7 Supersonic transport configuration. 

11.3.2 The Northrop F -20 Tigershark 

The F -20 (Fig. 11.8) was an attempt to develop a cheap, effective lightweight fighter as a 
replacement for the very successful Northrop F-5 fighter. The market was the countries that 
already operated the F-5, particularly in South-east Asia. The F-20 was a very significant 
modification to the F-5 starting with the same airframe, but substituting a single modem 
F404 for a pair of older turbo-jets. The nose of the aircraft was reconfigured to improve 
agility, and a totally new avionics and flight control suite was developed. The result was a 
very capable fighter. At the start of the F-20 development the US government had imposed 
an export embargo on the sale of its most modem fighters such as the F -16. This included 
many of the target countries for the F -20. Wilson [32] listed some of the reasons why the 
project did not succeed. The aircraft matured too late and by this time the embargo on the 
F-16 had been lifted for some of the potential F-20 customer countries. There was no 
specific home-market for the F-20 in the USA and potential customers naturally asked 
'why hasn't your country bought it?'. The project was a private venture project with no 
strong financial committrnent from potential customers. 

Prototypes were built and flown, but no production aircraft were sold, and the project 
stopped. 

11.3.3 The Saunders-Roe Princess flying-boat 

This large and stylish flying boat (Fig. 11.9) was designed, built and tested in the late 1940s 
as an up-dated continuation of the pre World War II passenger flying boats. Unfortunately 



170 What can go wrong- A look backwards and forwards 

Fig. 11.8 The Northrop F-20 Tigershark . 

.. 

Fig. 11.9 The Saunders-Roe Princess. 
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for flying boats, the world was a different place after the war! Many large airfields had been 
built for bombers and became available to the new, more efficient land-planes. Flying boats 
do not need runways, but they do need mooring, passenger loading and maintenance 
facilities, which are expensive for large aitcraft. Flying boats have to carry the mass penalty 
of a reinforced hull which has to resist the severe structural loads caused by operations from 
water. The Princess also used what is termed a 'step' in the hull which is used to reduce 
hydrodynamic suction on take-off. It does, however, also lead to aerodynamic drag penalties 
with consequent mass, fuel and cost penalties. 

All of these factors, combined with a complex propulsion system meant that the Princess 
could not compete economically with the land-planes of its generation, so the project was 
cancelled in 1954. There is, however a niche market for smaller flying-boats and float-planes 
where it is uneconomic to develop aitports. Chicken [33] desctibes some recent work which 
has developed modern project-design methods for new amphibious aircraft. 

11.4 A step too far or too soon? 

There are many examples of novel concepts that seem to offer dramatic performance 
improvements, which are unrealized. All true research involves risk and often reveals 
unexpected snags. These can lead to complications or show the need for technology that is 
not yet available, or becomes too expensive to acquire. A few of such projects will be 
described here:-

11.4.1 Forward aweep wing- the RockweUX-29 

Transonic aerodynamic performance can be improved by a number of means including wing 
sweep-back or sweep-forward. The former is common-place, but the latter has been 
restricted by the phenomenon of wing divergence. A flexible forward-swept wing will twist 
nose-up, relative to the root section, as it is subjected to aerodynamic lift loads. The 
increased twist increases the local angle of attack, thus further increasing the lift load, until 
failure. It is possible to combat this effect in a conventional light-alloy wing by increasing 
the wing's torsional stiffness by using thicker material. This however, usually, is prohibitive 
in terms of mass. The advent of carbon-fibre composite materials suggested a possible 
solution for forward swept wings. The designer may control the orientation of the directions 
of several layers of the carbon-fibres, such that the wing will twist nose-down when 
subjected to wing lift loads. This concept was incorporated into the experimental Rockwell 
X-29 aitcraft (Fig. 11.1 0). 

1\vo prototypes were built and flight-tested, but as yet, no production aircraft have been 
developed. The author performed a detailed design of an aitcraft with a similar wing layout 
and then had it subsequently studied as the S-83 group design project [34]. The study 
showed that the aircraft should perform vety well in the transonic regime, but that the wing 
produced too much drag in the supersonic region. The project was further complicated by 
the requirement to have vertical take-off and landing capability which led to an extremely 
complex aircraft (Fig. 11.11 ). It was felt that although the aitcraft could have been built, it 
would not have been cost-effective. 
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Pig. 11.10 The Rockwell X-29. 

Fig. 11.11 The Cranfield S-83 project. 
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11.4.2 The Hermes Spaceplane 

The European Space Agency (ESA) decided to develop a manned space shuttle for 
exploration, and missions to support the operation of the proposed low-Earth orbit Space 
Station. It was to have been vertically launched on the top of the Ariane V rocket. The 
Ariane V was simultaneously being developed for a number of other launch missions and 
had a fixed payload launch capability. This set a maximum limit on the launch mass of the 
Hermes which could not be exceeded (Fig. 11.12). 

The launch mass, payload and crew requirements led to the specification of very 
sophisticated airframe and heat-shield materials, which required considerable development. 
As in many projects, more detailed design revealed the need for mass increases, at the 
expense of payload, because of the fixed launch mass. The issue was further complicated by 
increased complexity and mass associated with improved crew safety measures following 
the Space-Shuttle Challenger tragedy. These and other factors, led to the cancellation of the 
project in the early 1990s. 

11.4.3 The Beech Starship 

This aircraft (Fig. 5.1) was a radical aircraft designed to bring executive-jet performance 
with turbo-prop propulsion and economy. The bold design had an all-composite structure, 
a canard fore-plane, twin pusher propellers and wing-tip fins. The construction was 
extremely innovative and led to pioneering techniques. It had the problems of being first 
in the field and had to overcome many certification hurdles, because of that. Some 50 
aircraft were built, but sales were disappointing and production was stopped in the late 
1990s. 

Fig. 11.12 The Hermes. 
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11.5 Some challenging future projects 

University aeronautical departments have the luxury of being able to think laterally without 
having to satisfy share-holders, as do recently retired design professionals. The projects 
described here are some that were being examined in association with Cranfield University 
in the late 1990s, and might lead to new innovative designs. 

11.5.1 Ultra-high capacity subsonic airliners 

Chapter 10 describes the relatively conventional A-90 500-seat short-haul and A-94 600-
seat long-haul airliners. A number of alternative configurations have been studied including 
the blended-wing project shown in Fig. 11.13 [35]. 

The large delta wing was intended to use hybrid laminar-flow technology. In this, the 
leading-edge of the wing is porous and suction is applied through it, to delay the transition 
between laminar and turbulent air flow, thus greatly reducing aerodynamic drag. The delta 
wing reduces wing span below the airports' 80 m limit and provides ample space for fuel. 

The fuselage is a horizontal treble bubble to give efficient pressurization and low floor 
height in the cabin. The foreplane is retracted during cruise, but is used to trim and control 
the aircraft in pitch, following the deployment of wing trailing-edge flaps. Further work 
investigated the powerplant installation. Such aircraft raise many questions in terms of 

Fig. 11.13 Blended canard-delta. 
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conceptual design in terms of mass and aerodynamic predictions and structural and 
aerodynamic layout considerations. 

11.5.2 ~ry large cargo aircraft 

Passenger travel was predicted to increase at a compound rate of 5% per annum in between 
1990 and 2010. Cargo was predicted to grow at 8% per annum over the same period. A 
number of configurations have been proposed including the twin-fuselage aircraft shown in 
Fig. 11.14, developed from the work by Roeder [36]. The total payload was to be 400 t 
disposed in the fuselages, each of which has a cross-section similar to the Airbus Beluga, a 
large cargo aircraft. 

The project was to proceed from an initial single fuselage aircraft with a payload of some 
150 t. The aircraft in the figure would be developed using two of the fuselages, with stretch, 
and joined by the centre wing. The fuselages are some way from the aircraft centre-line and 
given considerable wing bending moment reduction, with considerable weight saving. The 
landing gear and runway widths required by such an aircraft require some work on the 

Payload 
options 
(tonnes) 

Fig. 11.14 Twin fuselage cargo aircraft. 
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airport infrastructure. It was envisaged that a relatively small number of ex-military airfields 
could be suitably modified at relatively modest costs. 

Further work was carried out to investigate the feasibility of using the broad delta concept 
of Section 11.5 .1 as a large cargo aircraft. This concept has considerable merit, at the cargo 
can be put in the wing, which has relatively smaller span than the twin fuselage, thus easing 
airport compatibility questions. 

11.5.3 Wing in ground effect (WIGE) 

It has been known for a long time that aircraft flying very close to the ground can operate at 
a higher aerodynamic efficiency than normal flights because of the ground-effect. Many 
such designs have been proposed, particularly more recently in the Former Soviet Union. 

Such craft are hybrids between aircraft and ships in that they operate at aircraft speeds 
over smooth surfaces - usually the sea. They are different from hovercraft, in that the lift on 
the craft is generated by aerodynamic forces on wings, not from an air-cushion provided by 
engines. The craft has very significant speed advantages over ships, but must have means of 
overcoming obstacles, such as very large waves. It therefore needs to be able to fly as 
aircraft out of ground effect to over-fly obstacles. This makes it more suitable for overland 
flight than hovercraft, but does add complications. The project in Fig. 11.15 is one such a 
project [37]. It has a number of technology issues that must be solved, but it has great 
potential. 

Fig. 11.15 Possible wing in ground effect aircraft. 
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Fig. 11.16 Cranfield S-95 project. 

11.5.4 Supersonic short ~ff, 11erticallandingjighter 

There bas been considerable interest in the development of a supersonic fighter which also 
has the vertical take-off and lancling attributes of the subsonic Harrier aircraft. The Cranfield 
S-95 project attempted to do this, with the additional requirement that the aircraft should 
have low radar and infra-red signatures, combined with the ability to operate from aircraft 
carriers. This was clearly a challenging task. Conceptual, preliminary and detail designs 
were performed by means of individual study and group design project work. The resulting 
aircraft appeared to be feasible and should meet all of the performance requirements. It had 
a very large engine, which posed considerable problems with removal for maintenance, 
which were solved. 

Figure 11.16 shows the conceptual design computer model of the aircraft (top left). The 
centre-right image shows the preliminary structural and systems design of the tail-boom. 
The lower right image is a CAD solid-model of a fin pick-up frame, whilst the remaining 
image is of a structural finite-element model of the frame. 

This figure therefore shows elements of conceptual, preliminary and detail design stages 
and structural analysis. 

The aircraft was promising, but was predicted to cost some US$80 million each in 1996. 
Cost-effectiveness studies would have to be performed to see if such a project should be 
produced. 

11.6 Conclusions 

It is hoped that this chapter has given a brief sample of many of the exciting aircraft design 
projects that have spilled out of the creative minds of aircraft designers. There are many 
rewards, but also many pitfalls. Some of the problems have been noted in terms of the wrong 
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requirements, projects overtaken by World events, over-ambitious projects or those which 
came at the wrong time. Other problems not already shown include political interference, 
too long a gestation period which led to aircraft being too late to the market place or just, 
plain, bad luck. 

Some of the more obvious problems can be reduced by paying much more attention to 
getting the specification right, and choosing an appropriate level of technology. Risk 
assessment can more easily be performed now by using computational methods to go further 
down the design cycle than was possible in the past. By this means, potential 'show­
stoppers' can be isolated. There is a strong case for developing low-cost flying demonstrator 
programmes to investigate risky technologies - possible using remotely-piloted vehicles. 

The author unfortunately, has no obvious answers to the whims of politicians, but wishes 
'good luck' to designers of future aircraft. 

This is the final chapter of the current book and the author hopes that it has given a good 
introduction to aircraft design and that the references, bibliography and appendices will give 
further useful information. A further book is in preparation which will give further help for 
designers involved in aircraft preliminary and detail design. It will be entitled Aircraft 
Project Design. 



Appendix A: 

Useful aircraft design data 

Al Introduction 

The aircraft industry is littered with a plethora of aerospace terms and units, which leads to 
considerable confusion. The early part of this appendix aims to translate terms used by the 
English-speaking nations on either side of the Atlantic ocean. 

Conversion tables are also provided to allow comparison between commonly-used 
English or US units and their equivalent International System of units (SI). 

Relevant, accurate, empirical aircraft design data are food and drink to an aircraft 
designer. It is important to learn from the past and use information about it as a guide for the 
futore. Data comes from many sources, some more easy to acquire than others. Chapter 9 
lists many data sources, but these still leave significant gaps of information. The author has 
accumulated much data over the years, and has extracted others from regular sources to 
present what is hoped will be useful information in a simple form for use in the early design 
processes. These data, by their natore, become obsolete after a few years, but it will be 
possible to up-date them as more information becomes available. 

This appendix gives information in tabular or pictorial form in such areas as aircraft 
geomettic, mass and performance data. It also gives information on powerplants, aero­
dynamics, structores, landing gear, interiors and weapons. 

A2 US/UK nomenclature 

Fignre A2.1 shows the main components of a commercial aircraft, together with relevant 
names. 

Other components, not shown:-

us 
Empennage 
Canard 
Alwninum 
Windshield 
Zee-section 
(ofsttinger) 
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UK 
Tail unit 
Foreplane 
Aluminium 
Windscreen 
Zed-section 
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BODY OF FUSELAGE 
(FUSELAGE) 

NOSE LANDING GEAR-NLG 
(NOSE UNDERCARR !AGE) 

VERTICAL STABILIZER 

(FIN) 

MAIN LANDING GEAR 
- MLG (MAIN UNDERCARRIAGE) 

Fig. A2. 1 Major component nomenclature - US and (British). 

c~:::::~~,....---HORIZON'I'I\T, 
TAIL 
( TAILPLI\NC) 

WING 
(MAINPLANE OR WING) 

A3 UK and US/SI conversion tables and airspeed charts 

Many US companies use what they term 'English' units for dimensions, speeds, volumes 
etc. Most UK and other European companies and Universities use the SI units. The 
converswn chart of Table A3.1 should be useful in making conversions of aeronautical 
measures. 

Table A3. 1 Conversion factors for widely-used aeronautical units 

English (OR US) 
Category units SI units 

Linear dimensions 
Inch 1 in 25.4mm 
Foot 1ft 0.3048 m 
Yard 1 yard 0.9144 m 
Mile 1 mile 1.609 krn 
Nautical mile 1 nm 1.853 krn 

Areas 
Square inch 1 in2 16.39 cm2 

Square foot 1 ft2 0.0929m2 
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Table A3.1 (cont.) 

English (OR US) 
Category units SI units 

Volumes 
Cubic inch 1 in3 16.39 cm3 

Cubic foot I ft3 0.02832m3 

UK gallon I gall(UK) 4.5461 
US gallon I gall(US) 3.7851 

Masses 
Pound lib 0.4536kg 
Ton I ton 1016 kg 
Slug 32.2lb 14.6 kg 

Densities 
Slug per cubic foot I slug/It' 515.4kg/m3 

General density llb/in3 27.68 kg/! 
llb/ft' 16.02kg/m3 

Forces, pressures, stresses 
Pound force llbf 4.448N 
Pound per square incb llbf/in2 6.895KN/m2 

or 68.95mb 
Ton per square inch I ton f/in2 15.44MN/m2 

Pound mass per square foot llb/ftl 4.8825 kg/m2 

Pound force per square foot llbf/ftl 47.88N/m2 

I atmosphere 14.71bf/in2 0.3045m/s 

Velocities 
Feet per second I ft/sec 0.3048m/s 
Mile per hour !mph 0.447m/s 

1.609km/h 
Knot lkt 0.5148m/s 

1.853 km/h 

see Fig. A3.1 for conversions between airspeeds and Mach numbers 

Aerospace terms 
Specific fuel consumption for llb/lbf/h 

jet engines = pound of fuel per 
pound of thrust per hour (s.f.c) 

Specific fuel consumption - lib /h/hp 
turbo-prop 

Specific fuel consumption - 11b /h/hp 
piston 

Horsepower 1 hp 

28.32 mg/Nis 

168.9 1'!!/J 

168.9 1'!!/J 

745.7W 

SI symbols: m = metre, mm = millimetre, em = centimetre, km. = kilometre, 
1 = litre, g = gram, kg = kilogram, mg = milligram, I'!! = microgram, MN = 
mega Newton, N = Newton, b = bar, mb = millibar, s = second, J = Joule, 
W=Watt 
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Fig. A3 .1 Speed, altitude and Mach number relationships and international standard atmosphere, sea 
level conditions (ISA). 

Table A3.2 Atmospheric properties at sea level 

Standard sea level conditions English (or US) units SI units 

Pressure (Po) 2116.22 lbf/fi2 101 325.0 Newtons/m2 

(14.696lbf/in2) (1013.25 millibar) 
Temperature (to) 49°F 15°C 

(To) 518.67 R 288.16 K 
Density (po) 0.002 376 9 slugsjft3 1.2250 kg/m3 

Velocity of sound (ao) 1116.45 ft/s 340.294m/s 
661.48 knots 

Kinematic (vo) 1.5723 X 10-4 ft2 /s 1.4607 X 10-5m2 / s 
Viscosity 
Acceleration due to (go) 32.1741 ftjs2 9.806 65 m/s2 

gravity 
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Speed, altitude and Mach nwnber conversions often lead to difficulties, so Fig. A3.1 was 
produced to show the relationships between these values. Table A3.2 shows the values of the 
main atmospheric properties at sea level. 

If 

v. =Equivalent airspeed (EAS), True airspeed (TAS) = ~ 

~ densi . p at a given altitude 
u = ty ratio = --:--...--'=-.=..---=-

Po at sea level ISA conditions 

Mach No, M= v.= v. 
a v'YgliT 

where v. = true airspeed; y = specific heat ratio; R = gas constant; T = ambient tempera­
ture. 

A4 Aircraft leading data tables 

This section (Tables A4.1-A4.11) is a compilation of a range of data that should be useful 
for the early conceptual design process and for use as a 'reality check' as the design 
progresses. It is crucial to know the performance and characteristics of current aircraft, 
when designing competitors. The format of the data was chosen to be directly applicable for 
use in parametric analyses. Sources include:-

(i) Several editions of Jane's 'All The Worlds Aircraft' [6]. 
(ii) Extracts from compilations in 'Flight International' magazine. 

(iii) A Cranfield research thesis by R Hewson produced in 1993 [38]. 
(iv) Inputs from manufacturers' catalogues. 

Some of the data for combat aircraft have been reproduced from Hewson's thesis and 
showo as Fig. A4.1 and give some useful information for the early stages of wing design. 

Although care has been exercised in compiling this information, aircraft and engine 
performance often changes with time and therefore aircraft or engine manufacturers' data 
should be consulted for precise, current, nwnbers. The data in these tables contain 
information current at the eod of 1996. 
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196 UsefUl aircraft design data 

AS Power plant data 

Tbis section is a summary of a wide range of data that should be useful for aircraft 
conceptual design purposes. The data are those that affect the aircraft, but there is no 
information about tbe details of the engine cycle design, as that is not the function of tbis 
section. The information is maiuly in the form of summary tables for: civil turbo-fans; civil/ 
military turbo-props; Military turbo-fans/jets. 

There is also information giving more detail about representative civil and military 
engines, and limited information about piston engines. 

The primary data sources were: 

(i) Several editions of Janes' 'All The Worlds Aircraft' [6]. 
(ii) Extracts from compilations in 'Flight International' Magazine. 

(iii) Information from a European engine company, published in Cranfield theses with 
permission. 

(iv) Several engine manufacturers' catalogues. 
(v) Results from running Cranfield University's engine design program, TURBO­

MATCH. 

A5.1 Engine data tables 

Information from the above sources was compressed and presented in a consistent format in 
the following tables for civil Turbo-fan engines (Table A5 .I); turbo-prop engines (Table 
A5.2); and military turbo-jet and turbo-fan engines (Table A5.3). 

A5.2 Detailed data of project engines 

A5.2.1 The T-91 project turbo-fan engine 
Tbis engine was designed by an engine company's Project Office to support the Cranfield 
T -91 advanced trainer project [39]. 

AS .2.1.1 Engine description 
Tbe engine proposed is a two spool, medium bypass (typically 1.5: I) engine, rated for 
trainer operating cycles. Maximum design stator outlet temperature is only reached during 
hot-day take-off runs and at maximum sea level !SA-day speed ofM 0.9. There is no time 
restriction on any other performance levels. 

The engine carcass dimensions are shown in Fig. A5 .I These have been derived by 
scaling the original drawing provided by the manufacturer. Also, a 120 mm jet pipe 
extension has been inserted between the turbine exit and tbe exhaust nozzle, as that was 
reqnired by acoustic fatigne considerations at the rear fuselage tail boom section. Tbis jet 
pipe has increased tbe total engine mass given by tbe manufacturer from 388 kg to about 
400 kg (increase of 12 kg). On the given dimensions, allowances must be made for 
accessories, piping, wiring etc. Fignre A5.2 shows notional airframe clearance envelopes at 
several stations along the engine. The sections shown can be assumed to change smoothly 
from station 2 to station 3. No allowance is made for thermal insulation on the engine outer 
case, the maximum temperature of which would be expected to be -464 K. 
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Fig. A5.1 T -91 Project engine dimensions. 

Station 1-2 Station 3 

Fig. A5.2 Engine envelope. 

Figure A53 shows the engine installed in the fuselage of the T -91 aircraft. 

A5.2.1.2 Engine data 
Total engine mass, less mountings 
Maximum thrust, sea level static ISA conditions 
Bypass ratio 
Throttle response: 

(i) 
(ii) 

On ground, from idle to 95% max thrust 
In flight, from idle to 95% max thrust 

Polar moments of inertia: 

(i) 
(ii) 
(iii) 
(iv) 

HP shaft (rotates clockwise as seen from front) 
LP shaft (rotates anti-clockwise as seen from front) 
Static engine components about shaft axis 
Total engine about transverse axes through CG (both equal) 

CG location (on shaft axis), from compressor inlet 0.571 m 
Spool angular speeds are given in Table A5.4. 

400kg 
28.7 kN 

1.5: 1 

8.5 s 
5.5 s 

0.18 kgm2 

1.04 kgm2 

14.6 kgm2 

46.4 kgm2 
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Fig. A5.3 T -91 engine installation. 

A5.2.1.3 Engine performance 
Engine performance, uninstalled, is shown in Table A5.5. It includes representative bleed 
and power off-takes for the T -91 application. 

Installed thrust 

30 

25 

20 
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-•-3km 
.... 

10 -<>--S.l. 
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Mach 

Fig. A5.4 T -91 installed maximum thrust. 
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Table A5.4 Spool angular speeds 

LP spool Wr.p HP spool WHP 

Ratings %/(rpm) rad/s %/(rpm) rad/s 

100'/o rpm 100 1652.478 100 3374.070 
(assume max continuous) (15 780) (32220) 

Max war rating 105 1735.102 105 3542.773 
(16 569) (33 831) 

Table A5.5 T -91 Thrbo-fan project engine performance at sea level 

XM WlA FN SFC WFT WB3 PWXH 

0.000 48.10 28.7 17.969 516.1 0.000 0 
0.000 48.10 28.7 17.970 516.1 0.000 0 
0.000 49.54 27.7 17.453 483.4 0.360 35 
0.000 49.54 27.7 17.453 483.4 0.360 35 
0.000 43.67 20.8 15.495 331.2 0.360 35 
0.000 36.40 13.8 15.539 215.2 0.360 35 
0.000 26.75 6.9 15.974 110.6 0.360 35 
0.200 50.74 25.4 19.684 499.2 0.360 35 
0.200 50.74 25.4 19.684 499.2 0.360 35 
0.200 45.09 19.0 18.391 349.8 0.360 35 
0.200 38.12 12.7 18.391 233.0 0.360 35 
0.200 29.19 6.3 19.994 126.8 0.360 35 
0.200 24.15 3.8 22.420 85.3 0.360 35 
0.300 52.27 24.9 20.861 519.6 0.360 35 
0.300 46.60 18.7 19.653 367.2 0.360 35 
0.300 39.57 12.5 19.809 246.7 0.360 35 
0.300 30.96 6.2 21.975 136.8 0.360 35 
0.300 26.13 3.7 25.153 94.0 0.360 35 
0.500 57.37 25.3 23.290 589.5 0.360 35 
0.500 51.36 19.0 22.180 421.1 0.360 35 
0.500 43.83 12.7 22.561 285.6 0.360 35 
0.500 35.46 6.3 25.656 162.4 0.360 35 
0.500 31.03 3.8 30.243 114.8 0.360 35 
0.600 61.06 26.2 24.536 641.7 0.360 35 
0.600 54.74 19.6 23.438 459.7 0.360 35 
0.600 46.75 13.1 23.868 312.1 0.360 35 
0.600 38.16 6.5 27.262 178.3 0.360 35 
0.600 33.89 3.9 32.442 127.3 0.360 35 
0.700 65.61 27.4 25.813 707.5 0.360 35 
0.700 58.87 20.6 24.708 507.9 0.360 35 
0.700 50.29 13.7 25.151 344.7 0.360 35 
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Table A5.5 (cont.) 

XM W1A FN SFC WFT WB3 PWXH 

0.700 1.11 6.9 28.669 196.5 0.360 35 
0.700 36.99 4.1 34.282 141.0 0.360 35 
0.800 70.07 27.7 26.734 740.4 0.360 35 
0.800 62.65 20.8 25.924 538.5 0.360 35 
0.800 53.53 13.8 26.593 368.3 0.360 35 
0.800 44.01 6.9 30.344 210.1 0.360 35 
0.900 74.85 27.9 27.750 773.5 0.360 35 
0.900 66.76 20.9 27.211 568.9 0.360 35 
0.900 57.13 13.9 28.093 391.5 0.360 35 
0.900 47.29 7.0 32.123 223.8 0.360 35 

XM =Mach number; W1A = airflow, (kg/s); FN =nett thrust (kN); SFC = specific fuel 
consumption, (g/s/kN); WFT =fuel flow (g/s); WB3 =customer bleed (kg/s); PWXH = 
HP power offtake, (kW). 

-•-S.L. 

~llkm 

-•-Gkm 

--o--3km 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

Mach 

Fig. AS.S T -91 fuel consumption at maximum thrust. 

Figures A5.4 and A5.5 give plots of the installed engine performance predictions. 

A5.2.2 The TF-89 project fighter turbo-fan engine 
This engine was designed by an engine company's Project Office to support the Cranfield 
TF-89 advanced tactical fighter project [40]. Manufacturers information was augmented by 
runs of the Cranfield TURBOMATCH engine design program. 
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AS .2.2.1 Engine description 
The engine has two shafts and a bypass ratio of 0.4. The engine parameters are: 

USAF standard intake 
Fan pressure ratio: 4.5 
Compressor pressure ratio: 5.5 
Fan duct relative total pressure losses: 4.5% 
Cooling bleed: 1% 
Burner combustion efficiency: 0.995 
Relative total pressure losses: 4.4% 
Turbine entry total temperature (TET): 1845 K 
Afterburner combustion efficiency: 0.99 

Relative total pressure losses: 2.5% 
Maximum total temperature: 2300 K 

'Condiv' nozzle 
Maximum continuous net thrust at M 1.6, 50 000 ft (design point): 28.7 kN 

Figure A5.6 shows the engine general arrangement with associated masses and centres of 
gravity. 

AS .2.2.2 Performance 
Airframe systems required power off-takes of 139 kW and 1% air bleed for each of the two 
engines. Performance figures (installed) were calculated with the following intake pressure 
ratios (Pr):-

CRANFELD PROJECT ENGINE 1989 

DESIGN POINT SHAFT SPEEDS 

LP 11100 rpm HP 15400 rpm 
DRY WEIGHT 1390kg 

IDLE HP 60% LP 25% 

(bare core) (with reheat but no nozzle) 

0 2 3 

METRES 

Fig. A5.6 TF-89 engine dimensions. 
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Engine data 

Net thrust (Turbomach results) 

T.E.T. = 1845 K Dry 

120,-r-----r-----,----,.------,.----~ 

0~------~-------L------~------~------~ 
0 0.5 1.5 2 

138 KW power offtake & I% bleed after HP compressor 

Fig. A5.7 TF-89 net thrust- dry. 

Net thrust 

T.E.T. = 1845 K 

Engine data 

(Turbomach results) 

Reheat (Tt = 2300 K) 

2.5 
Mach 
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Om 

" = 
f-1 

50 

0>~----L-------~--------~--------~------~ 
0 0.5 1.5 

138 KW power offtake & 1% bleed after HP compressor 

Fig. A5.8 TF- 89 net thrust - re-heat. 
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Fuel flow 

T.E.T. = 1845 K 

Engine data 

(Turbomach results) 

Dry 

41----------.---------.---------.---------.---------, 

0·~--------~------~--------~--------~------~ 
0 0.5 1.5 2 

138 KW power offtake & I% bleed after HP compressor 

Fig. A5.9 TF-89 fuel flow- dry. 

Engine data 

Fuel flow (Turbomach results) 

T.E.T. = 1845 K Reheat (Tt = 2300 K) 

12 

10 

8 

~ 
~ 6 

"" " Om ~ 4 

2 

0 
0 0.5 1.5 2 

138 KW power offtake & I% bleed after HP compressor 

Fig. A5.10 TF-89 fuel flow- re-heat. 
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65 

.; 

Specific fuel consumption 

T.E.T. = 1845 K 

(Turbomach results) 

Reheat (Tt = 2300 K) 

~ 60 

g 
§ 

·;:: 55 ~ 
( ~ ~ v 
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.H 45 
~ 

0 
0 

~ 15000m 

0.5 1.5 

13 8 KW power offtake & 1% bleed after HP compressor 

Fig. A5.11 TF-89 specific fuel consumption- re-heat. 

Fig. A5.12 TF-89 fuselage. 

Pr = 0.90 Mach number between 0 and 0.9 
Pr = 0.89 M 1.1 
Pr = 0.88 M 1.6 
Pr = 0.80 M 2.0 
Pr = 0.68 M 2.5 

2 2.5 
Mach 
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Figures A5.7 and A5.8 show net thrust 'versus' Mach number and altitude for dry and 

reheat engines, respectively. Figures A5.9 and A5.10 give corresponding fuel flows, whilst 

figure A5.11 shows re-heat specific fuel consumption. 
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A5.2.2.3 Installation 
The engine dry mass is 1390 kg, as shown on Fig. A5.6 and its estimated polar moment of 
inertia is 8.6 kgm2 . Figure A5.12 shows the engine installed in the rear fuselage of the 
Cranfield TF -89 group project aircraft design. 

A5.2.3 The SL-86 project turbo-ramjet engine 
This engine was designed by an engine company's project office to support the Cranfield 
SL-86 space launcher design project. The latter was a two-stage to orbit horizontal take-off 
space launcher [41]. The lower stage was a large Concorde-shaped vehicle powered by four 
of the turbo-ramjets. They were fuelled by liquid hydrogen and operated in turbo-jet mode 
up to approximately M 2, and then changed to ramjet mode up to the separation Mach 
number of 4.0. Such engines, however, are suitable for Mach numbers up to 6 or 7. 

The upper stage was a small space shuttle type vehicle sitting on top of the launcher until 
separation. The upper stage was powered by a down-scaled version of the Space Shuttle 
main engine, fuelled by liquid hydrogen and liquid oxygen. 

A5.2.3.1 Engine description 
Type - turbo-ramjet 
Sea level static thrust 
Mass including nozzle, approx. 

Further details are shown on Fig. A5.13. 

220kN 
3500 kg 

In turbojet mode the engine core takes most of the airflow delivered by the intake, and 

Fig. A5.13 SL-86 turbo-ramjet engine. 

MOUNTINGS 
1.11 I.IAIN T~ICN Wli.NTSo A)(IAI. C. \I'DITICN.. LOADS 
liZ I'"RONT Lr,..,..;s, VE'RTICti.L 4 SlOE LOADS 
1.!3 REAR LIN<S, SlOE LO....OS QN...Y 

HI FRONT I-OISTING LUJ 
H2 FEAR 1-QISTING LuG 
SJ TROI...L.£Y l.IOUNTING LUG 
HJ I.IAINT~E HJISTII'IJ LuG 
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compresses it through fout stages in the LP compressor, and through fout stages in the HP 
compressor. The combustion chamber is similar to a conventional engine, apart from the 
absence of a flame holder which is not needed due to the natore of the hydrogen flame which 
is impossible to 'blow out'. From there the air is expanded through a HP and a LP torbine. 
The jetpipe houses the afterbutner rings which again do not need a flame holder. The air 
then passes through a primary nozzle before exiting through the secondary nozzle. A small 
amount of air passes through the ramjet annulus in this mode, its quantity being governed by 
the primary nozzle positioning. 

In ramjet mode the core still continues to take air, but produces very little thrust, and most 
air is fed around the ramjet annulus. At the rear of the duct is a row of vanes which occupy 
one-third of the annulus area. In turbojet mode the air flowing through the annulus passes 
through these vanes and continues through the outer annulus to be mixed with the core air 
just before the secondary nozzle. The vanes are in two parts, front and rear. The rear half of 
the vane is rotated about the engine's centerline until it blocks a further one-third of the 
annulus area, the last third of the area is blocked by a plate which is rotated in the opposite 
direction and which is normally housed between the two halves of the vanes. At the same 
time, an area is opened up in the afterbutner wall to allow the air into the afterbutner 
chamber, where the ramjet combustion takes place using the same afterbutner rings as the 
torbojet mode. 

A5.2.3.2 Performance 
Figute A5.14 shows a typical SL-86 ascent trajectory and Fig. A5.15 shows the engine 
performance map. Figute A5.16 shows the liquid hydrogen fuel flow. 

A5.2.4 The A-90 project airliner turbo-fan engine 
The project engine was designed for use on the A-90 500-seat short-range twin-engined 
airliner [26]. The engine was scaled from a high bypass engine, and is described van den 
Berg [42]. 

A5.2.4.1 Engine description 
Figute A5.17 shows a general view of the engine, which is a three-shaft torbo-fan engine 
with a bypass ratio of about 6. 

Type: high bypass ratio torbo-fan. 
Sea level static thrust 
Typical engine mass, approx. 

A5.2.4.2 Engine performance 

333.6kN 
5000kg 

Figute A5.18 shows engine thrust for various Mach numbers and altitudes for the 
maximum continuous rating and Fig. A5.19 shows the corresponding specific fuel consump­
tion (sfc). 
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11/11/1990- 14:54:09 MACH 

Fig. AS .18 A -90 thrust at maximum continuous rating. 
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Fig. A5.19 A-90 specific fuel consumption. 
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A6 Aerodynamic data 

This section is a compilation of data that should be useful during the conceptual stage of 
aircraft design. It has been extracted from a number of references and sources available to 
the author. 

A6.1 Basic aerodynamic prediction methods 

A6.1.1 The drag polar 
The drag polar gives a good approximation of aircraft drag for many flight conditions, but 
can be incorrect at high and low lift conditions. 

KC2 

Co = CDo + :n:AL 

where CDo = zero lift drag coefficient, which is a function of the shape of the orircraft and 
aircraft Mach number at high subsonic speeds and above. The references in 
Chapter 9 may be used to estimate this coefficient. The chart in Section 
A6.3 gives a very simple method for use with subsonic jet transports. 

C L = lift coefficient. 
K = the vortex drag factor, which depends on the way the lift is distributed 

across the span. The minimum value of K = 1.0 occurs when the spanwise 
lift distribution is elliptic in form. However the most inportant influence on 
vortex drag is that of aspect ratio A, which should be large to minimize the 
vortex drag. 

Torenbeek [11] and AIAA [43] imply the following guidelines forK for a number of 
types of aircraft:-

High subsonic jet transport 
Large torbo-prop transports 
1\vin piston-engine aircraft = 
Single piston-engine 

Rectractable gear 
Fixed gear 

1.33-1.18 
1.25-1.18 
1.33-1.25 

1.33-1.25 
1.54-1.33 

The lower values are for tapered wings, close to elliptic planform. 
Additional values are required to predict the drag of landing gears, flaps, weapons, etc 

and are available in many text books. 

A6.1. 2 Flight performance formulae and methods 
The following formulae may be used for initial design purposes. 

A6.1.2.1 Take-off 
Take-off-distance calculations treat gmund roll and the distance to clear an obstacle. 
Obstacle requirements differ for commercial (35ft) and military (50ft) aircraft. 

Take-off gmund roll 
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Sgnd = 

The stall margin (AT) typically is 1.2. 
Total take-off distance: STO = (Sgnd)(Fp1), where g = acceleration due to gravity; p = air 

density; I' =olliog friction (typically 0.03); T = thrust; W =weight; S = wing area; FPL = 
the factor to clear an obstacle. It depends greatly upon available excess thrust, flight path, and 
pilot technique. The followiog typical factors characterize planforms in their ability to clear a 
50-ft obstacle: straight wing= 1.15; swept wing= 1.36; and delta wing= 1.58. 

Figure A6.1 shows an empirical curve to approximately predict take-off field lengths for 
civil jet transports. 

A6.1.2.2 Climb 
For small angles, the rate of climb can be determined from 

RIC= (T- D)VIW(l+i~~· 

where VI g X d VI dh is the correction term for flight acceleration. 
For low subsonic climb speeds, the acceleration term is usually neglected: 

RIC= (F- D)VIW. 

WofS 
Take-offpiiiillileterTOP ~ 6Cr.,(TofWo) 

Fig. A6.1 Simple take-off estimation method. 6 ~density ratio; Wo ~gross take-off weight (lb); S ~ 
gross wing area (ttl); To =sea level static thrust of all engines (lbf); cLr =Max lift coefficient in take­
off configuration (not CL at take-off speed). 
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• _ 1(T-D) y = sm ------w- , 

where V = velocity; D = drag; h = altitude. 

A6.1.2.3 Cruise 
The basic cruise distance can be determined by using the Breguet range equation for jet 
aircraft, as follows: 

Cruise range: R = L/D(V /SFC)ln(W0/W1) where subscripts '0' and 'I' stand for initial 
and final weight respectively, and SFC = specific fuel consumption. 

Cruise fuel: Fuel= Wo- W1 = Wr(eR/k- 1), where k, the range constant, equals 
L/D(V /SFC). 

For large variations of weight, speed, and altitude during cruise, it is suggested that the 
range calculations be divided into increments and summed up for the total. 

Fig. A6.2 shows a simplified method to predict cruise drag for civil jet transports, which 
was extracted from Loftin [51]. 

A6.1.2.4 Manoeuvres 
Measures of manoeuvrability of a vehicle are often expressed iu terms of sustained and 
instantaneous performance. For sustained performance, thrust available from the engines 
must equal the drag of the vehicle (i.e. specific excess power equals zero). 

Instantaneous turns are lift-limited and are also referred to as attained turns. 

0.03 
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(T-D) SEP = p, = ------w- V. 
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Cruise lift coefficient 
eLm 

22 20 18 16 

Wing aspect ratio 
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Max. lifl/drag ratio (LID.,.;) 

0.04 

I ~ fuselage length 
d ~ fuselage diameter 
S = Gross wing area 

0.06 0.08 0.10 

Atflt4S 

1/d 
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10 

0.12 

Fig. A6.2 Cruise liflidrag panuneters. (Based on Reynold's nmnber for Boeing 747- class aircraft (see 
[51] Appendix 2) for example of Reynold's number correction.) 
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. y2 
Turn radius: TR = ~. 

gv n2 - I 

Turn rate: ip ='II_= 1i v' n2- I 
TR v ' 

where SEP = specific excess power (p, in US notation); n = load factor, i.e. manoeuvre 
acceleration factor. Typically 2.5 g for large transporta and 9 g for fighters. 

A6.1.2.5 Loiter 
Loiter performance is hased upon conditions at (L/ D)m.,., since maximum endurance is of 
primary concern. 

W/S 
Loiter speed: M = 

0.7(p)(CL)(L/D)m.. 

where M = Mach number. 

where p = atmospheric pressure. 

Loiter time: t = L/Dm.x (s~c) m(;~). 

Loiter fuel: Fuel = W1 eY where y = { L/i:~ 
1

} · 

A6.2.1.6 Landing 
Landing distance calculations cover distance from obstacle height to touchdown and ground 
roll from touchdown to a complete stop. 

(
v2 _ v2 ) 

Approach distance: S.rr = obo 
2

g TD + hobo (L/ D), 

where Vob• = speed at obstacle; Vm = speed at touchdown; hob• = obstacle height; L/ D = 

lift-to-drag ratio (with appropriate high-lift devices). 
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Fig. A6.3 Simple landing parameter. WL = max landing mass; C LA = approach lift coefficient 
= Cz-/1.69; CLw.x = maximum lift coefficient in landing configuration. (Note for most aircraft 
Wo> WL.) 

where /lBRK = coefficient of braking friction; AL = the stall margin on landing (typically 
1.3). 

Normally the distance would require a 2-s delay to cover the time required to achieve full 
braking. Commercial requirements also dictate conservative factors be applied to the 
calculated distances. 

Figure A6.3 shows an empirical curve to approximately predict landing wing loading for 
civil jet transports (see also Appendix B). 

A6..2 Wing section and lift data 

Tables A6.1 and A6.2 give data for low-speed aerofoil section aerodynamic properties and 
high-speed advanced section aerodynamic properties, respectively. 
The section information notation is a 0 = zero-lift angle of attack; a1 = section lift-curve 
slope (British); C1• = section lift-curve slope (US); C4-. = section maximum lift coeffi­
cient; and C M, = section zero-lift pitching moment coefficient. 

The NACA numbering system for four-digit series is:-
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Table A6.1 Low-speed aerofoil section aerodynamic properties - NACA experimental 
data from Abbott and Von Doenhoff {44 J 

Section 
ao Cdat 

Aero foil (deg) c..., a""' C~.:.,deg ac,..,. (deg) eLm.. eLm.. 

0006 0 0 6.19 0.108 9.0 0.92 0.0095 
0009 0 0 6.25 0.109 13.4 1.32 0.0124 
23012 -1.4 -0.014 6.13 0.107 18.0 1.79 0.016 
23015 -1.0 -0.007 6.13 0.107 18.0 1.72 0.02 
23018 -1.2 -0.005 5.96 0.104 16.0 1.60 0.016 
23021 -1.2 0 5.90 0.103 15.0 1.50 0.0162 

63-006 0 0.005 6.42 0.112 10.0 0.87 0.0086 
63-009 0 0 6.36 0.111 11.0 1.15 0.0113 
63-206 -1.9 -0.037 6.42 0.112 10.5 1.06 0.008 
63-209 -1.4 -0.032 6.30 0.11 12.0 1.4 0.0127 
63-210 -1.2 -0.035 6.47 0.113 14.5 1.56 0.014 
63,-012 0 0 6.65 0.116 14.0 1.45 0.0134 
63,-212 -2.0 -0.035 6.53 0.114 14.5 1.63 0.0117 
63,-412 -2.8 -0.075 6.70 0.117 15.0 1.77 0.0154 
63AOIO 0 0.005 6.02 0.105 13.0 1.2 0.0146 
63A210 -1.5 -0.04 5.9 0.103 14.0 1.43 0.014 
64-006 0 0 6.25 0.109 9.0 0.8 0.007 
64-009 0 0 6.3 0.11 11.0 1.17 0.0126 
64-206 -1.0 -0.04 6.3 0.11 12.0 1.03 0.009 
64-210 -1.6 -0.04 6.3 0.11 14.0 1.45 0.0118 
64,-412 -2.6 -0.065 6.42 0.112 15.0 1.67 
64AOIO 0 0 6.3 0.11 12.0 1.23 0.011 
64A210 -1.5 -0.04 6.02 0.105 13.0 1.44 0.011 
64A410 -3.0 -0.08 5.73 0.10 15.0 1.61 0.012 
64,A212 -2.0 -0.04 5.73 0.10 14.0 1.54 0.012 
64zA215 -2.0 -0.04 5.44 0.095 15.0 1.5 0.016 
65-006 0 0 6.02 0.105 12.0 0.92 0.008 
65-009 0 0 6.13 0.107 11.0 1.08 0.012 
65-206 -1.6 -0.031 6.02 0.105 12.0 1.03 0.009 
65-210 -1.6 -0.034 6.19 0.108 13.0 1.4 0.0137 

R. = 9 X 106, smooth leading-edge. 

Tbe first integer indicates the maximum value of the mean-line ordinate Yc in per 
cent of the chord. The second integer indicates the distance from the leading edge 
to the location of the maximum camber in tenths of the chord. The last two integers 
indicate the section thickness in per cent of the chord. Thus the NACA 2415 wing 
section has 2% camber at 0.4 of the chord from the leading edge and is 15% thick. 
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The system for five-digit series is:-

The first integer indicates the amount of camber in terms of the relative magnitude 
of the design lift coefficient; the design lift coefficient in tenths is thus three-halves 
of the first integer. The second and third integers together indicate the distance 
from the leading edge to the location of the maximum camber; this distance in per 
cent of the chord is one-half the number represented by these integers. The last two 
integers indicate the section thickness in per cent of the chord. The NACA 23012 
wing section thus has a design lift coefficient of0.3, has its maximum camber at 15 
per cent of the chord, and has a thickness ratio of 12 per cent. 

The system for the six series means:-

The first digit, 6, identifies the aero foil as a member of the 6-series low drag family. 
The second digit is the chordwise position of the minimum pressure in tenths of the 
chord behind the leading edge for the basic symmetric section at zero lift. The 
fignre written in subscript gives the range of lift coefficient in tenths above and 
below the design lift coefficient in which pressure gradients favourable for 
obtaining low drag exist on both surfaces. The digit following the subscript gives 
the design lift coefficient in tenths. The last two digits give the thickness of the 
wing in percentage of the local chord. 

A 7 Structures and materials data 

A 7.1 Basic structural formulae 

Load transfer methods are described in the main text of this book, in Section 5.2.2 and the 
associated simple formulae are: 

A7.1.1 Tension 

where fi is the stress (tensile in this case), Pis the applied load (tensile) and A is the cross­
sectional area of the component. 

A7.1.2 
(a) 

Compression 
Pure compression (without buckling) 

p 
f,=:A· 

where f, is the compressive stress and P is the applied load (compressive). 
(b) Overall buckling 

Uuless the strut is short the overall buckling can be estimated by using the Euler 
formula: 

where E is the elastic modulus, I the second moment of area and P orit the failing 
load. The value of the length, I, is chosen as the equivalent pin-ended length and 
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although it is obvious in some cases, it is often a matter requiring considerable 
experience. 

(c) Skin compression buckling 
Many aircraft components include or consist of flat, or nearly flat panels, and are 
often subjected to compression. The instability stress in such a case is defined as: 

font= KEG) 
2 

where t is thickness, b is length of the smallest side, and K is a function of the 
'edge fixation', and the ratio of the lengths of the sides. K = 3.62 for simply 
supported, i.e. pinned edges and 6.31 for clamped edges. It is usually reckoned that 
structural members supporting a panel with a single row of attachments provide 
simple support conditions, whereas a multiple row of attachments provides clamped 
conditions, as an assumption for initial design purposes. In the event of one edge 
being pinned and the parallel edge being free, K = 0.58. 

Curved panels occur frequently in aircraft structures and the basic buckling stress 
in this case is given by: 

Et 
!buc-. = o.6R, 

where R is the radius of curvature. The factor 0.6 is not attained in practice, and 0.4 
is probably more typical. The addition of internal pressure increases the buckling 
stress value. 

A7.1.3 Shear 
P, 

Skin shear flow q=--z· 
where P, is the shear load and I is the length of the shear panel subject to the load shear 
stress, f, = q / t = P,j A, where t is the skin thickness and A = I X t = shear area. 

A7.1.4 Bending 
The well known 'engineers' beam theory is adequate for many applications although it 

may be in error at the ends of a beam where so called 'constraint effects' become important. 

I M 
-=-, 
y I 

where f is the stress, M the applied moment and y the distance from the plane of zero strain. 

A7.1.5 Torsion 
The well known relationship for a solid torsion member is:-

GO F, T 
I r J 
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and this is quite adequate for most applications. J is the polar second moment of area, G is 
the shear modulus, r the cross section radius, T the applied torque and f, the shear stress. IJ 
is the total angular deflection over the length, I. 

When a thin-walled section is being considered the 'Batho' formula can be used: 

T 
q=2A' 

where q is the shear flow and A is the enclosed area. 
The corresponding formula for twist is: 

where P. is the perimeter and t is the wall thickness. 
A torsion member, particularly one of thin-walled section, will be subjected to constraint 

effects at a built up end, just as a beam is. 

A 7.1. 6 Pressure vessels 
Pressure vessels olleu occur in aeronautical applications, for example in cabins and fuel 
tanks. The loads resulting from internal pressure are tension in character. The basic pressure 
on the walls of a cylinder gives a hoop tension: 

where p is the pressure. 
The pressure load on the end caps gives a longitodinal tension normal to the hoop tension 

of: 

AS Landing gear data 

Section 6.5 of Chapter 6 of this book gives some background on various landing gear 
configurations, layout guidelines and landing gear illustrations. The contact between the 
aircraft and the ground has consequences in terms of damage to runways or taxiways. An 
aircraft's performance in this respect is termed its flotation characteristics. The obsolete 
measure used for commercial aircraft was termed its load classification number (LCN). This 
term has now been replaced by aircraft classification number (ACN). Figure AS.l, shows 
typical figures for current transports and a number of options considered for the Cranfield 
A-94 600 passenger long-range airliner [49]. 

Other vital data required by aircraft designers, are the dimensions and capabilities of 
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Fig. A8.l Main gear - flotation. 

currently available aircraft wheels and tyres. Table A8.1 gives such data for type m lower 
pressure tyres. Table A8.2 gives similar information for higher pressure type VTI tyres. 

A9 Aircraft interior data 

This appendix assembles the information that is vital for realistic fuselage interior design 
for both civil and military aircraft. It starts with the dimensions of human beings, which are 
important whether they be crew or passengers. The human theme is continued to consider 
flight-deck and cockpit arrangements and then passenger seating and amenities. This theme 
is then discontinued and followed by information about standard cargo containers and 
avionic box dimensions. 

A9.1 Humtm dimensiom 

Human beings come in many shapes and sizes, and there are many anthropomorphic 
standards. Figure A9.1 gives a readily usable list of dimensions for extremes of size 
percentages of a population of male crew members [5]. Other tables are available for other 
populations, and many of them have been incorpomted into articulated computer-aided 
design models. 

A9.2 Flight deck ammgements 

The flight-deck is the vital wwk-place of the flight crew and must be designed for the 
maximum safety and efficiency. Figure A9.2 shows the arrangement for a narrow-body 
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PERCENTILE PERCENTILE 

3rd 99th 3rd 99th 

G Shoulder height, sitting 614 727 A Bideltoid breadth 427 514 
H Sitting eye height 765 896 B Biacromial breadth 370 452 
J Sitting height 876 1007 c Hip breadth, sitting 332 415 
K Vertical functional reach, D Stool height 376 

471 1: sitting 1281 1515 E Thigh clearance height 137 191 
L Knee Height, sitting 514 623 F Acromial height, sitting 558 681 

M Functional reach 
N Cervicale height, sitting 
0 Elbow rest height, sitting 
p Stomach depth 
Q Buttock- kuee length 
R Buttock- heel len~_ 

Fig, A9. 1 RAF aircrew third and 99th percentile values (rnrn), 

4 ° pitch angle · 
Cabin 

2Sglid< c:/~·-, 0~.·· .. AT, Escapechute 
~. ~edatunl -::;:- • • · · -., Toilet 

.. --- oo· 100ft 
__2Qjl __ +<C,:::--:___ ---(420ft --~ 
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~ cU4: ·I::' 
,' '\\ --

\ 1\ 
\I ·-l 

\ - "-:;1-
-<L- -- .? -
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r- J -
-~ h . r-
-li ::.P' 
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I ppsitjon .I 
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Fig. A9.2 Narrow-body jet flight-deck. 

PERCENTILE 

3rd 99th 

736 889 
627 745 
200 306 
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558 672 
998 1211 
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228 Useful aircraft design data 

flight-deck together with its crew vision envelope. This aircraft was the project which led to 
the design of the Airbus A-320. 

Figure A9.3 shows the flight deck of the Airbus A340, together with a flight-crew rest 
compartment. 

A9.3 Cockpit arrangements 

Figure A9.4 shows the definition of the main reference points for military cockpits [51]. 
Figure A9.5 shows typical cockpit arrangements in the inboard profile of the SAAB Gripen. 
Chapter 6 shows typical modem flight instrument panels. 

A9.4 Passenger seating 

Figure A9.6 shows a cabin plan-view of a typical narrow-body jet transport, the Fokker 100, 
and its corresponding cross-section is shown in Fig. A9.7. A cabin plan-view of an Airbus 

Fig. A9.3 A340 flight deck and crew rest compartment. 



A9 Aircraft interior data 

Al:RCRAfo- r DESIGN 
'EYE POSITION 

-I 
EYE HEIGHT 
(SITTING) 
50th PERCENTILE 

~~~~~-P-lL~ 
...c:; flJSELACiE REFERENCE PLANE 

Fig. A9.4 Military cockpit reference point! (Def. Stan. 00-970). 

Fig. A9.5 Inboard Profile ofSAAB GripeD. 

2024:3 mm l 66rt 5 In) 

Fig. A9.6 Cabin layout for Fokker 100. 

NEUTRAL SEAT 
REFERENCE POINT 

229 



230 UsefUl aircraft design data 

Fig. A9.7 Fokker 100 cross-section. 

A340-200 is shown in Chapter 6 and cross-sections are shown in Fig. A9.8. These are 
typical of wide-body tnmsport:s. 

A9.5 Passenger tu11enities 

The above figures show seating, but also the positions of passenger amenities. These are 
shown in more detail as:-

(i) Toilet compartments for Fokker 100 in Fig. A9.9. 
(ii) Galley compartments for Fokker 100 in Fig. A9.10. 

(iii) Overhead storage and video for Airbus A330 in Fig. A9.11. 

A9. 6 Cargo containers 1111d pqJlets 

Figure A9.12 shows the range of under-:tloor cargo containers that may be carried by the 
wide-body A300/ A340 family. The major dimensions of containers is also shown. Figure 
A9.13 shows the under-:tloor capacity of the Airbus A-320 narrow-body aircraft. The LD3-
46 is a low-height container developed from the base of a standard LD3 container. Other 
five or six passenger abreast airliners cannot use this standard container and manufacturers 
have developed containers for their aircraft. 
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82in 

72in 19in 48in 54 in 21in 

Fig. A9.8 A340 cross-sections. Top, economy class; left, business class; right, first class. 
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~-- -
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_;_--~;I --
1 Cab:~--
1 attendant - CL 
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I :, seatL 

~lp---~---··------+-rl~·--1 
!==-

= Toilet compartment (] 

Fw~.~,·d-r-ob •• e'L.-7--' \ ZJ 
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Fig. A9.9 F-100 toilet compartment. 
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232 Useful aircraft design data 

Service door Jl 

r Galley 1 
H Escape slider Galley 2 1 

--

i 
Half size Full size trolley 

! 
trolley 

Stowage 
I r - joo-- 0"" wardrobe 
I 

1 Half size Full size trolley 

I 
~ trolley 

Half size ~··7 •• ---·-- -~o 

~trolley 
0 98 m Full s1ze trolley 

I 046 m--- 38 5" L__18"- . 1 -+-
O"m ~ +- "'m ; O;<;m , O><m 

I i 8 7" ' 35" ' 22" 9 5" 
r---'-t-- ~i;.---------r------~------+-- -

0 ~~ .. m 1 
,- --- i o 73 m 0 49 m 

I 

0.48 m 

~ "-.........-..J-. T Cab1n 1 28, 7" 19 3" 
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0.85 m , attendant 1 ! +- 0_53,m-+ J_ 
r-- 33.3" -- ' seat 1 + _ 21 ____ .; 

CL 

+f---093 m--~ 
36.7" 

Carry-on i 
baggage Stowage/ 

compartment Integral stair wardrobe 

~ - r-
Passenger door .... 

II 

Fig. A9.10 F-100 galley compartments. 

Standard main-deck containers are 8 ft X 8 ft cross-section, with lengths of 10 or 20 ft. 
These are suitable for transport on trucks, railways or ships. Such containers require special 
modifications to wide-body aircraft, in terms of large cargo doors and strengthened floors. 
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Basic stowage 

Integral handrail 

PSU channel 

Concealed lighting strip 

Optional articulating stowage 

Passenger 
service units 
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Retractable video monitor 
(optional) 

Loading capacity per stowage unit : 

Volume 0.14 m 3 (4.8 ff') 
Load 30 kg (66 lb) 

Clearance under closed stowage 
1.93 m (76 in) 

RRHR 
Fig. A9.11 A340 overhead stowage. 
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• Full range of existing underfloor cargo 
containers and pallets accepted 
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164 in 
41 7cm 

-
. 

-

-

Volume. 
cu ftl:m:l 

158/4.5 

173/4.9 

243/6.9 

320/9.1 

243/6.9 

379/10.7 

355/10.0 

355/10/0 

Fig. A9.12 The main types ofunder-fioor containers for wide-body airCl1lft. 

~I 
2830/1285 

2830/1285 

5660/2570· 

5660/2570· 

5660/2570 

8300/3770 

8300/3770 

8300/3770 
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A320-family bulk loading A3.20-family containerised option 

• Forward! hold 
Aft hold 
Total hold volume 

1 03.6in 

806ft3/22.82m3 

1 022ft3/28.94m3 

1 828ft3/51.76m3 

Fig. A9.13 A-320 undc:rfioor comparlml:nts. 

• 5 containers forward, 5 aft 
Total of 10 containers + bulk 

8.27m 
, .. 27ft 1 in .. , 

Table A9.1 A-94 long-range airliner navigation and communications equipment 
list 

Number of 
System ARINC Standard systems fitted 

Air data, inertial reference system (ADIRS) 738 3 
Standby instrument 1 set 

Instrument landing system (ILS) 710 2 
Microwave landing system (MLS) 727 
Very high frequency, omnidirectional radio 711 2 

(VOR) - marker 
Distance measuring equipment (DME) 709 2 
Automatic direction finding (ADF) 712 2 
Air traffic control transponder (ATC) 718 2 

Radio altimeter 707 2 
Weather radar 708 1 

Ground proximity warning system (GPWS) 723 1 
Global positioning by satellite (GPS) 1 
Very high frequency comms radio (VHF) 3 
High frequency comms radio (HF) 2 
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Table A9.2 ARINC standard ATR case sizes 

T 
Front Rear 

I I 
1-w + 3.56_.j 

max 
1--w--l 

ATRSIZE Approx. vol. w Lt L2 (Max) H(Max) 
(litres) (±0.76 mm) (±1.00 mm) mm mm 

Dwarf 1.56 57.15 318.00 320.50 85.80 
! Short 3.52 57.15 318.00 320.50 193.50 
!Long 5.49 57.15 495.80 498.30 193.50 
i Short 5.57 90.41 318.00 320.50 193.50 
iLong 8.69 90.41 495.80 498.30 193.50 
! Short 7.70 123.95 318.00 320.50 193.50 
!Long 11.88 123.95 495.80 498.30 193.50 
~Short 11.80 190.50 318.00 320.50 193.50 
~Long 18.36 190.50 495.80 498.30 193.50 
1 Short 15.98 257.05 318.00 320.50 193.50 
1 Long 24.75 257.05 495.80 498.30 193.50 
11 

2 77.62 390.65 318.00 498.30 193.50 

A9. 7 Avionic components 

Table A9.1 shows the navigation and communication equipment list for the Cranfield A94 
long-range airliner project [52] and is typical of the quantities and types of equipment used 
by long-range aircraft. Avionic equipment components are sized to fit in standard ATR box 
sizes, the dimensions of which are shown in Table A9.2. 

ATR boxes were specified for use on a military aircraft project, as part of the installation 
shown in Table A9.3, [38] which also shows equipment installed masses. 
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Table A9 .3 Avionic equipment list for an advanced short take-off, vertical landing fighter 
project 

Uninstalled lnstall 
Component mass (kg) Size/unit (mm) factor 

Main V!UHF radio 8 !ATR(S) !.SO 

Stand-by VIUHF radio 8 !ATR(S) !.SO 

IFF transponder 6 iATR(S) !.SO 

Radio approach aid 8 !ATR(S) !.SO 

Radio/radar altimeter 4 iATR(S) !.SO 
IRS/GPS 10 180 X 180 X 240 !.SO 

Radar 130 Spec. 1.2S 
RWR receiver 2X4 90121 X SOO !.SO 

RWR processor IS I ATR(S) !.SO 
Chaff and flare disp. 2 X 14 21S X 270 X 170 1.2S 
2- 18 GHz jammer 4 X IS I ATR(S) !.SO 
FLIRILRMTS!fl (3 X IS)+ 10 I ATR(S) 1.2S 
Stores management 10 iATR(S) !.SO 
processor 
Stores interface units 
Air-data processors 6X3 60 X ISO X 300 !.SO 
Utilities management 10 iATR(S) !.SO 
processor 
Display symbol generator 4 X S 200 X 80 X 300 !.SO 

IS 260 X 19S X 280 1.26 

Head-up display 11 As Spec. 1.10 

CDUIFMS displays 4X8 200 X 130 X 310 1.2S 
Data-entry panels 2XS ISO X 200 X ISO 1.2S 

FCS processors 4 X IS I ATR(S) !.SO 

FCS seoor packs 4X4 ISO X ISO X 200 !.SO 

FCS actuator Elect. 2 X 10 i(ATR)(S) !.SO 

FCS batteries 2 X IS 1.2S 

Total installed masses 
Avionics 
Instrument panel 
FCS Electronics 
Total installed avionics mass 

Installed 
mass (kg) 

12 

12 

9 

12 

6 
IS 

162 
12 

22 
3S 
90 
69 
IS 

27 
IS 

30 

19 

12 

40 
12 

90 

24 

30 

38 

S62 
64 

182 
808 

Installation notes 

Dorsal and ventral 
antenna 

Ventral antenna 
Ventral antenna 
Ventral antenna 
Ventral antenna 
Strapdown, dorsal 
antenna 
As spec. (forward) 
180° view forward 
and aft 
Internal 
Aft facing 
lnteroa1 
As spec. (forward) 
Internal 

Close to stores 
Close to sensors 

1 X Forward, 1 X rear 
and 1 X each wing­
root 
Close to cockpit (for 
five displays) 

Instrument panel, 
centre-top 
Instrument panel 
Side consoles 

Distributed 
(survivability) 
Strapdown ceottal 
position 
Near primary control 
sorfaoes 

kg 
kg 
kg 
kg 

Note: IFF = identificatioo, frieod or foe; RWR = radar warning receiver; FLIR = forward looking 
iofra-red; LRMTS = laser ranger, marker, target system; CDU/FMS = cockpit display unit/flight 
management; FCS = flight control system. 
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AlO Aircraft weapons 

This topic is discussed in Chapter 7, but this appendix gives dimensions and masses for 
guns, bombs and missiles that are in widespread NATO use, or are likely to be so in the near 
future. 

Al 0.1 Aircraft guns 

Chapter 7 shows an aircraft installation of an ADEN revolver cannon, a description of the 
GAU-8 rotary cannon and a performance table for several cannons. 

Figure AlO.l gives two views of the M-61 cannon and its specification is:-

Calibre: 
Masses: 

Overall length: 
No. ofbarrels: 
Rate of fire: 
Muzzel velocity: 

20mm 
120 kg (gun) 
150 kg (400 rounds) 

1880 mm (gun) 
6 

4000 rounds/min 
1036 m/s 

Al 0.2 Bombs and ground attack weapons 

Figure Al0.2 shows scaled sketches of a range of bombs and ground attack weapons. Their 
masses and overall dimensions are given, but their width and depths are appropriate to 
folded-wing, and cruciform wings at 45° to the horizontal. The attack missile is an air-

-----

Fig. AIO.l M61 AI Vulcan gun intallation. 
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Elevation 
Weight Length Width* Depth* 

Weapon type kg m m m 

AGM-69A ~ Short range attack missile 6 1000 4.25 0.5 0.5 

Apache c::::::- ~ Low altitude dispenser 1200 3.85 0.6 0.42 

cws c f9?~?~ =a Low altitude dispenser 
1220 4.15 0.63 0.48 

Paveway II (Mk 13/18) /l A-, 
1000 LB Laser- = -t-lj Ill~ 500 3.45 0.52 0.52 

guided bomb 
\J 
~ 

BL 755 CIIII::=a Cluster bomb 
280 2.45 0.4 0.4 

Mk 13/18 1000 LB bomb <==I==§ 455 2.45 0.42 0.42 
free- fall or retard 

Fig. A10.2 Widely used ground attack weapons. 

-----

Fig. A10.3 Aim 120A AMRAAM. 
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_____ , 

Fig. A10.4 ASRAAM. 

---- ·] 

Fig. AIO.S AGM-65 Maverick. 

launched cruise missile and the low-altitude dispensers are primarily airfield attack weapons, 
such as the BL755. 

Al 0.3 Airborne missiles 

There is a vast range of such missiles, but a few of the main NATO weapons will be 
described: 
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Cl b -=11 II 

Fig. A10.6 Alarm. 

Al0.3.1 A0-120A AMRAAM 
Type:- air-to-air semi-active laser homing (Fig. Al0.3). 

Length: 

Body diameter: 
Wingspan: 
Range: 
Masses: 

Propulsion: 

AI 0.3.2 ASRAAM 

3650mm 

178mm 
630mm 

50km 
157 kg (missile) 
42 kg (launcher) 

solid propellant 

- •••• 1 

Type: air-to-air passive imaging infra red homing (Fig. Al0.4). 

Length: 
Body diameter: 
Wingspan: 
Range: 
Masses: 

Propulsion: 

2900mm 
165mm 
450mm 

lOkm 
85 kg (missile) 
42 kg (launcher) 

Solid propellant 

241 
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Fig. A10.3.3 AGM-65 Maverick 

Type: air-to-ground semi-active radar, laser, or TV (Fig. AlO.S). 

Length: 
Body diameter: 
Wmgspao: 
Range: 
Masses: 

Propulsion: 

Fig. AI 0.3.4 Alarm 

2490mm 
305mm 
720mm 

25 km (F/G) 
307 kg (missile) F /G) 

37 kg (launcher) 
Solid propellaot 

Type: aoti-radiation missile (Fig. Al0.6). 

Length: 
Body diameter: 
Masses: 

4300 mm approx. 
230 mm approx. 
260 kg approx. (missile) 

70 kg approx. (launcher) 



Appendix B: 

A-90 parametric study. 
Example- the A-90 500-seat 
airliner 

Bl Introduction 

A parametric study is a vital initial stage in the conceptual design of an aircraft. The 
example in this appendix has been extracted from Fielding [25] and formed the basis of the 
A-90 group design project. An introduction to this project has been given in Chapter 10 of 
this book. The main points of the design requirements are listed in Section 10.5.1. 

The parametric study was based on the method by Loftlin [53]. This was an initial attempt 
to determine basic aircraft parameters such as wing loading, thrust/weight ratio, wing aspect 
ratio, take-off and landing lift coefficients, and cruise lift/drag ratios. This method relies 
heavily on empirical data and cannot be safely used for aircraft which are not of the 
conventional subsonic transport type. The method uses knots, lb, and feet units, which were 
converted to SI units at the end of the study. The method starts with a large design space and 
then excludes designs that cannot satisfy landing and take-off distances, second segment 
climb or missed-approach requirements. It then goes on to examine cruise performance. An 
extra requirement that came from the aircraft specification was the 15 000 ft ceiling after a 
single engine failure. 

B2 Landing field distance 

Fignre B2.1 shows an empirical plot of the relationship between approach speed and FAR 
landing field length. The required value of 5650 ft gave VA2 = 19100, therefore= 
138 Knots. 

Having this value, Fig. B2.2 was used to determine the wing-loading parameter. This 
process required the estimation of the approach lift coefficient. The variable camber flaps 
required by the specification could be expected to produce a landing Cr.,_ of 2.5. The 
approach lift coefficient was found from: 

This follows because stall speed, Vs occurs at Cr.,_ and approach speed, VA= 1.3 V,. This 
value and the approach speed on Fig. B2.2 gave the landing parameter 

243 
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10,000 

8000 
§: 

J 6000 

~ 
i 4000 
]I 

~ 
2000 

0 4 8 12 16 20 
Approachspeed2 (VA2)knots2 X 103 

Fig. B2.1 Landing field length. 

150 

140 
:;-
i 
1l 130 
u 
~ 
.g 
0 

~ 120 

I 

>' 
110 

100 

90 
6 7 8 9 10 11 

~ Landing parameter 6 

Fig. B2.2 Approach speed 

24 

12 l3 
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Jw';js = 9.95, 

atiSA, <5 = 1, therefore WL/S = 99lb/fi'. 
The parametric study was carried-out in terms of gross-weight, W G. so a relationship 

between that the landing weight (WL) had to be determined. Study of comparable-range 
aircraft indicated that 

WL =0 83 
Wa · ' 

this then gave the value to satisfy landing requirements as 

WG WL 1 0 2 s = s 0.83 = 119.3 lb/n-. 

This was the landing boundary shown on Fig. B8.1. 

B3 Take-off field length 

Using Fig. B3.1 with a length of8300 ft gave 

220. 

10,000 

8000 

6000 

4000 

2000 

0 4 8 12 

Fig. B3.1 Take-off field length. 

16 20 24 



246 A-90 parametric study 

Assuming Cu, = 1.8 (max. lift coefficient in take-off configuration) 

6 = 1(ISA, SL) 

WG/S = 220 X 1.8 = 396. 
To/WG 

Using this value, a suitable range of wing loadings gave: 

WG/S (Ibf/fi2) 90 100 110 

To/WG 0.227 0.252 0.28 

These were plotted as the take-off boundary on Fig. B8.1. 

B4 Second segment climb 

120 

0.303 

130 

0.328 

1bis is the part of the take-off between 35 and 400 ft. altitude at speed V2 • Airworthiness 
requirements state that in the event of an engine failure during this period a twin-engined 
aircraft must sustain a 2.4% climb with flaps in take-off setting and undercarriage retracted. 
Two engines were chosen as the most economic solution, consistent with safety. 

We need to find Cr., which is the lift coefficient associated with V2 • As V2 is 1.2 times the 
stalling speed 

Cr., = 1.8/1.44 = 1.25 

0.4 

0.3 

0.2 

6 

8 

10 

O.J+------.------r------r-----,r-----,------
1.0 1.2 1.4 1.6 

c~ 

Fig. B4.1 Second segment climb - two engined aircraft. 

1.8 2.0 
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Using Fig. B4.1 for twin-engined aircraft with this value of Cr., we obtain the following 
To/ W G ratios for a range of aspect ratios: 

Aspect ratio 
To/Wa 

6 
0.29 

8 
0.24 

10 
0.21 

These values are included as second segment boundaries in Fig. B8.1. 

BS Missed approach 

Tills must be considered in relation to the landing manoeuvre. Tills occurs when the aircraft 
is on final landing approach but does not land for any reason. Power is applied and the 
aircraft circles, usually to try another landing. Airworthiness authorities require the installa­
tion of sufficient thrust to enable adequate climb gradients with the aircraft in approach 
configuration. Tills would include approach slats and flaps and undercarriage. Figure B5.1 
shows empirical figures of required To/ W G for various aspect ratios and engine require­
ments. 

With CL• = 1.48 from Section B2 we obtain: 

Aspect ratio 6 
T0/WL 0.34 
To/Wa (as WL/Wa = 0.83) 0.28 

8 
0.29 
0.24 

10 
0.25 
0.21 

These values are included in Fig. B8.1 as missed approach boundaries. 

0.4 

0.3 

0.2 

6 

8 

10 

0.1 +----r--~---.-------r----r---
1.0 1.2 1.4 1.8 2.0 

Fig. B5.1 Missed approach tw<>-engined aitcraft. 
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B6 Cruise performance 

Tbe optimization of cruise performances is a complex operation in which engine perform­
ance and aircraft lift/drag ratios are matched. Fig. B6.1 gives a chart to obtain an initial 
estimate of the maximum lift/drag ratio. We need to know the parameters :n:rfl /4S and 1/ d. 

Initial fuselage layout work, assuming a multiple circular arc cross-section with main 
deck ten-abreast seating yielded d = 23 ft and I/ d = 8.3 from initial fuselage layout 
drawings. 

An initial wing area of 4200 ft2 was assumed (based on the Boeing 777). Using Fig. B6.1 
with the above figures gave: 

Aspect ratio 
7 
9 

10 

L/D_ 
16.7 
18.9 
20 

Cr., 
0.55 
0.64 
0.67 

COo,., 
0.017 
0.017 
0.017 

Figure B6.1 was based on a reference aircraft flying at a given Reynolds number very 
similar to the study aircraft, and was therefore valid. (Note - The Reynolds number 
correction [53] will have to be used for aircraft with different Reynold's numbers.) 

It was thought that flying at L/ Dm.x would be optimistic and have a high cruise CL, 
therefore a value of 0.97 L/ Dm.x would be used. Using this value in Fig. B6.2 gave a CL 
value of 0.78. Applying this factur to the Cr.,, above, the following values were 
produced:-

Aspect ratio 
7 
9 

10 

L/D 
16.2 
18.3 
19.4 

Cr.,.. (Cruise) 
0.429 
0.499 
0.52 

These values were associated with different combinations of cruise altitude and wing 
loading as shown in Fig. B6.3. They were checked for a cruise Mach number of 0.82 
(economical) (Table B6.1). 

The next step was to check the thrust/weight ratios associated with these wing loadings. 
Ref. B3 gave 

I 
To/Wo = Tc/To)(L/D)max' 

where Tc/To was a measure of thrust decay with altitude and Mach number. Figure B6.4 
shows generalized curves for a modern high compression-ratio turbofan with a bypass ratio 
of 4.5, which should be a suitable class of engine for the A-90. Using Fig. B6.4 we obtained 
the values of Tc/To and therefore the T0 jW0 given in Table B6.2, which were plotted as 
cruise boundaries on Fig. B8.1. 
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B6 Cruise peiformance 

Cruise lift coefficient 
Cr.,. 

Wing aspect mtio 

9 8 7 6 

24 22 20 18 16 14 12 0,02 
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Fig. B6.1 Lift-drag. 
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Fig. B6.2 Nonnalized L/ D. 
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42 X 103 

60 80 100 120 140 160 

Fig. B6.3 Cruise mach mnnber. 

The specification called for a cruise altitude of 'at least 39 000 ft'. Cruise altitudes of 
39 000, 40 000 and 41 000 ft were cross-plotted from the cruise curves and drawn on Fig. 
B8.1. 
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TableB6.1 Cruise conditions 

Aspect ratio L/D CL eLM' Wa/S(lbfll:') h(X103ft) 

7 16.2 0.429 0.288 90 37.5 
100 33 
110 31 
120 29 

9 18.3 0.499 0.336 90 41 
100 36.5 
110 35 
120 32.6 

10 19.4 0.52 0.35 90 41.5 
100 38 
110 36 
120 34 

.5 

.4 

~ 
!::' 
o" 20 ., 
~ .3 

~ 
25 
30 

35 

.2 
40 

.1+--.----.----r---.----.-----, 
.3 .4 .5 .6 .7 .8 .9 

Mach number, M 

Fig. B6.4 Thrust ratios. 
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Table B6.2 

Aspect ratio Wo/S(Ib/ft') T,jT, T,fWo 

7 90 0.195 0.316 
100 0.235 0.26 
110 0.25 0.247 
120 0.26 0.237 

9 90 0.16 0.341 
100 0.205 0.267 
110 0.215 0.25 
120 0.23 0.238 

10 90 0.145 0.355 
100 0.185 0.279 
110 0.205 0.251 
120 0.22 0.234 

B7 Ceiling with one engine inoperative 

The parameters on Fig. BIO were pointing towards a wing loading of about 120 lb/ft2 but 
no clear aspect ratio had emerged. It was decided to check the average value of 9 and a 
reduced Mach number of0.65 for this requirement. 

This produced a lift coefficient of 0.355, which gave the lift coefficient ratio 

= 0.355 = 0.56. 
0.64 

(Figure B6.2 then gave a normalized lift/drag ratio of0.86.) 
Therefore at 15 000 ft. L/ D = (L/ Dmax) X 0.86 

I 
T,fWo = (Tc/To)(L/ D) 16.25, 

where Tc/To = 0.4 from modem engine (max continuous)= 1/(0.4 X 16.25) = 0.154. 
This is based on both engines working, therefore the single engine case = 0.308. A 

similar check for a wing with an aspect ratio of 10 gave a value of 0.284. This was the final 
parameter inserted onto Fig. BIO. This figure does not include the effect of windmilling or 
yaw drag, which will have to be checked later. 
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B8 Arrival at the match point 

Figure B8.1 shows the design space available when all six performance patametets ate 

satisfied. For a good, lightweight design we needed to maximize wing loading and minimize 
thrust loading, indeed, to be as close as possible to the bottom right-hand cornet of the 
graph. 

The main intetsection is that of the take-off and landing boundaries at 
W /S = 119.3 lb/ft2 and T0 /WG = 0.301. This is more than adequate for both the second 
segment climb and missed approach for all of the considered aspect ratios. There seems to 
be more than enough thrust for cmise, but this will leave a matgin for possibly increased 
thrust lapse with high-bypass engines. The maximum cmise altitude is adequate, at between 
40 000 and 41 000 ft. 

The deciding factor on wing aspect ratio was the single engine failure ceiling. The 
minimum suitable aspect ratio was 9, which gave a T0 /WG of0.308, which was chosen as 
the final value. 

Summarizing the match point and its implicit patamelets: 

Max. wing loading 
Max. thrust loading 
Wing aspect ratio 
Cr.,.. take-off 
Cr.,.. landing 

0.35 

0.3 

0.25 

WG/S 
To/WG 

AR 

= 119.3 lb/ft2 = 583 kg/m2 

= 0.308 
= 9.0 
= 1.8 
=2.5 

Missed approach-aspect ratio 10 
-------- -ai'sOsecOnd~enc-------

--15,000 FT. AR 10 

0.2 +--------.------r--------B,---------, 
90 100 llO 120 130 

W cfS (lb/FT2) 

Fig. B8.1 Summacy of results. 
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L/Dcruise 
Max. cruise altitude 

= 0.83 
= 0.5 

= 18.3 
= 40 500 ft = 12.34 km 

=0.82 
=0.86 
=0.92 



Appendix C: 

The prediction of aircraft reliability 
and maintainability targets 

Cl Introduction 

The author and V C Serghides have performed statistical analyses to produce combat aircraft 
reliability and maintainability prediction methods [54]. These are applicable for use at the 
conceptual design stage, because they only require the use of readily-available parameters 
such as wing span, engine thrust, mass, etc. These methods predict whole-aircraft values of 
confirmed defects per 1000 flying hours and defect maintenance hours per I 00 flying hours. 
Predictions are also made for individual systems and allowances may be made for 
technology improvements, relative to the empirical data-base used in the method derivation. 
These may be used as targets for reliability performance of individual systems during the 
preliminary design stage. 

Earlier work by the author produced a similar method for the prediction of commercial 
aircraft dispatch reliability [55]. The whole-aircraft equations produced are reproduced in 
Section C2, below. 

C2 Commercial aircraft dispatch reliability prediction 

The work reported in ref. C2 showed that some systems exhibited different traits according 
to the type of airline operation. For example long-hanl aircraft tended to have higher delay 
rates because they may be away from their home base for more than a week, and defects 
might accumnlate, whereas short-bani aircraft tended to return to their home-bases more 
often. Other considerations were also affected by the operatioual type, in such things as 
Chapter 28 - fuel systems, where long-bani aircraft had more complicated systems which 
were more delay-prone than those of short-bani aircraft. To cater for these effects, separate 
models were made for the relevant systems. 

All the aircraft in the sample had turbo-fan engines of some sort. Some were early types 
with bypass ratios ofless than uoity and some were of the more modern 'big-fan' type with 
bypass ratios in the order of five. These two types of engines, again, exhibited different 
traits, so separate curves were drawn for them. After the graphs were plotted, it was decided 
that, for most systems, a linear regression analysis wonld give the fairest resnlt. This process 
was carried out by the use of a least-squares fit program. 

After this process the resnlts of all the system analyses were added together to produce 
the following formnlae for the total aircraft:-

255 
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Table C2.1 

Short-haul, Short haul, Long haul, Long haul, 
small fan big fan small fans big fans 
engines engines 

c, 0.2777 -0.4451 -0.7357 -0.0129 
c2 0.154 0.235 0.154 0.235 
c, 1.84 1.84 2.175 2.175 
c. -0.0038 -0.0038 -0.0102 -0.0102 
c, 0.0419 0.0419 0.0419 0.0419 
c, 0.7348 1.1426 0.7348 1.1426 

C2.1 Short-haulaircraft 

Delay rate= C1 + (C2 X Wr X 10-6
) + ( C, X ~T X 10-6

) + ( C4 X IOOPX T) 
+ (C5 X p) + (I0(3.6X(Wy/T)XJ0-<)-1.477) 

100 

+ (0.3075log10 V~T X WL X 10-8) 

(
SLSTX C6) 

+ 100000 . 
(C2.1) 

C2.2 Long-haul aircraft 

This equation is similaT to equation (C2.1) except that the sixth term is 

I o<2.29X(W, /T)X 10 ... )-0.887 (C2.2) 

where Wr is the aircraft maximum take off mass Qb); Tis the average flight time (h); Pis 
the maximum number of passengers; VAT is the aircraft approach speed (ft/sec); WL is the 
aircraft maximum landing mass Qb); SLST is the aircraft total sea level static thrust (!b). 

The terms delay rate and description of the ATA systems aTe shown in Chapter 10. Note 
that in both formulae, term 6 caters for ATA Chapter 27, flying controls and term 7 caters 
for ATA Chapter 32, landing geaT. The coefficients aTe shown in Table C2.1 and the results 
for individual systems aTe shown in Table C2.2. 

The service entry dates of aircraft types in the study sample cover a period of about 20 
yeaTS. Whilst there has been little increase in cruise speed over this period there have been 
considerable improvements in technology, paTticulaT!y in electronic components. Later 
aircraft also benefitted from more rigorous reliability analyses and quality control. It was 
decided to make some allowance for this effect on the data used in the formulae derivation. 
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Fig. C2.1 Boeing 767 schedule reliability (delays > 15 min, cancellations, air tumbacks, diversions). 
(Courtesy Brittania Airways.) 

The advent of the 'big-fan' engines made a significant change in reliability, so it was 
decided to make corrections for both 'small-fan' and 'big-fan' engines. 

Independent fleet delay rate figures were obtained and compared with the results of the 
above equations. Formula percent errors were then calculated and correction factors 
determined. Initial work suggested that results obtained from the above formulae should be 
factored to reflect a 1% improvement in reliability for every year that the service-entry date 
beyond 1969, This is only applicable for the first model of an aircraft type. For example, the 
formulae were applied to a Boeing 767 and predicted a delay rate of 2.09%. The technology 
improvement factor of 0.9 gave a corrected value of 1.88%. This equates to a dispatch 
reliability of 98.12% which may be compared with the mature value for the aircraft, shown 
in Fig. C2.1 The term schedule reliability is used in the figure, but is identical to dispatch 
reliability. 
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